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FOREWORD
The 1986 Linear Accelerator .Conference was held at the Stanford Linear Accelerator Center from June 2 through 6, 1986. The conference was the thirteenth
in a series which started at the Brookhaven National Laboratory in 1961. It was
attended by 342 participants of which 274 came from North America, 52 from Europe and 16 from Asia. A complete list of participants can be found at the end of
these Proceedings.
The general format of the program was agreed upon at an International Advisory meeting held on May 15, 1985, during the Particle Accelerator Conference
in Vancouver, British Columbia, and at two Program Committee meetings held at
SLAC on July 26, 1985, and January 23,1986, respectively. A summary of the program schedule is included. As can be seen, all five morning sessions were reserved
for invited talks on topics of general interest in the field of linear accelerators, and
all contributed papers were scheduled for the afternoon poster sessions. This division of time, which gave invited speakers twenty-five minutes for their talks plus
five minutes for questions, allowed for a relatively relaxed pace and good overall
co-mmunication. In addition, an experiment was tried in which some of the contributed poster papers were selected for five-minute introductory oral presentations,
like “commercials,” at the beginning of each afternoon session. It turned out that
the speakers who made these presentations were very effective in transferring information in such a short time. They stimulated interest in their papers, and improved
the flow of information during the subsequent poster sessions.
Our Proceedings consist of 29 invited papers and 130 contributed papers which
are arranged in the order in which they were given in their respective morning and
afternoon sessions.
During a conference luncheon on June 5, a meeting was held to discuss the
location of the next linear accelerator conference to be held in 1988. Two possible
CEBAF and KEK. After considerable discussion, the
sites were actively proposed:
chairman of the 1986 conference was charged with obtaining additional information
and then recommending a choice. Subsequent consultations led to the conclusion
that CEBAF would be the logical site for the 1988 conference and that Dr. Christoph
Leemann would be the next chairman.
The entertainment at the conference consisted of an evening dinner cruise on
the San Francisco Bay and a conference dinner with Professor Donald Johanson, of
the Institute of Human Origins in Berkeley, who spoke on the origins of man. An
official tour of SLAC was organized for the afternoon of June 6.

xxi

The conference was closed by Dr. Norbert Angert, from GSI, Darmstadt, Cochairman of the 1984 Linear Accelerator Conference, who gave a conference summary which appears following the conference schedule.
As is well known, no conference of this magnitude can be brought about without
the dedication of a large number of people working together as well as individually
to make it a success. Except for inadvertent omissions, the names of all of the people involved in the organization of the conference are listed hereafter. In addition
to those people who attended the International Advisory meeting, the members of
the Program Committee, the Organizing Committee, the session chairmen and the
speakers, recognition is given to the people who worked in the control room, the floor
managers, the staff of the SLAC publications and illustrations department, and the
travel and housing offices. Special thanks go to Bernie Lighthouse, Nina Adelman
and the staff of the Public Affairs office who made many of the conference arrangements, to Don Farwell who took responsibility for the audio-visual equipment and
to Harry Hoag who designed and engineered the poster boards. Ricky Campisi
must be singled out as the person who sorted out and classified all the papers and
helped us put them in the order in which they were finally presented, and Lucy Cheung, Kevin Johnston and Sylvia MacBride are thanked for all their work in putting
these Proceedings together. Last but certainly not least, very special thanks go
to Bette-Jane Ferandin for her tireless efforts from beginning to end in the overall
organization and success of the conference.

Gregory A. Loew
Conference Chairman
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SUMMARY

OF THE 1986 LINEAR

ACCELERATOR

CONFERENCE

N. Angert
CSI, Gesellschaft
fUr Schwerionenforschung
Postfach 110541, D-6100 Darmstadt, FRG
Ladies

accelerator
induction
linear
Is now a
member of the linac community. It can provide
kA beams of electrons
up to many MeV. The unwanted
cavity
modes which cause beam break-up instabilities
are better understood and one is able to do something
The laser-Ion
guidance
by proper
cavity
design.
concept using a plasma channel by laser ionization
of
a low pressure gas has proven to be very successful.
There is a wide and still
growing field
for appllcations as was seen by many contributions,
especially
for FEL for rf and light
generation,
for relativistic
klystrons
and radiation
processing.
to name just
a
few. Ion acceleration
seems possible,
too. We will
return to this In a few minutes.
Then we had a lecture
on semantics.
From our
teacher Bob Jameson we learned
that the comparison
forms of exotic are esoteric,
and extraterrestric.
I
think,
and that is a more serious comment, that it was
a good idea to have the two talks on linac applications
In the program. Everybody knows that work is
going on on neutral
beam development and that part of
the knowledge for that came and comes still
from the
linac
Despite
and I think
the
community.
that,
Is now absolutely
ambivalence
of this
statement
evident,
accelerator
builders
should contemplate
time
to time the question
of what else can be done with
linacs
in addition
to fundamental research,
which has
been the prominent motivation
to design and construct
llnacs.
We have in comparison
to other
sciences
enormous financial
resources.
This imposes responsibility.
So it was good to hear that about 2500 linac
Industrial
devices are In use for medical application.
radiography
is a wide spread tool.
High energy ion
implantation
seems to be needed In the future.
Color
processing
of gemstones might be a tempting field
for
people who want to earn more money.

and Gentlemen:

The
13th
approaching
its
started 25 years
on linear
colliders
very busy for the

The

vigorous

conference
is
accelerator
linear
conference
series
end now. This
ago. After the talks of this morning
I think that we are likely
to be
next 25 years, too.

When I looked the first
time at the program of
immediate
there
were some very
this
conference,
thoughts and impressions:
firstly,
the fraction
of - 1
will
say classical
proton and ion linac
topics - is
and that,
as it
was expressed
in the
shrinking
introduction,
the pendelum is swinging to the electron
as high energy physics
has
linac
side.
Secondly,
rediscovered
the advantages
of linac
schemes for
getting
ultrarelativisitc
electron
beams, there is a
larger
overlap
of the llnac
community in advanced
The linac
field
has
and technologies.
techniques
become wider in many respects.
Thirdly,
and that was
when I came to the end of the program, I thought that
It was somewhat bold of me to agree to give this
summary talk in front of colleagues
who have written
by their own work considerable
parts of the history
of
linear
accelerators.
But as the chairman of this meeting
considered
a tradition
what in Darmstadt
was
still
a precedent,
namely that
a chairman
of the
previous meeting should give the summary and as Prof.
zu Putlitz
has to take care of the 600th anniversary
of the Heidelberg
university,
I felt obliged to do this
namely to keep the memory
also In another respect,
that
this
conference
was once outside
the north
And as I saw that the format of
American continent.
the last meeting in Darmstadt, which was suggested by
was essentially
kept,
I concluded
that
zu Putlitz,
having the conference In 1984 in Europe was considered
more as an excursion
than an escapade. This makes it
easier to Imagine having another meeting once again on
another continent,
perhaps in 1990. That would reflect
the increasing
international
participation
of this
meeting established
by our colleagues
here in the
United States.

For lunch we had a new experience
for linac
conferences.
Instead of sitting
in a cafeteria.
there
and the trust
in good weather
was a garden-party,
seems to be so high in this part of the world that the
poster
boards also were set up outside.
There was
another,
and I think very successful
first.
Namely a
couple
of 5 minute
appetizers
before
each poster
session in the auditorium,
and snacks and music at the
end to bring people together.
It is remarkable
how
5 minute
much information
can be compressed Into
bunches.
To design new accelerator
structures,
to play with
ideas and codes Is one side of the linac business. To
construct
machines which are running reliably
24 hours
a day,the whole year, is the other side. One of the
main concerns
In real
life
is to have reliable,
efficient,
right sized, cheap etc. rf sources. Here we
learned that we have now two development lines,
the
airborn
and the terrestrial.
The airborn
looks for
modular,
light
weight,
compact, low power modules,
which can be combined to form high power units.
The
terrestrial
Is dominated by the goal of very high
power modules, as future collider
schemes aim for the
highest possible gradients.
There was a real market of
developments to be seen at the poster session on the
latter.
Just to name a few: the Lasertron,
the multithe relativistic
beam klystron,
the gyroklystron,
klystron,
which may offer solutions
for the next linac
generations.
It is almost sure that the other line
will
have spin-offs
for everyday llnac applications,
discussed before. However, I am a little
bit concerned
that people within
the linac
community might become

Coming back to my third
item I shall not try in
my summary to embed this conference
in the historical
development
line of linacs
or to make general
outI kept the minutes of the meeting and will
lines.
present them to give your reflections
on what happened
In the past week some guidiance.
Minutes which are of
a personal nature and which probably do not address
all topics
of this
so far largest
linac
conference
I apologize
for
that
at the very
appropriately.
beginning.
of
After the welcome of Dr. Loew, deputy director
SLAC and chairman of this conference,
we had a remarkable historical
talk by Dr. Alvarez.
He recalled
the
early decades of proton linac development.
We learned
that the choice of the 200 MHz for proton llnacs was
safely based on 3000 radar units.
We heard about the
growth and the realization
of the Alvarez structure
idea in a 32 MeV llnac and of the application
of phase
-stability
and strong focusing
in It. Interesting
for
me was the description
of the gap between textbook
knowledge and accelerator
designer’s
real life
as I
had sometimes the same experience
in struggling
with
Bessel
and Hankel
functions
for
reentrant
cavity
design.
I think
this
contribution
might be a nice
supplement for today accelerator
textbooks,
even in
the computer age.
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reluctant
to exchange ideas with each other,
and to
have as open discussions
as in the past. But I think
that the contacts
are so good that they will
not be
affected.
Tuesday morning was started with the highlights
of the HIF-Symposium held in Washington last
week.
There exist driver
concepts for the inertial
COnfinement fusion
with heavy ions both with an induction
linac
and with
rf-linacs
plus
storage
rings,
to
achieve the desired short pulses of 10 to 20 kA 10 CeV
activities
on ion
heavy ion beams. There are vital
high current
beam transport,
high current
sources,
reactors
and beam-plasma interaction
linacs,
rings,
even if the general situation
is growing
experiments,
We learned about the LBL achievements
more difficult.
with the MEVVA ion source.
The first
multiple
beam
(4x) has been accelerated
in an 8 section
induction
linac and current amplification
has been demonstrated.
According
to new source data a scenario
with q - 3+
which would
instead
of q = l+ is being considered,
shorten
the linac
considerably.
Let Be add a few
east-Mississippi
achievements,
too.
In the work on
to mention
high current
beam transport
one has also
Rutherford
University,
Maryland
progress
at
the
the heavy ion RFQ
Laboratory
and CSI, and that
necessary for the rf linac scenario has become operational
for mA beams of some MeV at Darmstadt.
Heavy ion fusion
was in addition
to the RFQ
development
one of the triggers
for the revival
of
high current
beam transport
and accelerator
physics.
It was the trigger
for a collated
very successful
experimental
program in this
field
with solenoids,
electrostatic
and magnetic quadrupole
channels.
The
understanding
of the phenomena involved has made great
progress
during
the last
two years
not only
by
simulation
(the
result
of which depends
computer
sometimes on the number of trajectories)
but also by
analytical
description
for two and three dimensions.
the
time
development
of the
Characterization
of
emittance growth has also begun. The specialists
have
entered again the realm of understandable
language in
relating
electrostatic
field
energy of dc or bunched
beams to emittance
growth and in describing
kinetic
called
coordinates,
so
between
exchange
energy
We heard about that extensively
in
equipartitioning.
the talks of M. Reiser and I. Hofmann. and also in the
poster presentations
of O.A. Anderson, T.Wangler and
J. Klabunde. We saw good agreement between theory and
I think
the next task to attack
is the
experiment.
of the behavior
of partially
better
understanding
space charge compensated beams.
The progress
on superconducting
rf-structures,
especially
on surface and material
technology,
was a
highlight
at the last linac conference.
In the meantime this technological
progress has been transferred
to industry.
Acceleration
field
strengths
of 5 10 MV/m for multicell
structures
and more than 20 MV/m
for single cell cavities
seem to be standard for elecpre- or postaccelerator
low
tron linacs.
For ions,
B-structures
of different
types are operational
at 3
to 4 MV/m or undergoing
prototype
tests
(e.g.
at
Argonne and Saclay).
With this background it is not
surprising
that the CEBAF crew with new director
H.
&under
came out with a superconducting
design when
-the old proposal
for
a cw high current
electron
facility
was reexamined recently.
Two superconducting
linacs .5 GeV each will boost the beam to 4 CeV with a
four turn recirculation
offering
also the possibility
to extract
partial
energies
at
save 200 uA beam
current.
It is a very appealfng design with now proven
technology.
(We
So we wish good luck for take off.
need the place also for the next conference.)

The situation
in a four decade old continuing
battle
seems to be clear now. Travelling
wave structures are the favorite
candidate for very short pulsed
comparable to the
beams, whereas for pulse lengths
rf-filling
time standing
wave structures
are the
preferred
ones.
On Tuesday afternoon
we had a break for an outing
was a typical
on the San Francisco bay. The transport
example for one of the topics of this meeting. Bunches
of individuals
above the space charge limit
of buses
Emittance
growth
must have
have to be diluted.
something to do with more comfort of particles.
The
boat trip
on the San Francisco
bay was a marvellous
It need hardly be described
and I think
experience.
you will take home your own pictures
and reminiscences
from this outstanding
evening, The weather was clear,
there was not the expected fog. We had the nicest view
one can imagine of illuminated
San Francisco
and the
bay area.
We heard about progress and component development
of the Stanford Linear Collider
on Wednesday morning,
of this unique facility
which is a milestone
in high
energy accelerator
history.
Commissioning is proceeding very well. 32 CeV are achieved now. The construction of the arcs is nearing completion.
Part of the
experiments
is in place
already,
so that
nothing
stands in the way to have first
experiments
in early
December this year. There will be a tour this afternoon to also have a look at the hardware. I think this
is a most interesting
but also most difficult
and busy
and we have to
time
in an accelerator’s
life,
appreciate
very much that the laboratory
has taken
over the conference just in this phase of the project.
Everday problems
of present
and future
linac
were presented
in the KEK contribution
operation
processing.
with
materials
and material
dealing
Without such careful
technological
development work,
there is sometimes no progress.
The break through in
rf-superconductivity
is a good example of that.
The RFQ, the radiofrequency
quadrupole structure,
where
was the darling
of the last
linac
meeting,
almost one third of the contributions
dealt with this
field.
Now the development goes smoother and somewhat
more quietly.
But things are steadily
improving as was
talk
and was seen by many
outlined
in J. Staples
contributions.
There is obviously
still
room for ideas
in design
improvement,
better
frequency
and field
simplification
of designs etc.
tuning,
There were about half a dozen RFQ operational
in
1984. Today there are many more in use for a variety
RFQ’s have helped to extend the
of applications.
capability
of existing
facilities
as for instance at
CERN, from where the successful
acceleration
of oxygen
USSR has entered
the fusion
driver
was reported.
community with a remarkable 6 MHz heavy ion RFQ.
In connection with RFQ’s high current
ion sources
and the understanding
of high current
beam formation
Currents
can be delivered
from
are indispensable.
today’s sources in desired quantities.
Beam quality
is
another question
and depends mainly on the design Of
beam extraction
and formation
systems. Common understanding
of beam emittance
and of useful beam emittance is still
converging.
But as in other fields,
computer codes and experimental
results
coincide
if
adequate experimental
techniques
are used, so that
computer aided system design can help a lot.
especially
Interest
in negative
ion
sources,
H-sources
has increased
again because of stripping
injection
into synchrotrons
and also space applications.
There exist several source types based both On
surface and volume formation
processes,
which are not
all completely
understood,
but that is not unusual for
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Currents
of several
10 mA are standard
ion sources.
now.
A collaboration
of three laboratories
DESY, Los
Alamos and JDlich provided a whole bunch, or I should
for
accelerator
better
say a bouquet of software
the
allow
computation
of
These
codes
design.
frequencies
of rf-resonators
of complicated
shape in a
of beam cavity,
and
full
3 D way, the computation
beam-beam interaction
as well
as the impedance of
arbitrary
metal walls surrounding
the beam. Thereby a
really
excellent
set of design tools is provided for
accelerators
of all kinds and for many of the problems
discussed
at this
meeting
in connection
with beam
instabilities.
I think it is worth to mention in this
that Th. Weiland, who was the driving
context,
force
on this field,
has received the 1986 Physics Prize of
the German Physical
Society
for his outstanding
work
in this field,
which is also important
for many other
areas.
Yesterday
we heard about the progress
of new
accelerator
concepts
for very high gradient,
high
energy accelerators
such as the two beam accelerator
a talk dedicated to Yuri Orlov -, the plasma, and the
wake field
accelerator
schemes. First experiments have
started
or are underway. For the two beam accelerator,
which is based on high power FEL development
high
gradient
tests
by a LBL-LLL collaboration
with
a
7-cell
accelerating
structure
resulted
180 MV/m from 1
C W rf power. There is a remarkable
contrast
between
the high power figures
and finger-size
structure.
The plasma acceleration
concepts with beat waves
and wake fields
are undergoing
first
experimental
tests,
too. A group of Quebec University
has presented
a 1 GV/m experiment in a 1.5 m m long plasma.
The wake field
experimental
set-up at DESY has
accelerated
driving
ring
beams of up to 50 A to
8 MeV and compressed to 1 cm.
So ideas are approaching proof.
Permanent magnets used today in many accelerator
ion sources,
have not often
devices,
wigglers
etc.
been applied
for linac quadrupole
structures.
A new
design
was presented
to
improve
electromagnetic
quadrupole performance in very compact units.
A whole
is in
Alvarez
structure
with permanent quadrupoles
operation
now in Japan, perhaps a breakthrough.
Electron
linacs
were the favorite
topic of this
day. CW-accelerators
for electrons
seem to be most
attractive
for experiments,
but the best way to do
this
is still
under discussion.
CERN announced the
first
405 MeV full
turn EPA beam from the LEP linac.
We learned about various high power beam devices, even
if we could not learn all. A 90 MeV linac has recently
become operational
in Beijing,
the superconducting
linac
at Darmstadt
starts
commissioning.
Very high
fields
were achieved in single cell test at SLAC, up
to 450 MV/m, as we heard again this morning.
FELs are an interesting
subject.
There
are
already
several
devices
running,
but electron
beam
quality
is still
a major demand for an efficiently
working FEL. Present investigations
show that for FEL
injector
linacs
proper
mixing
of frequencies,
and
magnetic
schemes can lead to desired
compression
longitudinal
and transverse
emittances
at high peak
beam currents.

plasma beat wave and plasma wake field accelerator,
between the four vane and four rod structure
etc.

or

The talks of this morning are still
fresh in your
minds so I will
not dwell on them again. But I will
still
draw two conclusions
from these talks,
which
bring me back to the beginning of this summary:
First:
There was a time for the proton linacs,
but now
is the time for the electron
linacs.
Second : Therefore,
the best place to celebrate
the
25th anniversary
of this conference was SLAC, with the
largest
and most unique electron
linear
accelerator
facility.
To this laboratory,
to its director
Dr. Richter,
I would like
to exoress
on behalf
of the linac
community the appreciation
for hosting
this conference. Thanks go especially
to Gregory
Loew, the
chairman of this meeting, who arranged all the things,
who prepared such an excellent
program, who provided
the pleasant atmosphere, who arranged small and larger
social
events. Thanks also to the staff
who managed
all the organization
and technical
things so well. I
want just to single
out Elizabeth
Farendin.
who did
such an excellent
job in helping
to organize
us in
many details
before and during the conference.
Thank you all

Last night we had the conference
dinner,
a most
pleasant event. With a reception
and excellent
dinner
In the faculty
club, and later on a fascinating
“talk
show” conducted by Dr. D.C. Johansen, who walked the
way back with
us for
3.5 million
years
to our
ancesters.
We heard of a new dimension,
which could
eventually
be used in describing
accelerating
structures:
Percentage of genetic distance.
One might ask
the question
what is the genetic
distance
between
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I thought I had better think about linear accelerators for
the first time in about 35 years, so I brought the Bible’ along
with me which has lots more in it than I ever hoped to know
about linear accelerators.
It’s hard to believe that the work that I’m going to describe
and that Pief was just talking about was done forty years ago,
because I try to imagine what I would have thought had I been
listening to somebody who had done some work forty years
earlier when I was a young post-dot at Berkeley for example,
that- was in 1936, so if I subtract forty years from that I get
to 1896 which was before J. J. Thompson had discovered the
electron or Roentgen had discovered X-rays or Becquerel had
discovered radio activity. I couldn’t believe that I could ever
hear somebody that old coming in and talking about some
research, so you’ll have to excuse me - I am that old, and I
will be talking about some things I remember fairly well.
When Pief was a young kid, I have a picture of him that
I was going to show in a slide, but somehow or other it got
lost in the photographic department.
So I’ll tell you a little
bit 6rst of all about why I decided, at the end of the war to
bui1d.a linear accelerator. First of all, all of us had gone off to
war pretty much secure in the knowledge that when we came
back we would build big accelerators and we would explore the
thing then called the mesotron, discovered by Neddermeyer
and Anderson, which we now know as the muon. Everybody
was sure at that time that that was the particle that had been
invented by Yukawa as the mediator of the strong force and it
was a big shock, of course, at the end of the war when three
young Italians working in a basement, hiding away from the
German occupying forces showed that the muon couldn’t care
less about whether it was around a nucleus. It was obviously
not the mediator of the nuclear forces but the pion was found
a couple of years later, that did fill the bill. But anyway, we
all went away saying that when we come back we’ll build big
accelerators and we’ll work with mesotrons and that will be
the physics of the future.
Most of us didn’t think anything about physics for about
four or five years. I went off to work on radar in 1940. November llth, which is Armistice Day, was the day I got on the train
to go to MIT to fight the radar war. When I was there I learned
for the first time how to use Maxwell’s equations in a practical way. I had been taught by theoretical physicists that they
were just a bunch of differential equations and an occasional
integral - nothing practical was ever done, no problems were
ever solved to boundary values; it was just highly theoretical.
I found it very dull. Fortunately Bill Hansen was very expert
at this and he gave us a course up at MIT. He was working
it Sperry at the time on continuous wave radars, the things
we now call police radars using klystrons.
We were at MIT
all working on pulsed magnetrons. We weren’t very interested
in Bill’s radar sets but we were terribly interested in what he
told us about Maxwell’s equations from the practical standpoint. The thing I remember particularly
about the lecture
notes for that series was that they were all stamped SECRET
- Maxwell’s equations were secret in those days!

Let me just tell you a little bit about some things that
Bill taught me because I find that most of the young people
in accelerator physics don’t know them and I found them very
useful. Bill said that the first thing you have to remember
in using Maxwell’s equations ls that the velocity of light is
30 ohms - that’s number one! You all laugh, but if you look
in the books to see what the definition of the absolute ohm
was you’ll find that one ohm is equal to log cm per second.
That’s true, and so the velocity of light then is equal to 30
ohms and Bill said that was of great practical importance. For
example, if you want to know what the impedance of a coaxial
transmission line, a is equal to 2c times the natural log of o
over b.
I looked in Terman’s handbook last night and I saw there
was a formula giving z as equal to 138 times the log to the
base 10 of a over b. Such a formula is completely lacking in
physics understanding, as contrasted to Bill Hansen’s formula.
Another thing is that the impedance of space is equal to 4rc
which is equal to 377 ohms, as everybody knows, per square.
If you want to stop a radio wave cold you put up some of this
“space cloth,” with a resistance of 377 ohms per square which
we used to make by just taking canvas, getting some aquadag
dissolved in water and a paint brush and you just paint until
you get 377 ohms per square with an ohmmeter.
(Actually
you use two copper cylinders with an impedance of z ohms,
and push it against the cloth, and read the resistance on a
DC meter.) You just measure the resistance and if it’s more
than z then you paint some more aquadag and pretty soon
you have got a large area of space cloth and if you take that
and put a reflecting surface, say copper, a quarter wavelength
beyond that then you will absorb all the radiation, it will just
stop; and that was very useful.
Another nice feature of space cloth is if you take a transmission line with an unknown characteristic impedance and any
old shape; you make a scale model of it, and push it against
the space cloth; you measure the resistance with an ohmmeter,
and that is the impedance of that line. And all of this is just
because the velocity of light is 30 ohms and when I mentioned
that most everybody laughed, so it clearly indicates that you
have never heard that idea before. To me it’s a very real thing
and very very important.
The other thing Bill said was you should work with a reso
nant cavity, which was a new idea to most of us in those days;
nobody had used resonant cavities to make accelerators. Suppose you have a spherical cavity and you feed some power into
it with a loop; then he said there are two important things,
one is Q and one is the shunt impedance, and Q is essentially
equal to some small numerical constant on the order of one,
times the radius divided by the skin depth. That’s all you
need to know. That’s fairly obvious. The shunt impedance
is of course equal to c times a over d. So that is where our
large shunt impedances came from - the velocity of light times
the ratio of wavelength to skin depth in copper. Of course
shunt impedances also depend of the length but, to an order
of magnitude this is the way things go.
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seemed to me to be the most straightforward
thing. As Pief
said, I knew that there were thousands of SCR, that’s Signal
Corps Radar, SCR 268s which had been used during the war
to train search lights on airplanes so that the antiaircraft guns
could be aimed at them using optical sights and computers and
all the rest of it and, of course, that was of no use whatsoever
once we got in the war. I think the British used things like
that, but they were of no use to us. But the longer the war
went on the more of these things the Signal Corps ordered, so
at the end of the war there were I think two or three thousand
of these devices in existence. They operated at a frequency
of 200 MHz. That’s how it is that proton accelerators all run
at 200 MHz! I read in thii book that a few accelerators had
been operated at two meters instead of a meter and a half, but
essentially all proton linear accelerators have operated at one
meter and a half, 200 MHz. And that is simply because the
SCR 268s were there and I had this fine idea that the Signal
Corps would love to get rid of them; they would be happy to
give them to us and as a matter of fact they did give us 2000.
We had a whole warehouse down in the Oakland Port area
that was filled with SCR 268s. Of course we didn’t want the
antennas, we let the Army keep the antennas. I guess they
bulldozed them into the Pacific Ocean, but the power supplies
and the oscillators, those all came to us. I never had the nerve
to go down and look at these 2000 SCR 268s that were in
Oakland and were technically owned by me; they were signed
over to me by the Department of Defense or whatever it was
called in those days.

I was reading in this book last night about how the authors
thought we measured in the early days the things like field configurations in the cavity. Suppose you have a cavity like this
(one unit of a modern proton linear accelerator) and you want
to know what the electric field looks like and the magnetic
field, and it was quite impossible for the people writing this
book in 1970 to imagine how we did it. They knew at that
time that you did it by using digital computers. I think that
Nick Christofilos was the first one to do that, solve Maxwell’s
equations to arbitrary boundary conditions and come out with
the answer. And so the person who wrote this book, this particular chapter, said, and I’ll quote it, he said
u . . . the first methods applied and the only ones
available before the recent development of digital
computers, used finite expansions for the fields in
terms of cylindrical harmonics.. .”
The reader is referred to Chapter C.1.b for a survey of
such methods. The person didn’t understand how it was really
done and when I read this I remembered a story that I think is
pertinent to show how you can’t imagine something that you
have never experienced. This is a story about a school; Park
Avenue kids were in this school, and the teacher asked the
children to write a story about a poor family. So one little girl
wrote, =This is a story about a poor family. Everyone in the
family was poor, very very poor. The chauffeur was poor, the
upstairs maid was poor, the butler was poor.. .” I think this
statement that I just read is of that nature. People trying to
imagine something -- that they had no way of ever experiencing.

As Pief said, we didn’t use any of them, we used the power
supplies; they were great power supplies and we were very popular fellows because we had thousands of these things which we
gave to our friends because we couldn’t use all of them! As the
development of the accelerator went on we found ways to make
better oscillators, much higher power, better behaving oscillators, and that work was done by Don Gow and Jack Franck
and a few other people and so when you see a picture of the
accelerator which I’ll show you before long, you’ve all seen it
anyway, you’ll see that we had our own oscillators using more
modern tubes; the SCR 268 used tubes that had four triodes
in one envelope, and it wasn’t a very efficient way to generate
power. I think it generated 50 kW.

So, the way we did it, and now I’ll talk a little bit about
that, is simply by building models. We had a model which was
a cylindrical tank with one wall fixed on it like this, then we had
another wall which could be moved back and forth, with spring
contacts to carry the currents. And then we had a tube that
could be pushed back and forth just like this. And then what
we did was to put a little coupling loop in there and measure
the resonant frequency of that device. We would set this up
to some value with always the same outside diameter, we just
had one tank, and then we would move this flat diaphragm
back and forth, set it for various values and then we would
push tubes of various diameters back and forth and measure
the resonant frequency. So we came out with a whole series
of curves of the resonant frequency at a particular distance
here and a particular diameter, and that gave us essentially all
the points on a multi-dimensional
space where we eventually
wanted to end up with what happened for a diameter that was
a particular fraction of the wavelength and then for tubes that
were various fractions of the wavelength and various betas this is of course beta over two, from here to here. And, by
doing it that way, we just got a whole series of curves and
came out with the data that we needed. And nobody ever put
a spherical or cylindrical harmonic in the thing; nobody knew
how to do it, perhaps Pief did, he had been one of the star
pupils in Professor Smythe’s course down at Cal Tech and so
de had solved problems like that, but none of the rest of us
had. We did it in the simplest way imaginable and we did it in
an analog computer using electromagnetic waves as the analog
for electromagnetic waves.

As I said at the end of the war, I guess it was probably in
January or February of 1945, the Germans had been defeated
and it looked like the Japanese would be by the end of the
summer, so we all started thinking about what we would do
when we got back to our home base, for me Berkeley.
I was at Los Alamos at the time and so I started designing an electron linear accelerator using 200 MHz cavities, they
were half-wave cavities and every other one was of opposite
phase, and it looked like it could be built. I’m terribly happy
that it didn’t ever get built because Ed McMillan was also
at Los Alamos and he was thinking along similar lines only
he wasn’t thinking about linear accelerators, he was thinking
about circular accelerators.
As Pief pointed out, there was
an upper limit energy for circular accelerators and for linear
accelerators at the time. Well, there weren’t any linear accelerators I should point out. Linear accelerators had been built
in the middle thirties based on a design by Wider&, nobody
had ever made one to accelerate protons or electrons. If you
simply plugged the numbers in, in 1935, you would have found

Let me back up a few moments and say how I personally
came to get involved in building a proton linear accelerator. I
actually thought of building an electron linear accelerator; that
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out that there weren’t any oscillators that gave enough power
to give you enough voltage per gap, to give you any reaaonable acceleration. Ernest Lawrence and Dave Sloan built an
number of secalled Wide&
accelerators at Berkeley in the
thirties and when I first went to Berkeley on a visit in 1934,
there were two such accelerators - one accelerated lithium
to several million volts and one accelerated mercury ions to a
good many millions of volts.

invention, I’m sure I would never have come up with a proton
linear accelerator simply because it’s too hard. If you try to
do it with individual cavities, you have to start at a beta of a
tenth or a twentieth or something like that. The cavities just
get to be unreasonable in size and shape, with no appreciable
shunt impedance and so you give up. But having gotten myself committed, as I said, I then was forced to look hard at
proton linear accelerators and did come up with a scheme that
worked. There were no data on shunt impedances and resonant
frequencies of cavities of this sort. The only cavities that had
been investigated were ones where you had, for example, ellipsoids of revolution and hyperboloids of revolution like that, so
here was a cavity and you could put in steeper hyperboloids
like that. Not very practical things to ask somebody to build
in the machine shop and there was no real way to get a feeling
of what the shunt impedance was or how it varied with various
parameters.

As far as nuclear physicis was concerned they were both
absolute duds. I should say that the lithium accelerator finally did produce a nuclear reaction - I’m sure you can guess
what it is - they shot the lithium at hydrogen and made the
Cockroff-Walton
reaction, lithium seven plus a proton gives
you two alpha particles, but that’s the hard way to do it. Its
much easier to accelerate protons to a few hundred kilovolts.
So, Lawrence and company had a long history of making
line& accelerators but they didn’t do any nuclear physics and
the TeaSon they couldn’t do any nuclear physics was because
they couldn’t accelerate hydrogen; there just weren’t any oscillators in those days that had short enough wavelength to
give high enough power to give you enough voltage to make a
linear accelerator in a reasonable size. Nobody had made any
linear accelerators for electrons but it was obvious that that
was a perfectly reasonable thing, given the high powers and
short wavelengths that were available because of the existence
of radar. As I said I started thinking in terms of accelerating
electrons using the SCR 268s, lots of half-wave cavities and the
most.fortunate
thing that ever happened to me was that Ed
McMillan put me put of business. One afternoon he said to me
‘Luie, I’ve just invented the neatest thing; I’ll tell you about
it.” So he described to me the synchrotron which he had invented the night before. I realized immediately that that was
so much better than what I had in mind that I immediately
stopped thinking about linear accelerators for electrons and
said, “Be my guest, Ed,” and so he did a very good job of
making a 300 MeV synchrotron for electrons when he got back
after the war.

So I started out thinking in terms of cavities like this, another one like this. So here’s one cavity and another cavity
here, but it turned out that most of the power was used up
driving currents back and forth in these end plates, and that
bothered me and I didn’t know what to do about it. Finally
I realized that the lines of force in this cavity would end here
on a charge and another one would start out here from the opposite charge so there were currents flowing back and forth in
these walls that didn’t do any good. The obvious thing to do
was take these walls out and so then you had a big long cavity
with a whole bunch of drift tubes, as you have all seen, and
the electric field lines link together, without benefit of charges
or copper sheets.
The question then was what would the shunt impedance
of such a thing be? As I said there were no tables to go and
look at and there was nobody to go and ask about it so I
finally realized, and this took me quite a long while, that the
shunt impedance just had to do with how many lines of force
there were in here, and all you had to do was go back and ask
Mr. Faraday how many volts you would have if you had so
many lines of force oscillating back and forth at the resonant
frequency? And so whether or not you had drift tubes sticking
in here or not you had essentially the same shunt impedance
for a given current in the walls or a given power dissipation.
That was a great discovery for me - it’s obvious to anybody
right now but it took me a few months to come up with that
notion.

Now I had gotten myself committed to building a linear accelerator using SCR 268s. Hardly anybody has ever mentioned
that commitment is probably more important as the mother of
invention than is necessity. Once you tell people you are going
to do something, then you had better do it!
One example that comes to mind is that of Edward Teller.
Edward Teller &id that he was going to make a hydrogen
bomb. The way that he had planned to do it didn’t work,
and everybody knew that and they would have been laughing
at him if he hadn’t sat down and thought very hard with Stan
Uhlam and come up with a way that did work. His commitment was the important thing.

At that point then, I realized that we could make a proton
linear accelerator and I assembled a really first class crew of
people, one being Pief, who had signed up to go to the Bell
Laboratories. But I rescued him and brought him back to the
academic world and the linear accelerator business. In fact, in
this “Bible” it says that was one of my main contributions to
linear accelerators was rescueing Pief from the Bell Labs and
bringing him ‘in to the linear accelerator business and I think
that is probably true! Of course, if he had stayed at the Bell
Labs he probably would have been a co-inventor of the transistor, but he had some other things to do. Frank Oppenheimer
joined the crew; we had a number of people whose names you
would recognize.

I watched Ernest Lawrence invent color television tubes,
getting some money from Paramount Pictures to build them,
and they were a total disaster! But Ernest got himself committed to making a better color television tube than anybody
had ever seen, so when his first ones didn’t work, he sat down
and thought very hard and came up with a beautiful one that
did work very very well.
So I had the same experience of having gotten myself committed to building a linear accelerator, at 200 MHz, and had
to change it from electrons to protons - the only other thing
I could think of. Had Ed McMillan not come up with that

Then the problem was how do we build such a thing and
make it work? First of all we had to do all of these tests
with models to get the size for the size of the drift tubes, the
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diameter of the drift tubes for various betas, and an outside
diameter that would work from the lowest energy to the highest
energy. There we were both lucky and fortunate that we picked
the lowest energy, four million volts. You might wonder why I
didn’t use RFQ or something like that where you can now start
out? The answer is, of course, that we didn’t know about such
things. The other thing wss that Ed McMillan had pointed
out that phase stability was a very important thing. If we were
going to build a long accelerator, you had better have phase
stability. Ed once went to Ernest Lawrence and said, “Look
Ernest, I just read the paper that you and Dave Sloan wrote
fifteen years ago and in there you talk about phase stability.
You point out that if the voltage is rising as the particles go
in, the ones that come in later get a higher acceleration and
will catch up with the ones that were there before and that
they. will oscillate back and forth. That’s the concept of phase
stability and it’s in your paper so you ought- to be given the
credit for discovering phase stability.” Ernest would have none
of that. He said, “We really didn’t realize its importance. You
are the guy that realized its importance and you are going to
be the father of phase stability.”

‘berylium foil holder.” Down at the bottom someplace it said
make out of copper. But the machinist didn’t see the words
that said make it out of copper, so he made the whole thing
out of berylium!
Complicated screw threads and everything.
Nowadays if you sent in such a thing and the machinist read it
as to be made out of berylium he would get you on the phone
and say, “Do you really mean you want this thing made out of
berylium?” In Berkeley in those days, nobody asked the question - so the berylium foil holder was made out of berylium!
I’ve told you how we measured the resonant frequency of
the cavity. You might wonder how we measured the shunt
impedance, since we didn’t know the configuration of the fields;
this was an idea I think came from Pief. It was very simple.
You took a cavity and you excited it and then you had a little
hole in here with a thread going through and then you had a
little thing we called a beebee that ran down the center line,
on its thread.
The beebee could be either made of a little
spherical piece of copper or of some dielectric and that, of
course, is going to perturb the fields here. It’s clear that if the
beebee is down inside the drift tube, it’s not going to change
the distribution of fields, it’s not going to change the frequency.
So what we did then was to put a frequency meter out here and
we would tune the thing and as we would run the beebee back
and forth we would see what Af over f was. And A f over f
was proportional to the volume of the beebee times the square
of the electrical field. And so we measured shunt impedances
by the beebee method.
It was the only way we had; there
was no other way. And again that’s one of those things that
people writing a book like this would not have ever heard about
and probably if they did would not believe it! That’s how we
measured the shunt impedance.

At any rate we realized, as Ernest Lawrence and company
had, that we needed phase stability to make a linear accelerator
work. The difficulty was that if you were on the rising part of
the curve where you got the phase stability, then you had radial
defocusing. You can easily understand that if you just imagine
that you are moving along with the wave and you are looking
at a region in space where there is no charge. You would like
to have forces bringing the particles back in - that’s radial
focusing - you would like to have particles moving in, both
radially and axially, but that violates the Earnshaw’s theorem
and so you can’t do that. So we had to get another way to
do the focusing and my solution was to use berylium foils.
They had to be very thin because we couldn’t stand too much
scattering.
It was to be a berylium foil; I forget how many
microns thick each one was, it was pretty small. Hugh Bradner
made the berylium foils, and they looked as though they were
tough enough to do the job. That’s also what set the four
million volts for the injection energy, and that presented a
problem because nobody had ever built a four million volt Van
de Graaff - the highest energy anyone had ever achieved was
three and a half MeV, which Ray Herb had done at Wisconsin,
and that machine had been moved to Los Alamos.

The other main difficulty we had, and I think I wouldn’t
have known how to solve this, was we had all these drift tubes
in here and when we excited the whole cavity we measured the
magnetic field at the edge, and of course that had some waves
like that, it was supposed to be flat to give constant increase in
energy per foot of path length. The difficulty with this was, it
was clear that individual cells were all not tuned to the same
frequency. If they were all tuned to the same frequency the
magnetic field would have been flat. But we found out that
if we changed the tuning at one of these drift tubes, it would
not only change the height of the magnetic field there but it
would change it from one end of the tank to the other, and it
seemed that there was no way to solve the problem. Pief, using
his experience with Smythe, recognized that if he did a Fourier
transform of this thing and did some perturbation
theory on
it we could 5nd out then exactly how much the frequency of
every individual section should be changed. And so we put
a shim of calculated thickness behind the front of each drift
tube, which could be screwed back and forth, and after one or
two iterations we flattened the tank.

So we had not only to build the first proton linear accelerator we had to build the highest energy Van de Graaff anybody
had ever seen, and that presented some problems too.
To get back to the berylium foils, we did put them into
the accelerator, turned on the voltage, and then opened the
tank up again, to see that all the berylium foils had disappeared. Sparking or whatever, we never found out. Anyway
the berylium foils all disappeared.

I tried to find something in this book on flattening tanks,
and there wasn’t anything. I expect that means that the constants of the various sections are so well known from the computers that you build the thing and the tank is fiat. Is that
true or not? Do you have to flatten tanks? I can’t tell. Anyway, I couldn’t find anything about tank flattening in here but
we did flatten the very bumpy-looking tank and make it work.

I’ll tell you one interesting story about what the laboratory was like at Berkeley in those days. Hayden Gordon who
designed the berylium foil holder - here’s a drift tube with an
arrangement in here that had some screw threads back here
pulling a copper piece in against the berylium foil which is
resting on another copper piece, and there were some pins in
here so that when you turned the screw threads you didn’t tear
the berylium foil. It was a very complicated piece of apparatus. When the drawing was sent into the shop it was called

tank
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An earlier problem had of course been, what should the
look like? Nowadays you build tanks that are strong

i

Nunan and Bob Watt, you all know here, put electrostatic
quadrupole focusing elements in each drift tube, and that was
the first teat in real life of a strong focusing system. I’ve got
four slides which I’ll just show, then I’ll stop.

enough so that they don’t deform when you put the vacuum
load on them. We did it another way. We built our tank so
that it was like an airplane. Very 5imsy. It was an insideout airplane in fact and it really was an airplane structure;
it was built by the Douglas Aircraft Company down in Santa
Monica and you’ve probably all seen pictures of it. It has
forming rings like you see on the inside of-an airplane except
rather than having a skin on the outside it has the skin on the
inside. A copper skin, aluminum rings and I’ll just show you
the pictures of that in a moment - first of all some numbers,
we ended up at 32 MeV starting at four, so the tank gave 28
MeV. It was eight wavelengths long and I read in the book last
night that you don’t want to have it more than 20 wavelengths
long or you’ll have trouble with mode 5attening the magnetic
field from one end to the other. (So we were just lucky; we had
never heard of the problem when we designed the tank.)

First slide: the first slide is one that shows our tank down
here with all of the people connected with the building of the
accelerator, the secretaries, shop people, everybody on the tank
as it came in to Berkeley. And Bill Hansen who is the guy on
the left in the picture above, the great person who is largely
responsible for electron accelerators in the world, Bill thought
this was very funny and so he got his accelerator which was
that long and instead of having everybody sit on it they supported the accelerator on their shoulders! I’ve always thought
of these two pictures as going together. Of course, the people at
Stanford can’t laugh any more at this because after this they
built one that’s two miles long, which is considerably longer
than this.

Our tank length was set simply by the length of the shop
building in which we put the accelerator. So we got around the
mode problems because the building wasn’t long enough, and
we got around other things because we had obsolete radar sets
to pick our frequency for us, and so we finally got the thing to
run. Oh, I should say after the foils all broke, we were really in
deep trouble because everybody had concluded that the only
way you could focus a linear accelerator was with foils. You
couldn’t make them thicker because they would scatter too
much. Finally we realized that we could take tungsten sheets
and put them on end and use that to focus and that was lucky,
but when you’ve got that much invested in something like this,
you 5nd a way out as long as it doesn’t violate the laws of
physics. The main thing we had to do was put some charge
inside the beam.

Next:
this is the linear accelerator with the tank opened.
This airplane structure here, these are the Dural forming rings,
these are the copper flat pieces and the drift tubes hang down
from these points here. This doesn’t show the oscillators feeding in, but these are the feed-through holes here.
The next picture, shows the accelerator with the oscillators
in place. These are not 268 oscillators, but they are the ones
which Don Gow and Jack Frsnck built. Vacuum pumps are
over here and the injector is coming in from this side. The
Van de Graaff is sitting about here.
Next:
this is kind of a funny looking slide. People put it
together because when the beam first came on, which was on
October 16,1967, we had tried the whole evening to get a beam
with no success. So I had finally come up with a reason why
we were not getting a beam. Something was wrong with the
structure that had to be changed, so I gave them this lecture
on what the needed changes were, and these are the diagrams
I drew. These are the diagrams I put on the board to show
why the accelerator couldn’t work. Then at 2~40 AM, we got
our first 32 MeV beams. Somebody photographed this slide
for posterity, and I’m glad to show it to you.

Well, I’ll just remind you that we started this thing at the
end of 1945. We had our first beam near the end of 1947. That
was going from no accelerator, no theory of the accelerator,
no experience whatsoever, to an accelerator that was really
putting out a beam. I shouldn’t say this, but we gave this
accelerator to another university in 1958, I think it was, and
we gave them our best accelerator technicians who had been
running the accelerator for the last several years and it took
them three years to get the machine running. So we always
think we did not do too bad a job in getting the thing going in
two years.

Thank you very much.

References

We also had the experience of putting the first quadupole
focusing devices in any real accelerator right after the Brookhaven people invented the strong focusing principle.
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successful initial
experiments in the USSR by
Sarentsev and his group, led to the development of the
ERA injector.6
National defense programs studying
charged particle beam propagation in air at LLfJL led
to a need for even higher current capabilities,
and
the ETA machine that was developed for these studies
utilized many of the innovations made at LEIL in the
ERA injector development, such as the use of ferrite
core cavities.’
The ETA advances were subsequently
exploited in a flash radiography machine (FXR) and the
Advanced Test Accelerator (ATA) at IJNL in the 1980s.
Meanwhile, interest in using the induction linac
technology for accelerating heavy ion beams as a
driver for inertial
fusion applications has been
explored at LBL from the late 70s to the present.8

Introduction

The development of linear induction accelerators
has been motivated by applications
requiring highpulsed currents of charged particles
at VOltageS
exceeding the capability
of single-stage,
diode-type
accelerators and at currents too high for r.f.
In principle,
one can accelerate
accelerators.
charged particles
to arbitrarily
high voltages using a
multi-stage induction machine, but the 5O-MeV. lo-kA
Advanced Test Accelerator (ATA) at LLNL is the highest
voltage machine in existence at this time.l
The
advent of magnetic pulse power systems* makes
sustained operation at high-repetition
rates practical,

and this capability
for high-average power is very
likely to open up many new applications-of
induction
machines

in the future.’

In this paper, we survey the U.S. induction
linac
technology
with primary emphasis on electron machines.
A simplified
description
of how induction machines

Ferrite modules

couple energy to the electron beam is given, to
illustrate
many of the general issues that bound the
design space of induction linacs.
A key issue in all
high-intensity
linacs is that of beam instability;
progress in this area in induction linacs is covered
in detail in a companion paper in these proceedings.4
II:

Survey of Electron

Induction

Electron beam

Machines

Pulse IOWCes

/

The invention
of linear induction machines
followed naturally from the observation that the
coupling of energy into a high-current beam was best
accomplished by relatively
low-impedance structures
(e.g.. - l-100 ohms). This impedance is well
matched to simple pulselines and transmission lines,
without any need for resonant cavity structures (which
basically act as an impedance transformer to couple
megaohm-class beam impedances to the transmission
lines carrying electromagnetic energy to the beam
acceleration region).
To apply pulseline
output
voltages to a beam in a multi-stage configuration,
magnetic core materials are generally used to isolate
the accelerator module sections
in a sequence of 1:l
transformers (Fig. 1). The induction machines that
have been built over the past decades differ mainly in
the type of core materials used (principally
a
function
of pulselength) and the switch/pulseline
technology
(which advanced steadily in this period.)

. An induction linac works as a series of 1: 1 pulse
transformers threaded by the electron beam

. Each module generates an increment of beam
acceleratron

Fig.

1.

Linear induction

accelerator

concept.

1960’s
Astron injector - create electron ring for fusion
plasma confinement and heating
/

j

/

The absence of resonant structures in the
acceleration cavity is also a significant
benefit
in
controlling
the excitation
of spurious modes connected
with beam breakup instability,l
and this was a key
factor in the achievement of lo-kA performances in ATA
(for example.)

1970’s
ERA injector - create electron ring for collective
ion acceleration
ETA - electron beam propagation studies (now
used for microwave FEL experiments)
1980’s
FXR - flash radiography of fast processes

The Lawrence Livermore and Berkeley Laboratories
have pioneered the linear induction accelerator
technology since its origination
by N. C. Christofilos
in the late ~OS.~ A surasary of the applications
that motivated these developments from 1960 to the
present is given in Fig. 2. The Astron controlledfusion concept required very high pulsed currents of
relativistic
electrons, and the development of
electron injectors for the experimental studies of
this concept culminated in the sequence of Astron
accelerators at LWL in the 1960-70 timeframe. At
Lawrence Berkeley Laboratory, a program to investigate
the electron ring accelerator concept, following the

ATA - electron beam propagation studies and
IR wavelength FEL experiments
Heavy ion fusion driver development at LBL

Fig. 2.
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Mot ivat ions for linear induct ion
accelerator developments
at LlNL/LBL

’I
A sumnary of the parameters of the induction
machines that have been built in the U.S. (of the
magnetic-core type) is given in Fig. 3. Note that the
early machines operated at currents less than a
kiloamp, and at relatively
long pulselengths,
consistent
with the use of tape-wound magnetic cores.
The high-repetition
rate ‘burst” capability of Astron
was developed to study the “stacking” of electron
pulses in this magnetic confinement experiment, while
ETA and ATA have a similar burst-mode capability
to
study various aspects of beam propagation.
As
mentioned, all machines following the ERA injector
used ferrite
“disks” as the inductive core, and
operated at voltages per stage of 200-300 keV (about
20 times the Astron voltage of 12 keV.) The gradient
of these machines is correspondingly higher.
The last
machine listed is the first embodiment of ma netic
pulse power drivers on an induction machine, s
replacing the Blumlein/spark-gap pulseline technology
used on the earlier short-pulse machines. (The
AstronlNBS machines employed gas thyratrons.
consistent
with their longer pulselength”s and

impressed across it equal to the transmission line
voltage at its output (junction point with the
cavity.)
This statement is a good approximation only
for pulse lengths much longer than the transit time of
electromagnetic waves throughout the cylindrical
radial line structure (-1 nsec typically),
so that
the electromagnetic-fields
can be treated in a
quasistatic approximation.
Capacitive and inductive
effects
of the gap, coaxial leads, etc., can
particularly
affect
the electromagnetic field
distribution
during the rise and fall times of the
voltage (beam current) pulse. Note that the electric
field in the vicinity
of the gap is wquasistaticw in
shape (see sketch in Fig. 4) and there is no coupling
of adjacent modules as long as a beam pipe of
reasonable length (> pipe diameter) separates the
acceleration gaps.

’
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Linac

The magnetic induction

module.

The ferromagnetic core will present a high
impedance for only a limited time, of course, and the
Volt-secw capability of the material determines the
core area S for a given module voltage and pulseIn actual fact, in the operation of ferritelength.

Parameters of core-type induction
linacs
built in the USA. Parameters in parentheses
are pulse-power capabilities,
not yet
demonstrated with the stated beam parameters.

Physical Principles

. Magnetic
flux density

elms,

100 nz 11400 n,,

Fig.

c-J

i

Ferromagnetic
cores
(high inductive
/
impedance)
-

-

ffield

type modules, the wave propagation aspects of the
penetration of the electromagnetic fields through the
ferromagnetic material cannot be ignored, and the
ferrite region is often not accurately represented by
lumped circuit models. This is not a crucial feature
for zero-order modeling since the role of the ferrite
is to present a sufficiently
large impedance to the
drive lines, which it does in cases of interest (since
‘(w/~)l/~ is large compared to the free space

Operation

As illustrated
in Fig. 1, a linear induction
accelerator can-be thought of as a series of 1:l
transformers where the electron beam acts as the
secondary. A key point about this configuration
is
the absence of a “voltage” on any of the cables or
structures that exceeds the voltage supplied to a
single accelerator module driven by the pulse source.
The electrons,
in effect,
do the “integration”
of the
axial electric field in the vacuum beam pipe to
achieve a final energy “N” times the module voltage
(for N modules.)

,

impedance).
In the presence of an electron beam pulse
proceeding down the axis of the accelerator, as
illustrated
in Fig. 4, a return current in the wall
will flow up the gap and “load” the drive transmission
line as shown. Once again, this simple picture
applies when the current pulse is relatively
long
(e-s., 50 nsec - 50 ft) compared to the transit time
of EM waves up the gap (-1 nsec).

These ideas can be more clearly understood by
the sketch in Fig. 4 of a geometry similar
to the ETA/ATA accelerator modules.
A voltage pulse
h supplied to the accelerator module by coaxial cable
transmission lines (driven from two sides in a
balanced mode to avoid deflection
forces on the
electron beam.) A cylindrical
core of ferromagnetic
material (e.g., ferrite)
located in the cavity as
shown presents a very high impedance to the drive
transmission lines at their junction point with the
cavity.
Without any electron beam present, the
acceleration gap then has a “voltage” (fE=dz)

considering

The pulse generation is done with a “pulse
an elementary schematic of such
forming line” (PFL);
a system is illustrated
in Fig. 5. The output of the
line is applied to the transmission line as shown (in
actuality it is a balanced pair of lines in ETA/ATA to
drive the cell.)
The transmission lines are long
enough to provide “transit
time isolation” of the
PFL/switch and the cell (the cable transmission time
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of resistor

compensation). Since pulse power system
efficiencies
can be quite high (-50% on ATA and
60-70% with the latest magnetic modulator systems,)
induction machines can have good overall efficiencies.
Parameter choices can compromise this potential for
in particular,
with long pulsehigh efficiency;
lengths,
compensation of voltage “droop” due to finite
ferrite
inductance in the compensation circuitry
will
waste some of the drive current.

is longer than the pulse length).
In this case, the
simple equivalent circuit of the drive system shown in
Fig. 5 is applicable,
where V,(t)
is the pulse
waveform supplied to the transmission line by the
PFL. The ideal “square wave” shown in the figure is,
of course, in practice modified by switch inductances,
etc., and these aspects can limit the minimum pulselengths that have enough of a “flat top” on the
waveform to be useful in induction accelerators.

It can also be appreciated from this sinple
schematic that it is very difficult
to avoid beam
energy variation in the head and tail of a heavily
atively efficient)
induction
machine, where
ing (matching V,(t) and lB(t>
re possible in principle,
but difficult
in
As a consequence, beam transport systems

---------1

n machines must often

accommodate a

relatively

broad energy variation through the electron
Operational experience with ATA, for
example, has often exhibited
difficulties
traceable to
the problems of handling a time-varying energy on the
beam head.9

----------switch
Blumlein PFL

IV.

1

+

2v, J-L

20

Concluding Remarks

We have discussed linear induction machines of
the Vore” type only in this paper. An alternate
approach that does not involve any magnetic material

Equivalent
circuit

for isolation of the accelerator modules is
represented, for example, by the RADLACtechnology
described in the paper by Mazarakis. et al., in these
proceedings.

trz

Fig. .5.

Simplified picture of an accelerator cell
driver.
-we can deduce
From all of these considerations,
the circuit
schematic shown in Fig. 6. The beam
current load on the transmission line is accurately
represented by a current source, since the current
is
not dependent on the voltage of that stage as it is in
a diode region.
External compensation circuits at the
transmission line output are often used to help
flatten the acceleration voltage pulse, and to absorb
energy from the transmission lines when the beam is
absent (prevent “ringing” of the energy on the
cables.)
In practice, resistors are used on ATA to
absorb half of the drive power with a lo-kA beam.

The magnetic power systems mentioned earlier
should make a wider range of applications of linear
induction accelerators possible in the future
(Fig. 7).
Application of these machines for radiation
processing
is, in one sense, the least obvious one to
consider since the high-peak-current
capability
is not
required in contrast to the other applications listed
in Figure 7. Nonetheless, the “rugged” nature of this
solid-state
pulse power technology, the practical
features of system simplicity
arising from only having
to deal with very short pulses of high voltage on
electrodes (modest vacuum requirements, etc.), and the
relatively
low cost per watt do warrant serious
examination
of its applicability
even in these areas.

E-beam driver for microwave

and millimeter

wave sources

0 Fusion plasma electron cyclotron heating/current
drive with l-2 mm wavelength FEL
l

Two-beam

0 Relativistic

accelerator
klystron

E-beam driver for IR to visible wavelength

FEL’s

E-beam driver for collective acwlerators
Radiation

Equivalent circuit of drive
transmission Ihot

Compensation
circuit lad

Beem
load

Fig.
Fig.

6.

Simplified

schematic of induction

unit.

Many observations are readily apparent from this
circuit schematic. For example, for optimum
efficiency,
the transmission line Jmpedance should be
matched to the beam Z. = V,/IB

(in

processing

the absence
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Magnetic power compression systems enable
high repetition
rate operation;
these
developments should have a significant
impact
on potential
future applications on LIA’s.
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THE CONTROLOF BEAMDYNAMICSIN HIGH ENERGYINDUCTIONLINACS
George J. Caporaso
Llvermore National Laboratory
P. 0. Box 808, Livermore. CallPornia
Abstract
have

The Advent OP laser-ion-guidingin the Advanced
Test Accelerator along with the development of
accelerator cavities optimized with respect to beam
breakup coupling impedance now make it possible to
consider a new class OP high current, high energy
linear induction accelerators.
The control OP the
beam breakup and other lnstabllitles
by laser guiding
and by various magnetic Pocusing schemes will be
discussed along with the scaling laws for the design
OP such machines to minimize the growth OP the beam
breakup instability.

a2yz/az2 t Ik; - h(w)/y$

(3)

with solution
I
1

(4)

where h(o) = 4 G/(u$ - u2 t iw~g/Q). For
“suPPlclently strong” Pocuslng, I.e. Por the case that
kg >> h(o)/y we obtain the growth OP the instability
Prom the inverse Fourier transPorm

Haanyllnacs, particularly
induction llnacs are
limited in perpormance by the beam breakup (BBU)
The instability
Is Pound In two
instability.
Porms.1 In the Pirst Porm the accelerating
cavities conxnunicate with one another through interaction with the beam and through propagation of
cavity Plelds through the accelerator structure.
In
the second form which is the more virulent OP the
two, the cavities couple to each other only through
their interactions with the beam. It is this second
Porm OP BBU that will be discussed in this paper.

This integral may be evaluted by the method OP
steepest descents to yield the growth laws:4
For kp = kg/y
E-expIGQ(y-yo)~(2k0A)1
(6)

Beam Breakup Hodel

For k8 = kO/4y

An extremely usePu1 model of BBlJwill now be
described.2
The accelerating cavities are treated
The
as continuously-distributed
along the structure.
BBU cavity mcde is characterized by Its angular
Prequency og, its Q or quality Pactor and Its 21/Q or
transverse shunt impedance. The mode is excited by a
dipole current source term which Is proportional to
the product OP the beam’s current and transverse
The transverse position OP the beam
displacement.
centroid is determined by the external linear Pocuslng
and the cavity Pields.

2
(a2/aT2 + tug/Q) a/al + w0

(1)

a/a2 iyaiyaz.1 + rkiij

(2)

E-exp[GQ(dy - 4y0)/koh)l

(7)

E-exp[GQ ln(y/y0)/(2kO)r)l

(8)

Equation (6) is appropriate Por the case OP a
constant strength solenoid or alternating
quadrupole
channel which agrees with the peak growth rate
determined in previous work.3 Equation (7) is
appropriate Por a constant strength ion channel or a
solenoid or quadrupole channel whose strength
increases proportionally
to dy. Equation (8) is
appropriate Por the case where the strength of the
channel increases with energy In such a manner as to
maintain a constant betatron wavelength. Since the
beam breakup instability
Is convective in the beam
Prame the above expressions are correct only iP the
beam pulse Is suPPlciently long to contain the
maximumOP the envelope oP the instability.
Thus the
expressions (6) - (8) are maxlmumgrowth rates.

The Porte exerted on the beam by the mode is due
to the transverse magnetic Pleld OP the mode. Ve
dePlne the quantity A, the z-averaged transverse
angular change OP the beam centroid per unit length
as A = (Apl/p,)/Lg where Lg is the average gap to gap
separation and Apl and pz are the change in transverse
momentumand the longitudinal
momentumrespectively.
Vlth this dePlnition the model equations are

= YA

z 0

Cavity Mode node1
A usePu1 cavity model that yields the scaling OP
cavity coupling impedances with cavity dimensions was
recently developed.5 A schematic OP the model is
shown in Fig. 1. The cavity Is treated as a radial
line OP width w coupled to an open pipe OP radius b.
The connection OP the radial line to the external
world is modelled as a lumped surPace impedance at the
outer radius 8. In the absence of the gap a dipole
return current would Plow In the wall as a result OP
a displaced beam passing through the pipe. The
excitation OP cavity Plelds due to the beam can be
conveniently represented by a surPace dipole current
source in the gap OP value equal and opposlte to the
wall current that would Plow In the absence OP the
gap.

where k8 is the betatron wavenumber due to the applied
) where
Pccusin Porte. The quantity G=~(Z~/Q)I/(IoL
IO = mc9 /e z 17 kA. Vhen the Pocusing Is due &O
solenoids kB is to be interpreted as one half OP the
cyclotron wavenumber and the displacement E is equal to
the phasor x + ly. For Pocusing due to an ion or
quadrupole channel F represents either the I or y
component 0P transverse beam position.
Ve may solve these equations by Plrst Fourier
transpormlng in the variable T to O. TransPormed
quantities are denoted by tildes.
Ve also take the
case OP cznstznt acceleration such that y = yo t Lz.
DePinlng Y = E/dy and using the V.K.B. approximation we

An expression Por the z-component OP vector
potential in the pipe is written down In terms OP a
Fourier integral.
A z-independent expression Por the
vector potential is taken In the radial line.
The
wave impedance (azimuthal magnetic Pield/z-component
17

Surfaceimpedance2
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Surfacecurrent source K

G

ii
’if.
I+ I

1-J
W

Fig. 1. Schematic oP the cavity mode model. The beam
excitation
is represented as a surPace dipole current
source In the gap OP width w. The cavity Is coupled
to an InPtnltely
long pipe of radius b. The cavity
is terminated at radius R by a lumped surfaced
impedance 2, which represents the connectlon to the
outside world.

(2 drive points per cell)

Fig. 2. Diagram OP the ATA induction cavity.
The
cavity has a 2.54 cm gap width and a pipe radius OP
6.7 cm. The corner reflector
and pieces OP damping
PerrIte lower the Q OP the BBU mode to E 4.

of electric Pield) Is set equal to the surlace
impedance at r = I? and the z-averaged Jump In azimuthal
Pleld across the gap is set equal to 4rK/c where K Is
the dipole surface current density of the source In
the gap. The transverse force on the beam Is due to
the transverse magnetic PIeld. The Lorentz force is
integrated along the path OP the beam through the
gap- This Impulse divided by 4rK/c is termed the
response Punction. From the BBU model discussed
previously we see that the instability
arises from
the imaginary part of the cavity response since that
part represents the portion OP the response that is
90 degrees out of phase with the actual beam dlsplacement. Thus the quantity OP Interest Por BBU is
the imaginary part OP the response PunctIon. The
quantity qZ1 may be shown to be equal to -4w/b2
multlplied by the Imaginary part of the response
Punctlon at the mode frequency 00. Cold tests OP the
cavities used In the Advanced Test Accelerator show a
0 of roughly 4 Por the dominant BBU mode at 785 MHz.
A diagram of the cavity Is shown In Fig. 2. Choosing
a surPace impedance OP roughly twice the impedance OP
Pree space yields a model response curve with the
correct 0 value. The lmaglnary part OP the response
Punction Por this case is shown In Fig. 3.

-0.8
-0.9
-1.0
-1.1
-1.2
-1.3
0

woZl = - F

For a given pipe radius and gap width the mlnlmum
absolute value OP the peak oP the lmaglnary part of
the response Punctlon occurs when the Plelds In the
radial line are assumed to be purely outgoing.
That
is, the gap Is taken to be perfectly matched to the
radial line.
This minimum value 1s a slowly varying
Punction of w/b and is shown In Fig. 4. The new
prototype cavity OP the Accelerator Research Center
at Llvermore is shown In Fig. 5. The shape oP the
radial line is designed to approximate a perPect
match. The imaginary part OP the response Punctlon
Por a perPact match is shwn in Fig. 6.

0.5

1.0

1.5

I

1

2.0

2.5

3.0

3.5

4.0

Im P, (w)

Fig. 3. Shown is the imaginary part oP the response
PunctIon Por a surPace impedance twice that OP Pree
space which corresponds to the ATA cell OP Fig. 2.
oP the machine (ATA employs a .4J KrF laser wlth a spot
diameter of zl.5
cm). A low density plasma channel
Is then created by photo-lonlzatlon
of the background
gas. When a relativlstlc
electron beam Is InJected
onto the channel the radial electric Pleld oP the beam
rapldly expels the secondary electrons leaving behind
a column oP posltlvely charged Ions which guide and
Pocus the beam.

Laser Ion-Guiding

From the perspective OP controlllng
beam Instabilitles
lon channel guiding has three important
advantages. First, the strength OP the channel can
be made very strong.
Second Is the Pavorable scaling
OP the betatron wavelength wfth energy. The betatron

In laser Ion-guldlng the accelerator Is Pilled
with a very low pressure OP an easily Ionizable gas
(ATA uses benzene at a pressure OP z .2 usi). A
small diameter laser beam Is then, Pired davn the axls
18

guiding can be made to suppress this instability
at
Thirdly, the electrostatic
potential
all energies.
oP the ion channel is anharmonic leading to a spread
In the betatron wavelength of the beam electrons.

-Im P, (a)

0.3 t
0.2

I

t

I
w 0 2 t =-*lmP
b2

I

01

0.1

The spread in the betatron wavenumber due to the
nonlinear restoring Porte of the channel has propound
implications Por the beam breakup instability.
Indeed,
iP the spread in kRmis suPPlciently great acceleration to
arbitrarily
high energy is possible without any BBU
growth whatever. This result may be derived Prom an
extension OP the continuous model presented earlier.
Ve divide the beam into “Pilaments” each with a
Ve label the Pilaments by the variable
dlPPerent k
9 and let t 8’e corresponding square OP the betatron
wavenumber be equal to nk$. Ve choose a simple
distribution
Por the Pilaments:
O<lj<l-c
g(n) = 0

-I

(w)
’

I

I

I

I

I

I

I

I

I

J

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

w/b

Fig. 4. Plotted Is the peak value OP the imaginary
part OP the response Punctlon Por the case OP a
perPect match of the gap to the radial line as a
Punction OP w/b.

- -Cell

1 - c < ll < 1

g(n) = l/t

where the beam transverse poslton is now given by an
average over the Pilaments:
1
(9)
g(n) E,dn
.
E=

feed

JO

The model equations nou become

--

lvpical
low *.mm.

(a2/aT2 t (~~/a) a/a7 t w:) A = mi WY

(10)

a/ax (yarn/a21 t -mk2E =yA
Bn

(11)

.

Again we take the case of constant acceleration and
dePlne c = dy. Ve may then Fourier transform In
7 to o so that Eq. (11) becomes

section of
lo-cdl
module

Fig. 5. The prototype cells at the Accelerator
Research Center. The radial lines are shaped to
approximate a perPect match.
= 4h(o)/(K2c)

(12)

m

An(k,o) Jo (kc) dk and substitute into
0
Eq. (12) to obtain
1
An (k.o)drl .
- k21)
AnW,o) E 4h(&()12,(4r,k2/A2
0
l-c
Application oP Eq. (9) to this expression yields the
dispersion relation

Ve

-0.2

let yn =

/

-0.3

I

IM if’, (~11
-0.4
- -0.5
-0.6

k2=

4k2/A2
o

-0.7
0

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
wblc

xt(l

w. 2, = - 4W/b2 Im P, (WI

- E) exp (cko/h(o))

- ll/[exp(ck%/h(o))-11

(13)

Analysis of this relation reveals that Por a
sufPlclently
large value OP L no growth at all
occurs.4 The condition Por zero grcwth is

Fig. 6. Shown Is the imaginary part OP the response
function for the gap periectly matched to the radial
line.

ck; > r(ooZl/Lg)

wavelength of a solenoid channel or an alternating
quadrupole channel increases as y while the betatron
wavelength OP the ion channel increases only as dy
leading to tremendous increases in Pocusing strength
(as compared to quadrupole channels) with increasing
his
beam energy. The image displacement instability
a similar scaling with energy so that the use oP ion

(I/IO)

.

(14)

Since ks Z 2ei/(mc2a2) where a is the channel radius
and i Is the total channel charge per unit length we
may rewrite this condition as
(15)
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ATA Operational

1o.c

Experience

The ATA la a 50 MeV, 10 LA electron induction
linac located at Lawrence Livermore National
Laboratory’s Site 300. The accelerator consists oP a
2.5 HeV inJector and 174 cavities grouped into 1 block
OP 9 cells, 5 blocks OP 5 cells and 14 blocks OP 10
Each cell provides a nominal accelerating
cells.
voltage oP 250 kV. During conventional operation the
accelerator Pocuslng is provided by approximately 250,
3 kilogauss capacity solenoids which are closely
spaced along the entire machine. Coils are included
inside the accelerating cavities in order to
approximate a continuous solenoid throughout ATA.

E
L

1.f

E
2
0
::
1

0.1

ii

Vhen using laser ion-guiding the beam Is
magnetically guided Prom the InJector through the
Pirst several accelerator cell blocks onto the ion
channel. The laser is Pfred through a hole In the
center oP the cathode. A diagram showing the pressure
and magnetic Pield profiles Por ATA under the two
diPPerent types OP transport is shown Ib Fig. 7.

0.C

1

2
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4
5
6
Current in kA

7

8

9

I

Fig. 8. Final value oP the BBU amplitude at the end
The curve is obtained
oP ATA versus beam current.
using Eq. (6) and the measured noise output oP the
injector and cavity parameters.
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2 kG
1 kG
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I
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//
I,
Beem dump

64m-I-31m

LA

0

--I

2.5 Mev injector
End of accelerator
m
mnm

-

9 cell block

(1)

5 cell block

(5)

- 10 cell block

(14)

Fig. 7. Illustration
of the two transport modes in
ATA. Under solenoldal guiding the magnetic Pleld
ramps up Prom zero at the cathode to its maximum
value OP 3 kG where it is maintained throughout the
rest OP the accelerator.
Vhen using laser guiding
the machine is-Pilled with benzene Prom the low
energy end of the machine throughout the accelerator.
The magnetic Pield is used to guide the beam Prom the
injector onto.the channel. Beyond this “match point”
the magnets are shut oPP.

Fig. 9. Propagation OP a 7 kA pulse through ATA under
The beam current at 1ePt shows a
solenoldal guiding.
steady erosion OP the tall of the pulse. Only halP
oP the original charge survives passag through the
accelerator.
Shown on the right are 8 e loop signals
which show the 785 FlBz BBU signals.
The amplitude OP
the signals grows down the machine until the dcwnstream end where the beam is hitting the pipe wall
shorting the loops out.

Magnetic transport OP high beam currents Is not
possible in ATA because OP BBU. The component OP
transverse dlsplacment at the 785 Hliz BBU Prequency
was measured at the output of the injector to be
approximately 2 x 10-4 cm. Using this value and
Eq. (6) the expected BBU amplitude at the end of the
machine Is shown in Fig. 8. Figure 9 shaws the
results OF an attempt to propagate a 7 LA beam. BBU
grows to such an extent that only hall OP the beam
charge Is transported to the end of the accelerator.

tort.
The KrF laser produces a nominal .4J, 27 us
FVHII pulse in a spot size about 1.5 cm in diameter.
Solutions 0P a multilevel
rate equation model suggest
that the benzene is approximately 1% ionized so that
the ion density is z 8.4 x 1011 cm-3 yielding a channel
charge oP IJ 67 esu/cm and a betatron wavelength OP
.=17/y(cm).6 Betatron wavelengths down to I 1 meter
have been measured at the output oP the accelerator.
For ATA qZl 2 .24 cm-l and L f 33 cm. Use of Eq. (7)
together with the measured nof se level at the inJector
leads one to expect a Pinal BBU amplitude oP= 0.02 cm

In contrast, Fig. 10 shows the results Por laser
guldlng OP a 10 kA beam. The entire pulse Is
transported and the Pinal BBU amplitude la equal to
or less than 0.01 cm. In operation oP ATA the
benzene pressure Is typically
set,at = 2 x 10-4
20
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50 MeV

Pig. 10. Successful propagation OP a 10 kA beam pulse
dawn ATA. The entire charge survives passage through
the accelerator and the 8, loop shows that the BBU
amplitude is less than 0.01 cm.
due to the linear focusing OP the channel Por a 10 kA
beam. Substitution
into Eq. (14) or (15) indicates
that total stability
will be achieved iP
That is. Por 10 kA c must be
E > 0.01 I(kA).
greater than 0.1 to stabilize
the beam. Thus a 5%
spread In k8 will stabilize
10 kA. It appears as
though this level OP nonlinearity
has been achieved.
Sununary
Optimal cavity design coupled with the proper
magnetic transport system can greatly reduce BBU
growth which is the primary obstacle to high current,
high energy induction linac perpormance. Due to the
phase mix damping provided by its non-linear Pocusing
Porte laser ion-guiding can permit acceleration OP
high currents to arbitrarily
high energies without
BBU growth.
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Summary

87545

de toyed by cruise missile or suitcase, it is clear that an
IC B M defense only is not sufficient.
Whether such a
system could help prevent humanity from perpetrating
another Dark Aae lor worse) while It tries to learn how to
use similar systemsto reach the stars is perhaps the
hardest question to answer about SDI. It is part of our
as accelerator scientists to hel’p chart a
responsibilit
responsible IT&D course and to participate in the national
debate on the issues.
President Reagan’s challenge was to investigate,
through a research program over the next few decades, a
defense against nuclear weapons. It was not long before
experiments in the near term
large and cost1 integrated
were propose cl . The relative merits of man ideas have
been hotly debated, particularly
in terms o r scalability
and long-term utilit . The importance of particle beams,
for
and the relatively a d vanced state of the technology
producing them, came to be widely recognized-so
much
so that particle-beam
technology
is the core of two out of
the three Integrated System Experiments (ISE) now planned for directed-energy
defensive-weapons
research.
These three ISEs will test the s ace-based neutral-particle
beam (NPB), provided by an r! linac; the free-electronlaser (FEL), driven by an induction linac (IL) in a groundbased version, complemented
b an r-f-linac-driven FEL, as
a backup space or ground-base d approach; and a tracking
and pointing system.
The initial ISEs do not presume to arrive at full-scale
s stems capable of defense against ICBMs. Such a s stem,
I4 ever feasible, is surely a long-term
proposition.
T 1 e SDI
will attempt to prove key concepts through sequenced
ISEs and the associated R&D and technolog
-base development that supports each ISE in turn. Wit i- m a given
program, the ISE and the long-term developments
to
support the ISEs following
in the sequence are carefully
scheduled; thus, in any year, activities are spread between
near and far term.
A look through the literature and at the agenda for
this conference clearly shows that high-brightness
accelerators have become the topic of the day in many, or
most, areas of accelerator application.
Below, we frame
some of the central issues and programs relevant to the
high-brightness
rf-driven linear accelerators needed in
the SDI research program.

Particle accelerators of various types have been
considered for many years in terms of their application to
national defense. Recently, the Strategic Defense
initiative has focused and emphasized such applications.
After appro riate and extensive development,
accelerators could Pulfill important
roles in a defensive-system
architecture
and could compete effectively with other
technologies.
A great deal of the required development
is engineering.
Aspects of the R&D program on rf-linacbased applications
are discussed, and potential long-term
influences on accelerator technology
are outlined.
introduction
Particle accelerators, in their most prosaic form as
viewed by the aficionado,
seem to the hoi polloi most
mysterious and strange-esoteric.
The initiate is excited
by the striking, unusual, or imaginative
new proposal or
the challen e of actually makin
the idea work. In our
world, acce Berators are exotic. T ey become
erhaps
more so, the more one works and‘I, learns; de B ication and
creativity of high order are apparent in any gathering of
enthusiasts.
Consider the audacity of confining lightning
in a room and using it to perform precise manipulations
on invisible particles-as
accomplished by Cockcroft and
Walton; the extrapolation
of a room-size electron linac to
a linac two miles long at SLAC; a leap of four orders of
magnitude
in the intensity of operational
proton beams
at LAMPF. We are considering the Superconductin
Super
Collider (SSC), a circular machine 60 miles in circum Berence, and it was imaginatively
postulated that such a
machine might be floated on the world’s oceans, using
the beam to map the earth’s core.’ We seriously discuss
colliding two beams of enormous power at a focus of
micron or even angstrom dimensions in our efforts to
understand the most basic constituents and properties of
matter. High-bri .%.htness heavy-ion beams may be the
most viable posse rlrty for inertial confinement
fusion,
and high-intensity
Ii ht-ion beams are the central
ingredient
of other ?usion schemes or materials test
facilities.
Likewise, since accelerators were invented, their
possibilities as directed-energy
systems have been realized
and have stimulated
research. Because of the enormous
power requirements
and other technical difficulties,
such
possibilities have always been elusive and still are. However, in the more recent past, the continuing
threat of
nuclear-offensive
weapons, the rush of progress in science
and technology
on all frontiers, and (in particular) the
remarkable achievements at the frontiers of space came
together in President Reagan’s 1983 directive to focus
more of this research under what is now known as the
Strategic Defense Initiative (SDI).
A visit to the space exhibits at the Smithsonian
institute convinces one that accelerators could be made to
operate in space. Whether it is reasonable to believe that
they could be scaled to serve as defensive weapons devices in any given amount of time, or at a bearable cost, is
another question entirely, as is the question of whether
an extremely complex network of such systems is manageable, even under ideal conditions.
Given the status of
small, but powerful, nuclear weaponsthat
can be

Briqhtness

and Tradeoffs

Extrapolations
in both the physics and engineering
interpreted
in the accelerator
of r-f linacs, as common1
advanced applications
community,
are neede d fortoday’s
for physics research, defense, heavy-ion fusion, or
materials-testing.
A common figure of merit is the beam
brightness expressed generically, and variously, as the
power (sometimes only the current) per unit of phasespace area or volume, depending
on the application.
(Phase space describes the physical size and the angular
divergence properties of a beam; the unit area is called
emittance.)
Hitting a spot requires the beam power to be
confined to a particular transverse area; if there are
energy or time-dependent
effects that are important to
the application,
then the longitudinal
phase space must
also be controlled.
It is usually the average power that is
of interest, whether to achieve an adequate data rate in a
high-energy
physics machine or to achieve the purposes
of a defensive system. High average current requires
large amounts of supply power and, because of waste
heat, demands sophisticated
engineering
techniques.
Both high current and high quality require a detailed understanding
of the physical limitations of accelerating and transport channels. Seminal progress has

‘Work performed under the auspices of the U.S. Dept. of
Energy and sponsored by the Strategic Defense Initiative
Organization through the U.S. Air Force and U.S. Army Strategic
Defense Command.
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plus storage-ring
configurations.
In FEL lasers, the
electron-linac
brightness must match the requirements
of the laser beam. Radio-frequency
linacs with peak
brightness of around 1011 A/m2. rad 2 are contemplated
to drive FEL oscillators, with 1010 now operational;
induction linacs for single-pass FELs need 2 x 109 brightness, with 5x 107 at present.
Neutral-particle
beams penetrate inside materials,
depositing their energy at a depth determined
b the
particle’s dE/dx characteristics for the material. T b.IS penetration is a notable advanta
e of particle beams over
photons because it is very dr-9frcult to harden a gainst.
Typical materials melt when exposed to around 1 kJ/g;
with a penetration
of 10cm and nominal density of
2 g/cm3,20 kJ/cm2 illumination
is required, and for a l-m2
target, 2 x 108 J are required from the device. The Fusion
Material Irradiation
Test (FMIT) BO-MHz linac was designed for lOO-mA average current (and achieved 40 mA
at 2 MeV before the program was canceled); thus, at the
energy required for lo-cm penetration
and lOO-mA total
beam current, with the 40% core of the beam on the
target, one could get within a factor of 20 of the goal.
However, if the target is far away, the angular divergence
contribution
to the brightness requirement
is crucial. As
indicated above, a higher frequency linac would be used,
complicating
the engTneering problems, and emittance
would have to be carefullv controlled throuqhout
the
system. Again, the overal/ challenge turns out to be
around three orders of magnitude
in brightness.
So HEP, HIF, FEL, and NPB devices all have similar
challenges and similar
roblems and approaches to
solutions-the
basic pro iii lems of attacking the numerator
or the denominator
of the brightness equation.
The
numerator
can be raised by brute force, but the large
power requirements
and engineering
problems are
formidable,
and better system efficiency is very desirable.
Power scale-up may tend to spoilt he beam quality
because of intensit -related phenomena.
Emittance
preservation
in eat ii case also requires that aberration
effects in the transport optics be avoided. Thus, a longterm development
program in advanced linac-based
drivers is required, with a judicious mix of long-range R&D
aimed at changing the basic technical or economic constraint set, along with evolving integrated demonstrations to be sure there is a continuing
focus on the overall
problem.

been made in this area in the past decade, requiring the
extension of the classical accelerator physics to include
lasma and collective nonlinear effects. As the beam
(space
Ii ecomes more intense, it generatesself-fields
char e) or interactions with its surroundings
(beambrea 2 up effects) that tend to defocus it. These self-fields
must be carefully balanced and matched to externally
applied fields provided through the accelerator structure;
if hi h quality as well as high intensity (that is, high
brig 9, tness) is to be preserved, the problem becomes
especially challenging.
If more beam power is needed than can be supplied
by a single channel, then multiple channels could be provided. However, to maximize efficiency, it is clear that
each channel should be operated as close as possible to
the space charge or beam-breakup
limits. With modern
techniques of multiple-drive
power sources and automatic control, the beam loading (ratio of the power
actually delivered to the beam to the sum of beam power
and the power re uired by the accelerating structure
itself to establish t‘5, e external fields) is high: 50% or more
in room-temperature
machines and 90% OT more in
superconducting
systems. Therefore, the cost of more
beam power achieved by multiple channels is roughly
proportional
to the number of channels, although some
savings can be obtained by engineering
common rf field,
vacuum, or cooling envelopes.
Similarly, the increase in beam brightness, produced
by reducing emittance, is a strong effect, requiring care
with each channel as well as consideration
of whether
and how multiple channels may be recombined.
For
example, channel constraints are more severe with lowions; therefore,
after initial acceleration, channels
EXJ
e combined for better efficiency. Or, target
considerations
could affect the way the multiple-channel
system is configured.
We thus begin to see that the brightness formula
implies a host of system parameters and tradeoffs that
affect the current and/or quality achievable and the price
(in terms of cost, weight, or other factors) for achieving
the desired brightness.
Great care must be taken in
defining the optimization
problem because the imposed
constraints can change the approach drastically.
Some considerations
impose fairly strict boundaries
with techniques or materials now available: for example,
the maximum surface rf field achievable without sparking
or the maximum magnetic field available from
permanent-magnet
material. Some parameters produce
a monotonic
improvement
in brightness; for example, a
higher frequency produces better brightness in an rf ion
linac channel operated near the space-charge limit.
However, consideration
of the heat-removal
problems at
large duty factor or continuous operation places limitations on the maximum frequency, with the result that
the best frequency choice is within the broad range of
300-500 MHz for very high power, high-brightness
ion rf
linacs. This example illustrates another important
point-that
suboptimization
for a short-term problem
(for example, an objective that could be explored at low
duty factor) could produce an unwarranted
diversion of
effort from the long-term problem (that would require a
cw device).
A calibration of the brightness requirements
for a
few applications of interest is instructive.
In high-energy
physics (HEP) research using colliding beams, the bri htness requirement
on the accelerator is combined wit3
probabilities
of events occurring in the physics experiment, in an expression called the luminosity.
Long-range
luminosity
goals of 1033-34 cm-2s1 at energies in the
3-TeV range are sou ht for electron colliders, compared
to the design goal o P 6 x 1030 cm-2 s-1 at SO-GeV energy for
the Stanford Linear Collider now under construction.
Heavy-ion fusion (HIF) places severe requirements
on a sixdimensional
peak brightness, thought to be achiev-able
using multiple beams from induction linacs or rf linac

Neutral-Particle

Beams

A neutral beam would not be influenced by the
earth’s electric or magnetic fields and thus could be
accurately propagated
over a long distance. However, for
the light-ion
(principally hydrogen) beams that have
practical possibilities, the binding ener
of the electron is
not high, and the beam can be strippe 2% ack to a charged
state by collisions in the atmosphere.
Therefore, the NPB
is only usable in space, down to perhaps 100 km from the
surface. A system concept is shown in Fig. 1. The present
and speculated future characteristics of the targets (their
probable distribution,
trajectories, countermeasuring,
hardening, and so on) and the corresponding
requirementson the NPB olatformsthat
miaht be part of a multilayered defensive system are bein <xhaustively studied
and debated. The NPB, because o ‘I- Its penetrating
power
and interaction characteristics in materials, could serve a
variety of functions, including discrimination
between
warheads and decoys and destruction at various levels
from electronic upset to outright demolition.
As outlined above, the NPB research program
comprises a series of ISEs, supported by a strong program
of continuing
research, component and system development, and testing. Focus is provided by actual flight experiments led by the aerospace industry and tied to the
continuing
development
program through an integrated
Ground-Test Accelerator (GTA) facility at Los Alamos.
23

RECOMMENDED

TARI.E I
EXPERIMENT

)rhit
nclination
rccelerator Particle
Iutput energy
iccelerator hcam current (H )
jutput beam current (Ho)
Iutput beam divergence (Ho)
)uty factor
iearn pulse width (variable)
‘ulse repetition rate
Iutput beam emittance (H-I
Iperating frequency
lperating temperature
‘emperature stability
Ionfiguration
Gze

Fig. 1. Neutral

particle

on source
<FQ
)TL

beam system concept

With strong industry involvement,
a full-scale system
willbe continuously
evolving in the GTA facility, at all
stages kept close in concept and components to a flightqualified system-but without requiring It to be fully
qualified.
New components,
experiments, and control
ideas would be tested in this system environment.
After
the information
needed for an ISE has been obtained and
transferred,
the facility will be retrofitted
to consolidate
the R&D for the next ISE. The actual fli ht equipment
and flight support will be provided by t R e aerospace
industry.
A feasibility study was completed in 1985 by three
aerospace contractors and Los Alamos for the U.S. Air
Force, developing
a shuttle-based
recommendation
for
the first ISE asshown in Table I and Figs. 2 and 3. The
primary-mission
objectives are to operate an NPB accelerator In space and characterize the output beam,
measure the beam at a remote target, and evaluate the
discrimination
of objects of high and low mass. Secondary
objectives include checking the ability of the system to
measure other si natures of beam-target
interaction and
testing advance -2 detector concepts.
An elliptical orbit might be used to facilitate atmospheric penetration
studies. The 50-MeV output energy
compromises between energies representative
of a target
discriminator,
the minimum energy needed for useful
scientific experiments, and the weight and length constraints of the shuttle. Other features are based on the
state of the art, and a low duty factor was chosen to
reduce rf power and prime-power
weight, while affording adequate neutron and gamma production
and data
characteristics for discrimination
tests.
Operational
guidelines were recommended
that
provide redundant
the flexibility provided by the use of
*the shuttle and its d;ata system; a conservative, three freeflyer system of the NPB, target, and detector; a fully
automated
NPB to minimize shuttle-crew
operational
involvement
but with manual override; and recovery of
the accelerator platform.
Boresightlng
of the beam with the target is to be
provided, with enough electromagnetic
beam deflection

Seam magnetic optics
ceutralizer
Seam sensing
Radio-frequency power
Zontrol system

PARAMETERS

320 k m circular
(320 x 150 k m elliptical)
28.5”
H
50 MeV (nominal)
100 m A
>45 m A
25 prad (O/2) rms
0.1%
30 to 300 p’s
Consistent with 0 1% duty factor
0 02 n cmomrad (nominal)
425 MHz (nominal)
Sot cryogenic, nominal room
temperature
0 5 F (about set point)
180 bend with design compatible
with hinge in DTL
Basic accelerator design
compatible with single shuttle
launch
Modified Dudnikov, 100 keV
Loop coupled, 2 MeV
First tank-ramped
gradient,
2 to 4 4 MV/m
Remaining tanks-constant
gradient, 4.4 YVlm
Hinged section to lit into shuttle
bay
25.cm-diam samarium-cobalt
permanent magnets with small
electromagnet trimmers
25.cm-diam ring jet, gas-flow
system
Wire shadow
Solid state or klystrode
Highly automated distributed
computer

DETECTOR
SATELLITE

TARGET

SATELLITE

-i\

7,

\
---. . . . . . . . . . . . . . . . . . . . . . . . . .- . . . . -+t. .
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\

2
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h=150-320
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!

Fig. 2. NPB ISE experiment
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of SO-MeV NPB device.

for initial acquisition, after which the system should be
able to maintain contact without target feedback.
The recommended
design parameters for the NPB
platform are outlined in Table I. The flight-article
design
s ecification is tight1 coupled with the Los Alamos GTA;
t Re only significant J rfferences are space qualification
and support systems-for
example, r-f power, high
volta e, and vacuum-in
which alternate designs will be
used Bor reasons of economy or short-term availability.
The ion source determines the beam brightness,
which can only be preserved or diluted in the rest of the
machine. The Dudnikov H-source is the onlv source with
adequate performance
for the first ISE; R&6 on other
sources, particularly those that might avoid the operational difficulties
of cesium, is part of the longer range
program.
A difficult challenge associated with the ion
source is to make control of it completely automatic.
The radio-frequency
quadrupole
(RFQ) preaccelerator will be loop coupled, with azimuthal coupling
rings
for transverse stabilization
and possibly with longitudinal
stabilization
as well. Thermal and fabrication
options
are also under intensive investigation,
as covered by
numerous papers at this meeting.
In the drift-tube
linac (DTL) section, the shuttle’s
length constraint argues for a high acceleratin
gradient,
but the allowable gradient is practically limite 3 because
of the need to maintain
good beam quality (low emittance), sparking limits on the peak-surface rf fields, and
the requirement
for more rf power at higher gradient.
Beam-dynamics
studies showed that emittance could be
preserved by starting with a gradient of around 2 MeV/m
and ramoina UD bv about 3% per cell to about 5 MeV/m.
which is ‘con<ist’ent’with the other constraints.
An unrea:
sonably high gradient
of about 7 MeV/m would be reuired to fit a single-section
50-MeV accelerator system in
t9, e shuttle bay; therefore
the machine will be hinged,
stowed folded, and erected in space. Considerable work
has been completed on the mechanical design of the
drift-tubes,
permanent-magnet
quadrupoles,
and other
components
of the DTL. The accelerator will be designed
for 5% duty factor, in anticipation
of Ion er term requirements, but will be operated at 0.1% fort ?Ie ISE.
The rf power system required for an NPB device
has received almost no attention to date, in spite of the
fact that it forms the major part of the system weight.
-Since the time that radar systemsturned
toward phased
arrays, little development
of compact, high-power,
highefficiency rf systems has occurred. Work is beginning
to
close this gap, but there is much to be done. Ultimately,
several hundred megawatts of cw or long-pulse power
will be required. The present ISE requires 14 MW of peak
rf power at 0.1% duty factor, giving 14 kW average. The
space shuttle has redundant
fuel cells that can provide
adequate prime power.

We are interested in frequencies around 400 MHZ,
with high efficiency, low volume ratio (WICmj), weight
ratio (W/kg), and cost ratio (b/W). Extant klystron systems
have modest efficiencies
around 55%, unacceptable
wei ht and volume ratios, and require high drive volta e.
Gri 8 ded tubes have low gain, resulting in overall ef 9 Iciencies around 50%, and extrapolate
poorly to future
requirements
because of plate dissipation
limitations.
Two new sources are under stud ; at present, t heir
differences are within the errors o Y the system estimates.
The first is solid state, exemplified
by the Westinghouse
SPS-40 radar system, in which ten 380-W transistor circuits
are combined into 2.5-kW modules and combined
again
to produce 25 kW. Pulse lengths are only 60 ps, at 5%
duty factor. Recently a 2-kW, 1-ms, 10% duty, 80%
efficient Ion -pulse module was demonstrated
that could
be combine 8. In a 500-kW amplifier module with prime
power-to-rf
efficiency of about 55%. The weight ratio at
resent is about 1320 W/kg with about 2200 W/kg on the
Rorizon. The EimadVarian klystrode is another possibility,
more compact than a klystron because it uses a gridded
interaction
region with a klystron-like
output cavity and
collector.
Tubes are available for 25-kW, cw, UHF-TV
service and should scale to a few hundred kilowatts cw.
Contrary to solid state, where volume and weight scale
directly-with
power, the klystrode tube size would increase about 20% as the power is doubled. The dc-to-rf
efficiency of the klystrode is about 70%, but the gain of
about 23 dB still requires a high-power
driver. Magnetrons and crossed-field devices are not sufficiently
phase
stable for accelerator service, although some very recent
work may have an impact on this aspect.
The 50-MeV-output
optics system prepares the beam
for neutralization
and propagation.
Its components
include
a debunching
section to reduce the beam’s
energy spread, which lessens the effect of
chromatic (energy-dependent)
aberrations in
the lens elements;
erhaps a rebuncher
to introduce
timeependent effects that would exploit ratedependent
effects at the target;
180” bend to allow the system to be folded
for compactness;
a beam-expanding
telescope in which beam
divergence
is reduced at the expense of
beam size to the point where s herical and
higher order aberrations
in t R e lenses
preclude further expansion; and
beam steering elements.

s

The first ISE may not require a debuncher, or a 180”
bend if the system were erected straight in space. Weight
restrictions also indicate that permanent-magnet
lenses
be used, whereas later, higher performance
systems may
use electromagnets.
The presence of space charge makes
the output optics system nonlinear, severely complicating
the desi n and optimization
procedure; therefore, this
area is a II- tgh-priority
subject at present.
The neutralizer,
where the H- particles are converted
to Ho for propagation,
needs to be efficient, simple, and
reliable and needs to preserve the beam quality as much
as possible. A thin, solid foil is the most attractive candidate because of its simplicit
. but at present, foilsof
adequate size cannot be pro 2 uced, and the time needed
for development
probably is long. Therefore, stripping-in
a thin gas medium has been selected; a mature technology is associated with gas-flow systems, and it appears
that a system, although complicated,
could be scaled to
meet the ISE requirement.
The baseline design uses argon
in a ring-source design with a 25-cm aperture.
The automatic
pointing
and tracking (ATP) and
beam-sensin
systems introduce elements to the accelerator system t a at can utilize man of the techniques of
experimental
particle physics. T L e pointing accuracy
requirements
for ATP will require active measurement
25
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and control of any jitter; thus, engineering
control of
vibrations or other jitter-producing
mechanisms, as well
as a method to actively control jitter, will be stressed in
the design of these machines.
The instrumentation-and-control
aspects of an NPB
platform offer a challenge comparable to that accepted in
the early 196Os, when LAMPF was the first major accelerator installation to include computer control as a primary
objective of the initial design. Now we must largely
remove the human operator and provide remote, rapidstart operation.
For some of the subsystems (such as the
ion source) and for the overall system, the controls aspects
constitute a major program area.
The ISE is clearly an ambitious R&D program that &II
focus a number of new developments
in linac technolog
changing in basic ways how linacs are built and operate dl .
Briefly reviewing, development
is re uired in controlled
highion sources, ramped-gradient
DTLs, 9.rghtweight,
power accelerator
structures, hinged construction,
multiple rf drive, higher efficiency rf systems with better
weight and volume ratios, permanent-magnet
optics,
neutralizers,
ATP and beam sensing, and automatic
control.
Several other important technology-base
pro ram
areas are proceeding
in parallel with the ISE an 3 its
associated GTA. The accelerator test stand (ATS) at Los
Alamos continues as the focal point. Figure 4 shows the
system now installed: 100-keV ion source, RFQ to 2 MeV,
and DTLto 5 MeV. A ramped-gradient
DTL will also be
tested here, Information
on this work is resented
i
elsewhere at this meeting. A highlight
o P the ATS
diagnostic
system is the new longitudinal
emittance
measurement,
done by time-sliced laser stripping of the
accelerated beam and time-of-flight
measurement
on the
resulting Ho beamlet (Fig. 5). The technique will
eventualy be extended to measure the full sixdimensional
phase-space density distribution.
Other ATS
activities cover ion-source development
of several types,
neutralization
studies, and rf field-limit tests.
Longer term activities, many in collaboration
with
other laboratories
in this and other countries, are looking
at advanced methods for multiple or funneled beams, cw
linacs, tests of beam-sensing methods at several energies,
advanced neutralizers, and development
of discrimination methods and sensors.
An important
near-term first test of an accelerator
system in space will be accomplished in the BEAR (Beam
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Fig. 5. Lon itudinal emittance measurement
performe 8 by time-sliced laser stripping.
Experiment
Aboard Rocket) program.
The payload
segment,3 shown in Fig. 6, will be launched in an Aries
rocket and will spend about 200 s above 180-km altitude.
The total accelerator package is 1.12 m in diameter and
3.66 m long. The accelerator will provide about lo-mA Ho
beam at 1 MeV. The flight objective is to demonstrate
operation of the NPB accelerator system, project a beam
that interacts with the local environment,
and measure
aspects of beam propagation,
spacecraft charging, and
system interactions.
Free Electron

Laseti,5

Ground-based
laser defensive systems must operate
at wavelengths
in the visible or near-infrared
spectrum
where atmospheric
transmission
is possible. FELs can
operate at any wavelength
from microwave to far
ultraviolet
because the electron beams that provide the
pump energy are operating in a vacuum and therefore
are not restricted to operate on molecular transitions.
Moreover, FELs are easily tunable to adapt to atmospheric
conditions.
The electron linac driver is also well suited to

Fig. 4. NPB Accelerator
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hi&h-power
operation
because the waste heat, residing in
the electron beam, passes instantly out of the laser; the
laser mirrors, however, m ust deal with the power in the
light beam. FELs appear capable of overall system efficiencies in excess of 10%. There are two main approaches
to such high-power
FELs, based on rf or induction
linac
drivers. The IL FEL must operate as an efficient single-pass
amplifier.
The rf linac FEL operates as an oscillator with a
lower electron energy to light-conversion
efficiency but
with an enhanced overall efficiency achieved by recovering energy from the spent electron beam.
Basic performance
requirements
on the rf or IL
electron-beam
driver are shown in terms of peak
brightness and current in Fig. 7. It is not possible to make
all the necessary comparisons on one graph, but peak
quantities are useful in comparing
physics issues. The
operating
boundary linesshown
are for linac energies
tliat would be used-for roughly equivalent
high-power
svstem desians. With the rf linac FEL oscillators. the
6rightnessind
current required for lasing at a given
wavelength
are directly related. The operating
region for
an IL FEL amplifier is doubly bounded in the upper right
corner because high current is re uired to trap the optical
beam in a long wiggler, whereas Ii Igh brightness is required to trap the electrons in the pondermotive
buckets
and decelerate them efficiently.
The rf linac research is
concentrating
on bright photocathode
sources and careful control of unwanted
deflecting
“beam-breakup”
modes in the accelerator structures; theory indicates that
the design goal should be possible at average electronbeam currents needed for high power (1 A). ILs face a
severe challenge in attaining
enough brightness; source
performance
is improving
but will have to be maintained
through the linac. Beam breakup in the ATA has been
suppressed by laser guiding of the electron beam. With
fields, IL FELs may avoid the
stron er magnetic-guide
camp 7.[cations of laser guiding.
In the FEL itself, both approaches are subject to
synchrotron
instabilities,
apparently
not serious at present
high efficiencies at
but of more concern in achievin
ths. It is clear t 9, at the bunch-current
shorter wavelen
densities in the 4 device require care to avoid wakefield
effects that can degrade brightness.
The optical quality of
the rfdevice has been demonstrated
both experimentally
and theoretically
to be nearly perfect, a consequence of
operation
as an oscillator.
The IL device requires focusing
ef the optical beam through a Ion wiggler b using the
index of refraction of the electron $ earn to ac K.leve the
high efficiency; this also means that the optical beam
quality may be dependent
on the electron beam
properties, which may be difficult to control uniformly.

I
10’

ELECTRON-BEAM

1

I

I

lo2

lo3

10’

PEAK CURRENT

(A)

Fig. 7. Peak brightness
and current requirements for rf FEL oscillators and induction linac
FEL amplifiers.
The ATA and LANL points represenr linacoutput.
The IL High Brightness Test
Stand (HBTS) point is at the injector and the
brightness
would have to be maintained
through the matching to the accelerator and
subsequent acceleration.
The engineering
issues are equally complex. High
average power, cw electron linacs already exist; although
such ILs have not been built, it appears that new
magnetic-modulator
technology
should support high
average power. ILs have pulse-length
restrictions from
the ferrite cores of the induction
modules and relatively
lower accelerating
voltage per meter because of insulator
voltage limits. Optical component
damage is a major
concern for both; this determines
how Ion the optical
system must be. The IL FEL, being an ampll 7 ler, requires
an input laser and laser light for guiding the e-beam in
the linac; these are not available today at the required
high average power. If both rf and induction
FELs perform as required at equivalent
average power, the rf
device would be considerably
more compact; that is, the
linac, wiggler,
and optical s stem would all be about a
factor of 10 shorter for the r/ device compared to the IL
device. For ground-based
systems, the size consideration
may be mainly one of cost, which is proportional
to size,
but for a space-based system, the difference
is critical.
The Los Alamos FEL experiment
has been configured
into the third and final stage of the R&D program designed to demonstrate
proof of principle for all the
fundamental
FEL physics issues before scaling to high
power and short wavelength.
The system, outlined in
Fig. 8, uses a 20-MeV linac to drive a lo-pm wavelength
paramFEL. The objectives are to improve the operatin
eters, to demonstrate
thr rf energy-recovery
tee a nique,
and to continue
FEL physicsstudies.
The first has been
achieved; the linac performance
is as indicated in Fi .7,
a as
and a tapered-wiggler
FEL, oscillator configuration
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PHOTOCAlHODE
PREPARATION

Fig. 8. Los Alamos rf-linac-driven
FEL energyrecovery experiment layout: (I), OSX accelerator
and FEL operating
at two-fold increase in peak
current; (2), isochronous 1800 bend on translation
table; (3), isochronous 600 bend; (4), two 1.8-m
decelerator (energy-recovery)
sections; (5), two
variable rf bridge couplers; (6), beam dump for 2to 3-MeV beam; (71, 20-MeV diagnostics.

RF
GUN

Fig. 9. Laser-driven
injector-development

achieved 2 % extraction efficiency-the
hi$hest performance yet from an FEL operating above the microwave
spectrum and on principles scalable to hi h power and
short w avelength.
Optical damage to t il e dielectric
mirrors of the optical resonator limited operation to a
factor of 2 below the design point; tests with copper
optics are planned that should raise both the power level
and the extraction efficiency.
The electron beam still has most of its power and its
microbunch structure after exiting the FEL, but its energy
spread is too great to allow recirculation
through the
wiggler.
Electrical recovery of the beam power could
improve the overall system efficiency by more than a
factor of 2 in high-power,
high-current
systems where the
beam power is-large compared to the structure losses.
The best way to recover the kinetic energy is to decelerate
the beam in the same type of r-f-linac structure, producing
rf power that is used to accelerate new beam. A conversion efficiency greater than 9 9 % appears possible for this
process. The experiment
will decelerate in a separate
structure, with bridge couplers to resonantly share recovered power with the main accelerator.
The FEL physics studies primarily address enhanced
efficiency, through better understandin
of the production and suppression of transverse wake 9.Held and synchrotron sideband effects, and the possibilities afforded by
using the electrons to provide optical beam bending and
focusing. W i gler design improvements
will be a major
effort.
Anot it er major-program
element is the brightphotocathode
injector development,
where bunches of
electrons are produced at the correct time for direct
capture into rf accelerating fields, as shown in Fig. 9. This
status of that work is described in another paper at this
conference.6

photocathode
experiment

and r-f-cavity
at Los Alamos.

Acknowledqment
The programs discussed in this paper are the work of
a large number of people, work hardly done justice to by
this very brief discussion. The many discussions are
gratefully acknowledged.
References

28

1.

A. DeRujula, 5. L. Glashow, R. R. W ilson, and
G. Charpak, “Neutrino
Exploration
of the Earth,”
Physics Reports, -99 (6), 341-396, 1983.

2.

Los Alamos NPB Integrated Space Experiment Point
Design Study Report, 10 January 1986, Los Alamos
National Laboratory, Los Alamos, New Mexico.

3.

Bear I Pro’ect: Accelerator
Handboo 1,, BEAR-I-DT-1,2
National Laboratory.

4.

C. A. Brau, “Comparison of Free-Electron Lasers with
Excimer Lasers,” and “Comparison of RF Linacs and
Induction Linacsfor Free-Electron Lasers,” Los
Alamos National Laboratory (internal documents).

5.

J. M. Watson, “Status of the Los Alamos FreeElectron Laser,” 7th Intl. FEL Conf., Tahoe City,
California, September 8-13, 1985.

6.

J. 5. Fraser, “Electron
these proceedings.

Payload Segment
January 1986, Los Alamos

Linac Injector

Developments,”

7 1.‘6 x cc 15/lG

FV 1‘;i

StJPFACE

Fw: b : .!2 x 11 r’:..,;h

TC:

7:‘. C-32
MO!&3

RF POWER SOURCES FOR 1990 AND

BEYOND*

Don W. Reid, AT-DO, MS-H827
Los Alamos National Laboratory, Los Alamos, New Mexico

Summary
This paper will discuss the types of devices and
system architectures that show promise in providing rf
power sources for future space requirements.
It will
extrapolate
these solutions to accelerators that are now
being planned for construction
and commissioning
in the
1990s and will suggest technological
advantages of using
SDI-developed
rf systems. Finally, the present state of the
various SDI-sponsored high-powered
rf-development
programs will be reviewed.
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The typical solid-state amplifier is made up of modules,
or books, as some companies call them. Figure 1 shows a
typical 2.5 kW module with the new version, which uses
1986 technology.
Each module contains 8 to 10 transistors and delivers about 2.5-to 3.0-kW peak power. The
modules are also self-contained
in that they have their
own power conditioning,
preamplifier,
and output
combiner.

Overview
For the past 25 years, most accelerato[s have been
driven by rf sources previously developed for radar or
high-power
broadcasts
stems. The workhorse of accelerator rf power sources tl as been the klystron for frequenties above 400 MHz with the gridded tube being used
below that frequency.
Magnetrons
have been used for
single-structure
electron accelerators.
The Strategic Defense lnitative (SDI) requirement
to
determine if it is feasible to place a Neutral Particle Beam
(NPB) accelerator or a Free-Electron Laser (FEL) in space
has placed an unprecedented
demand on rf sources for
compactness, Ii ht weight, and efficiency as well as other
parameters.
Ta % le I is a set of typical NPB parameters.
The FEL parameters are no less stringent.
TABLE I
NPeRF POWER REQUIREMENTS
Frequency
Peak output power
Pulse length
Duty
Weight ratio (amplifier)
Volume ratio (amplifier)
Efficiency (amplifier)
Reliability

UHF (425 MHz typical)
20 to 100 M W
milliseconds
1% tocw
0.3 g/W (1.5 kW/Ib)
15 wlcu in.
> 50%
0.9999

In the past, a single section of rf accelerator structure was usually of the appropriate
length to be driven by
a single rf power source, and the sources were sized as
large as possible to keep the number of parts low. The
Spallation Neutron Source (SNQ) project
roposal’suggested the use of many, relatively small rr sources driving
individual cavities. Multiple drives into a single cavity
have been used on the FMIT system at Los Alamos, and
the HILAC at 8erkeley.3
Because of very stringent reliability considerations
and the desirability to package the rf in
manageable sizes, the prospect of using multiple sources
for each accelerator section is attractive for the SDI application. The ideal peak power output per amplifier packa e appears to be between 500 and 1000 kW. This
7l eme has the added advantage of being able to add or
SC
subtract power modules as the accelerator requirements
change.
Solid-State

Amplifier

Fig. 1. The 2.5-kW solid-state amplifier modules
showing reduction in size using new technology.

Many modules are combined to develop the final output power.
Some manufacturers
use a Wilkinson combinscheme.
ing scheme and others use a radial combinin
Figure 2 shows a 32-way radial combiner wit2 a cw power
output at 200 MHz of 2 kW. In principal, a solid-state
amplifier could be built at any power level if the designer
were willing to use enough combiner stages.

Systems

- One of the most promising technologies
for solvin
the problems associated with SDI rf s stems is the so114 state amplifier.
Two recent systems L ave been developed
for radar applications4, 5 with power levels that are applicable for the accelerator system designer.
One of these
systems was tested into a resonant cavity with excellent
results.6
*Work performed under the auspices of the U.S. Dept. of Energy and
supported by the U.5 Air Force Space Technology Center.

Fig. 2. A 32-way radial combiner.

The heart of the solid-state amplifier is the highpower, microwave transistor. There are three generic
types of transistor that are used in hi h-power microwave
amplifiers.
The most commonly use ii type is the silicon
The silicon FET is also used, and the
bipolar transistor.
newest device is the static induction transistor or SIT.’
Table II is a comparison of the three transistor types. A
425-MHz frequency, a 1-ms pulse length and a loo/c, duty is
assumed.
TABLE II
COMPARISON

Parameter
Supply voltage
Efficiency
Power out
Power gain

r

OF TRANSISTOR PARAMETERS
Silicon
Bipolar

Silicon
FET

40 v
70%

40 v
70%
300
lOd8

:;“dr

power sources for the 1990’s at UHF and low L-band
frequencies.
Very little will be said about klystrons. They are
mature devices with well-understood
operating parameters. The are readily available at beam efficiencies of 50
to 60°h. K rystrons can be operated at an pulse len th
from a few microseconds to cw. Their ro r.e In space- % ased
accelerator applications is doubtful because the klystron
size at UHF frequencies is prohibitive.
Gridded tubes operate well at UHF frequencies and
show promise as space-based, low-duty-factor
accelerator
drivers because of their compact size. This size reduction
is especially true when use of distributed
amplifiers is
anticipated.
These tubes operate at 50 to 60% beam
efficiency and have 20-d8 gain. Gridded tubes do have a
pulse-length
limitation.
Typically, as the pulse length
increases, the peak-power
capability decreases, and
extrapolation
to cw service appears unlikely. For example, one tetrode has an advertised out ut power of
2 M W at a duty of 0.4% and a pulse lengt R of 13 Ps. The
output power fallsto 275 kW when the duty is raised to
6% and the pulse length increased to 2 ms. A typical
ridded power tube is shown in Fig. 4. The tube must be
z oused in an external, resonant cavity.

SIT
1oov
67%
1oow
6d8

Figure 3 shows the power-handling
capabilities of
each type of device as a function of calendar time. A
pulsed condition is used for the bipolar transistor. The
FET and SIT are cw devices. As can be seen, the curves are
still on a rapid slope upward.
If the improvement
continues as indicated b the progress to date, 0.2 to 0.3 g/w
for solid-state amplr 4 rers appears achievable in the next 2
to 3 years. This means that a l-MW powers stem, operating from a 40-V source would weigh 660 I 6 sand have a
volume of 38 cu ft. a package of 3 by 3 by 4.5 ft. The anticipated efficiency, defined as source power to rf output
power, is 60%. Unfortunately,
the present cost of such a
system is 5 to 8 dollars per peak watt but should improve
substantially during the next 3 to 5 years.
--

Fig. 4. UHF tetrode
CALENDAR

power tube.

YEAR

L

Fig. 3. Output power versus calendar
microwave power transistors.

Los Alamos has recently developed a cavity amplifier at
425 MHz that usesseveral planar triodes operating in parallel in the same output cavity.”
The tube arrangement
is shown in Fi 5. The output stage operates at 60%
efficiency an B 13-d8 gain. The output power using nine
planar triodes is 150 kW at 60-ps pulse length. Again, this
system is pulse-length
and duty-cycle limited. The system
is very cost effective, however, with the entire system,
including power supplies and pre-amplifiers,
costing less
than $2.00 per watt.
Magnetrons
have been used as accelerator drivers
where the accelerator consisted of a single section. A
magnetron
operating at 2.5 M W has been used successfully by several companies as an rf power source in
medical and radiographic
accelerators.
Unfortunately,
the capability to combine two or more magnetrons with
sufficient phase stability to drive the high-Q accelerator
structure has not been successful. Recent work at Varian8everly12 shows promise of a solution to this problem by
in’ection locking two magnetrons.
Magnetrons are cost
e / fectlve, can be operated at a few megawatts, and do

year for

Another issue that must be addressed in the use of
solid-state amplifiers is potential radiation damage. Tests
done on typical bipolar transistors at Sandia Laboratory,8
indicate that large neutron doses cause degradation
in
gain and efficiency.
Tube Amplifier

Svstems

Historical1
tubes have been the device chosen when
megawatts o r rf power have been required. Above 400
MHz, the workhorse has been the klystron operating at
several M W peak power with crossed field devices entering the picture at powers up to 2 MW. Frequencies below
400 MHz have generally been the exclusive domain of the
gridded tube. More recently, emission-gated
devices such
as the Klystrodeg and the lasertron!O appear promising as
30
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Fig. 5. Multiple
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85 kV and will weigh slightly over 100 Ibs, with the
magnet.
The lasettron is being worked on at several places including Varian, SLAC, Orsay, and Los Alamos. The basic
idea is the same as the Klystrode except that the cathode
is pulsed by a laser beam. The lasertron requires a photoemissive cathode as well as the added complexity of a
laser with enough power to activitate the cathode, but
does have the potential for operating at higher frequencies and faster pulse rise times than the Klystrode because
of the elimination
of the capacities associated with the
grid.

cavity amplifier.

not require a preamplifier
chain. They do, however, have
average-power
and pulse-length
limitations.
For example, the magnetron
cited above is limited to a duty cycle
of 0.1%.
The gain structure of the conventional
crossed-field
amplifier does not provide isolation between the input
and the output of the tube. This deficiency makes the
device very susceptible to variations in rf load. Because an
accelerator cavity presents such a high VSWR during the
fill time and reflects most of the stored energy back to the
source after the pulse, the crossed-field amplifier could
not be stably run without usin expensive circulators,
which are large and have an a 3 verse effect on system
efficiency.
For this reason, and because of the experience
at Chalk River and at LAMPF, accelerator designers have
avoided using the crossed-field amplifier.
During the past few months Raytheon has been testing a new crossed-field amplifier that is cathode driven.
This technique solves the isolation problem between the
input and output circuit in that the new device has greater than 30 d8 isolation between these two ports. SDI is
presently funding a project with Raytheon to test and
characterize this device into a resonant load. The present
tube operates at S-band at 1.25-MW output power, 60%
efficiency and weighs 70 lb. It has 24-d8 ain. This is an
exciting possibility for space applications %ecause of the
low weight and-volume factors.
A relatively new device, the emission-gated
amplifier
tube, has been developed during the past few years. Two
tube types have resulted:
the lasertron1° and the Klystrode.
In both of these devices, the beam is bunched at
the re uired rf frequency as it is emitted from the
catho d e. The beam is then passed through a klystrontype output cavity where the power is extracted in the
conventional
way. The big advantage to this type of
device is the elimination
of the interaction space required
in the conventional
klystron, which enables the tube to be
much shorter for a given frequency than a conventional
klystron.
- Eimac has developed the Klystrode, which has a triode
input section and a conventional
klystron output section.
A cross section of the tube is shown in Fig. 6. The grid is
coupled to a resonant cavity that is driven at the approriate frequency.
This scheme causes a bunched beam to
E e emitted from the cathode.
Eimac has proposed on a pulsed Klystrode at 425 MHz
with an output power of 500 kW. The pulse length is
350 ps at 1% duty, and the tube will have a gain of about
20 d8. This tube will have at least 70% beam efficiency at

Conclusions
During the past 18 months, the SDI requirements
to
place a NPB accelerator in space has put tremendous
emphasis on small, lightweight,
highly efficient, hi hpower rf sources. The development
of solid-state 4
s stems makes distributed
amplifiers or individual cavity
crrivers practical. Such systems also hold promise of
excellent reliability, elimination
of high voltage and its
associated floor-space requirements,
and inexpensive
repair bills.
The SDI requirements
have also caused a renewal of
interest in small, compact tubes. The Klystrode shows
promise, as does the cathode-driven
crossed-field amplifier and phase-locked magnetrons.
These requirements
have also caused a new look to be taken at an old friend,
the direct coupled cavity/amplifier,
using multiple triodes
or a single, tetrode tube.
The bottom line for the linear accelerator designer is
cost, both initial and operational,
efficiency, and size. The
potential for using rf sources that are smaller and that
require less power-conditioning
equipment
means less
floor space and a substantial initial cost savings. The potential operating cost savings will be significant when
better reliability is considered.
An improvement
in overall efficient
of 15 to 20% translates to a power-bill
savings oft K e same amount.
The on-going developments
for rf power sources for
watched during the
SDI applications should be carefull
next 3 to 5 years to determine the r easibility for spacebased applications.
There will undoubtedly
be several
developments
that could have major impact on present
accelerator upgrades and new accelerator designs.
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LINACS FOR MEDICAL AND INDUSTRIAL APPLICATIONS
Robert W. Hamm
AccSys Technology,
Inc.
1040 Serpentine Lane, Suite 208, Pleasanton,

CA 94566

Summary
Exciting
new applications
of both electron
and ion
systems
already
linac
technology
and the commercial
unveiled
for these applications
will
be discussed in
this paper.
The phrase "commercial
linac application"
refers
to any process for which a linac system is or
will
be available
commercially,
as distinguished
from
the research applications
of linacs at universities
and
national
laboratories.
Individual
applications
will
not be described
in detail,
but the general
beam
requirements
and unique linac features
for that market
will
be given.
Prospects for new products and market
potential
will
be projected
for existing
applications.
Finally,
several
exciting
new linac applications
which
may have commerical implications
will
be outlined.

Linear
accelerators
for medical
and industrial
applications
have become an important
commercial
business.
Microwave
electron
linacs
for cancer
industrial
radiation
therapy
and high-energy
radiography
form the bulk of this market, but these, as
are now being offered
for
well
as induction
linacs,
radiation
processing applications
such as sterilization
food preservation
and
of disposable
medical products,
The radio frequency quadrupole
material
modifications.
(RFQ) linac has now made the ion linac also practical
for commercial applications
in medicine and industry,
including
radiation
therapy,
isotope
production,
materials
modificat-ion,
and energy
neutron production,
Ion linacs
for several
of these
transfer
processes.
The
applications
will
soon be commercially
available.
market for both ion and electron
linacs
is expected to
significantly
grow in several
exciting
and important
areas.

Electron

Linac

Applications

Medical

Introduction

single medical application
for
By far the largest
linacs is radiation
therapy.
As shown in Fig. 1, there
are
presently
about
2500 world-wide
medical
installations
of electron
linacs for this purpose. The
market for these machines and the ancillary
equipment
was recently
r ported to be nearly
$250 million
per
year worldwide. % These machines range in energy from 4
to 40 MeV, with beam powers of about a kilowatt
at duty
Most machines offer
factors
of about 0.1% or less.
treatment
either
with X-rays or electrons
and deliver
isocenter
dose rates
of several
hundred rads per
minute.
Recent developments
include
the availab
lity
of dual X-ray energies
from a single
machine 4 and
modifications
for specialized
tre
tment
such as
is
intraoperative
radiation
therapy. 18 The trend
toward computer
control
of the entire
system, with
integration
of the linac
into the entire
radiation
therapy process from diagnosis
to final
billing.

Practical
applications
of linear accelerators
were
recognized
shortly
after
their development
as physics
research tools,
primarily
for cancer radiation
therapy
but also for product irradiation.
Because of its much
simpler
design and operation,
the electron
linac was
adapted very quickly
for these markets. Soon after
the
cavity
linac
wa8
standing-wave--side-coupled
demonstrated
at Los Alamos the compact electron
linac
began to replace Co-60 as the standard cancer radiation
therapy-technique.
These linacs were later adapted for
high energy industrial
radiography.
An excellent
early
review
of the historical
development of the electron
linac for
adiation
therapy
was published
by Karzmark and Pering f in1973,
with a
recent update by Karxmark.'
Since these reviews have
presented
such an excellent
description
of these
machines and their development,
that topic will
not be
covered
ere.
Similar
y, the recent review papers by
P
t
Cleland
and McKeown have presented
an excellent
detailed
description
of electron
linacs developed for
radiation
processing.
This review paper will
therefore
only summarize the present status of these markets and
discuss the new products and growth areas for each.
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The ion linac has been proposed for and utilized
in sev5eral practical
applica
ions,
as reviewed
by
6 in 1979.
in 1976 and Blewett
However,
Knapp
commercial
availability
of these machines was not
achieved
until
the construe
ion of the 45 MeV proton
linac at New England Nuclear. 5 Although
technically
successful
and innovative,
this machine was still
too
large
and expensive
to be viable
as a commercial
product.
However,
the
introduction
of the radio
frequency quadrupole (RFQ) linac has now made possible
the replacement
of these "conventional"
ion linacs with
a much simpler
and more reliable
system at a lower
cost.
Indeed, as these two visionary
men predicted
in
<heir previous
reviews,
this new linac technology
has
now made ion linacs
practical
for medical
and
industrial
applications,
with
systems
soon to be
available
commercially.
In fact,
the
growth
in
commercial ion linacs resulting
from the development of
the RFQ will
be as rapid and as large as the growth of
commercial
electron
linacs
that resulted
from the
development of the side-coupled
cavity linac.
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Linac
applications
in this
market
accelerators.
include:
(1) crosslinking
of polymers, particularly
for
thicker
parts that require energies greater than 5 MeV
for
adequate
penetration;
(2) modification
of
semiconductor
characteril~t;;;,(3;.ip;,.f,;a;;;nl~;
transistor
switching
speeds;
gemstones to enhance their color and appearance.

Radiography

The principal
industrial
application
of the
electron
linac is high-energy
X-radiography
for nondestructive
testing
of thick metal parts, munitions and
There
are about
250 worldwide
rocket
motors.
installations
of these machines,
ranging in electron
Such systems are offered
energy from 1 to 16 MeV.
commercially
by seven companies worldwide with about
The beam power in these
20-25 machines sold annually.
systems is at the level
of approximately
1 kilowatt
with X-ray
dose rates
at 1 meter from the target
ranging from 20 to 10,000 rads per minute.

Recent systems developed for radiation
process1
include
a compact standing-wave
linac from Var2iGan,T%
the large triode-driven
Cassitron
from CGR-MeV,
the conventional
induction
linac
from Ford Labs. "?A
include
the
Other linac concepts developed previous
Russian
self-excited
resonant
cavity 4s and the CW
standing-wave
accelerator
at Chalk River. 23 Presently,
at least
one contract
irradiator
company offers
ng on a commercial
basis using an
‘,;“,21’,“,”
;I;;;?
The present
perception
of many
commercial experts is that there will
be a large market
in the future
for radiation
processing
with electron
It is certain
that the radiation
processing
linacs.
business
will
continue
to grow as the regulatory
environment
requires
a decrease in the use of harmful
chemicals
in the medical
and food industry
and
encourages alternative
processes.

These systems were originally
re-packaged versions
of the medical linac described above but more recently
have been developed
specifically
for radiographic
Recent developments
include:
(1 the
applications.
f compact portable
systems at both S-band 11 and
;:;tsl?
for field
inspection
of structures
such as oil
platforms,
reactors
and bridges;
(2) the development of
specialized
high resolution
industrial
tomograph
fs
systems for rocket motor and jet engine inspection;
and (3) plans for add-on systeT% u;~~,i;,ip,p,ntth:e,~~;~
reaction
for neutron production.
in radiographic
inspection
with high energy linacs may
result
from emphasis on quality
and inspection
in
several
heavy industries
and thf5development
of real
time
X-ray
imaging
systems.
In addition
to
a new market
is developing
for
the
radiography,
components,
radiation
testing
of electronic
particularly
computer parts,
as "radiation
hardened"
electronic
components become necessary
for critical
computer-control
applications.
Radiation

Radiation
processing
applications
which may
develop
in the future
include
the sterilization
of
waste products and the expansion of the FDA regulations
to include
higher dose irradiation
of food for shelf
Regulations
could be approved by the
life
extension.
FDA in the near future
for higher dose levels
for the
pasteurization
of approved
poultry,
hamburger
and
seafood (several
other countries
have approved
these
A long-term
possibility
is the
dose levels
already).
approval
of very high dose rates for the preservation
The realization
of either
of these will
of meat.
result
in a large
commercial
market
for electron
linacs.

Processing

The use of-high
energy electrons
and X-rays for
the irradiation
of food and medical products began soon
after
the electron
linac
became available
for cancer
However,
regulatory
restrictions
and the
therapy.
advent
of Co-60 irradiation
has limited
this
linac
application
to less than 12 machines worldwide
at the
There are clear
indications
that the
present
time.4
demand for radiation
processing
systems will
increase
in the future,
with several
new linacs
having been
The principal
recently
developed
for this market.
applications
of radiation
processing
are sterilization
of medical
products
and cosmetics,
disinfestation
of
food,
and materials
modifications.
The principal
technique
for irradiation
of medical
products,
cosmetics and food is by gamma irradiation,
using large
radioactive
sources of Co-60 or Cs-137.
The list
of
currently
irradiated
products
includes
disposable
medical
products
(surgical
kits,
syringes,
gowns,
gloves,
sutures,
etc.) bone and skin to be used in
transplants,
pet products,
cosmetics,
spices,
and most
recently,
fruits
and vegetables.
After many years of
controversy,
these
foods
were
approved
for
disinfestation
with low doses of radiation
( p to 100
18 Public
kilorads)
by the Federal Drug Administration.
opinion
and recent
isotope
shortages
have led to a
renewed
interest
in using
electron
linacs
for
irradiation
applications
in place of or in addition
to
gamma irradiators.
Most of the electron
linacs
presently
or soon to be available
commercially
produce
electron
energies of about 5 to 12 MeV (the FDA has set
a limit
of 5 MeV for X-ray irradiation
of food and a
siaximum electron
energy
of 10 MeV for
electron
irradiation).
However,
the beam power required
in
order to get a large throughput
of irradiated
products
ranges from a few kilowatts
to up to tens of kilowatts,
depending on the product and the required
dose.
market

Radiation

Sources

There are several
large development programs in
progress
in the national
laboratories
to provide
electron
linacs
for sources of radiation
and, although
these
no commercial
programs
exist
at this
time,
These
sources could be useful
in other applications.
include
the development
of linacs
for replacement
of
isotopic
sources in anaJgtica1
systems, such as oil
Other areas that
could
well
borehole
logging.
benefit
from linac technology
include the generation of
coherent tuneable light
from the free electron
laser
The free
and the generation
of synchrotron
radiation.
electron
laser
has applications
in processing
pharmaceuticals
for medicine
and chemical processing
in addition
to its28se
in isotope
for industry,
Synchrotron
separation
and directed
energy.
;;;lication*
,‘,D.,;~;~~oaa,uoC,‘,~~
::tS41:;903f
medical
application
of linac-based
radiation
sources is
generation
of positron
beams for material
analysis. 2bhe
--Ion Linac

Applications

Medical
The medical
applications
of ion linacs
include
Existing
isotope
production
and radiation
therapy.
research
linacs
are being
used for commercial
30,31 with
the New
production
of medical
isotopes,
England Nuclear
45 MeV proton linac
b ng the first
commercial
llnac built
for this purpose. 51 A powerful
new linac
for the production
of medical
isotopes
has
been proposed by Los Alamos, 33 and a compact proton
linac
for the in-hospital
production
of short-lived
positron
emitting
Isotopes
is being constructed
by

Materials
modification
using electrons
is a large
primarily
dominated
by large
electrostatic
34

46 and nuclear
fuel
inertial
fusion,
bh~~e\dYin~~4' Although
each of these applications
is
still
very much in the research
stage,
all
have
benefited
tremendously
by the development
of the RFQ
and offer
large commercial linac market possibilities.
Linacs for these applications
are being developed
at
national
laboratories
under federally-funded
defense
The technology
being developed in
and energy programs:
these programs will
also provide
a base for future
The challenge
to
medical and industrial
applications.
the accelerator
designers
will
be to effectively
transfer
this technology
to industry
for all of these
applications.

these
Inc. 34 As stated earlier,
AccSys Technology,
linac
systems are now very practical
because of the
development of the RFQ, particularly
when combined with
being discussed
at this
new rf so rce technology
Y5
conference.
This RFQ linac
technology
can be used to build
practical
ion linacs
for
radiation
therapy
vith
protons,
neutrons,
heavy ions or pions.
The medical
results
from the therapy
research
programs underway
around the world
at various
medical
centers
will
determine the relative
effectiveness
of these different
Once
modalities
with respect to conventional
X-rays.
the most effective
treatment
techniques
have been
determined,
these new linacs
will
be able to provide
radiation
source for this
the most cost effective
The use of the linac
for
medical
application.
lready been proven with existing
;;",',a,;',Rn ;1",',",',' !#:39 so the economics of the linac
compared to othe)r types of accelerators
will
be the
determining
factor
in its clinical
use, provided
that
particle
radiation
therapy becomes a common treatment.

Conclusion
The intent
of this review has not been to discuss
the detailed
implementation
of linac applications
or to
repeat the description
of present or proposed linacs,
but rather to update previous
reviews on the status of
these linacs
and their
applications,
as well
as to
Unless
introduce
new linacs
and applications.
referenced,
the projections
and opinions given in this
The data
paper are attributed
solely
to the author.
reviewed
in this paper indicate
that the "era of the
linac"
as suggested by Knapp' has indeed arrived.

Industrial
The two major industrial
applications
for ion
linacs will
be neutron analysis
and ion implantation.
Neutron analysis
includes
neutron activation
analysis,
neutron
radiography
and neutron
bombardment
of
materials.
The use of the RFQ to generate neutron
already. 98 f36
these applications
has been suggested
Since this technology
can provide
a compact, intense
source of electrically
generated
thermal
neutrons,
analysis
of chemical impurities
or contamination
using
neutron
activation
at processing
plants
realistic.
Similarly,
as suggested
by IRT, 3LK
system can be used for off-site
neutron radiogrpahy
of
Finally,
aluminum and carbon composite
structures.
solid-state,
biological
and material
analysis
can be
performed using linac-generated
fast neutrons, although
these applications
will
probably not be large enough to
justify
dedicated
machines.
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klystron results which limits tube life, or causes the tube to
fail altogether. An increased level of quality control has minimized this problem in current production tubes. RF instabilities characterized by RF envelope modulation in the 10 to 30
MHz region varying with drive level plagued early production
tubes. The phenomena is not completely understood to date,
but readjusting intermediate cavity frequencies, and more careful control of cathode-anode beam dynamics has minimized the
effect. The effect seems to be a function of beam perveance,
and in cszes where a particular tube is unstable at space charge
limited heater power, reducing the heater power to a slightly
temperature limited condition usually brings the tube into stable operation without loss of efficiency or output power. Further research is being done in this area.

energy doubling SLED system yielded further efficiency gain
due to decreased SLED cavity losses. The shorter pulse also
produces fewer RF breakdowns in the klystron output gap and
windows in spite of the higher peak fields involved. The table
below gives the 5045 klystron operating parameters:
Operating Frequency:
Number of cavities:
Beam Voltage:
Beam Current:
Microperveance:
Output Power (peak):
RF Pulse Width:
PRF:
Efficiency:
Gain:
Cathode Current Density:
Cathode type:

2856 MHz
s
350 KV
414 Ampa
2.0
67 M W
3.5 usec
180 pps
46%
53 dB
8 A/cm2
dispenser

Klystron lifetime in the absence of early catastrophic failures is based on dispenser cathode lifetime. These tubes have
scandate enhanced cathode emitters which operate at a fairly
low brightness temperature of 1,000 C giving a peak emission
of 8 A/cmS. At such a temperature, the loss of barium from
the cathode is very low, and a long cathode lifetime of 30,000
hours can be expected. The performance of 5045 klystrons
installed in the accelerator supports this lifetime projection.
Actual performance of installed klystrons is described in the
last section of this paper.

Early development single window tubes experienced window failures at high power levels, BO the current tube production uses waveguide splitters and combiners to put half of the
tube power through each of two windows. These windows were
at first mounted horizontally because of symmetry and ease of
manufacture, but when foreign particles from both installation
and existing waveguide connections accumulated on windows
causing arcing and puncture, the window design was revised for
vertical window placement. The current production klystron
is shown in Fig. 2.

Modulator

and Pulse

Tank

Redesign

The existing SLAC klystron modulators have been operating with little change for twenty years. The new 5045 klystron
requires increased beam voltage, increased beam current, and a
longer beam pulse. Modulator upgrading to the new specifications was planned making use of as much of the existing modulator circuitry as possible to minimize costs. Twenty years
of operation in a dusty and environmentally
uncontrolled location had taken its toll on modulator components. The modulator upgrade program starts with removing all components
and wiring in the high voltage sections, and steam cleaning the
empty cabinet. Parts to be reused are cleaned and retested,
and many new components such as charging chokes, DC and
pulse capacitors, pulse lines, and thyratron support electronics
are installed. The rebuilt modulator is carefully inspected, and
run to full SLC specs on a water load.
To mate with the much larger 5045 klystron, a new oil filled
pulse tank was designed. Initially, a 14:l ratio pulse transformer was used to provide 320 KV beam voltage pulses, but
when the decision was made to run at 350 KV, the turns ratio
was increased to 15:l. The new modulator, pulse tank combination has run quite successfully for many thousands of hours
verifying the basic design. The more stringent specifications
of the new system pushed the state of the art in several areas
of component design, notably, pulse transformers, thyratrons,
and pulse capacitors. The higher klystron cathode voltage in
the pulse tank coupled with the need for internal water cooling
gave rise to oil-water contamination faults, and some high voltage breakdown of tank pulse bypass capacitors. A significant
number of pulse tanks experienced early failure during gallery
operation. The causes are now understood, and modifications
are in progress.

.
Fig. 2. 5045 Klystron.
Two other areas of design difficulty occurred during early
manufacturing,
cathode gassing problems, and RF output instability. In the manufacturing
process of dispenser cathodes,
organics are used which must be subsequently removed. If
this removal process is not complete, a gassy cathode in the

Thyratrons were the subject of much initial concern and
experiment.
To decrease peak current loading on individual
thyratrons, some modulators were outfitted with dual sockets
for use with two thyratrons operating in parallel. Both single
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klystron station.5 The PAD block diagram is shown in Fig. 3
and consists of a precision automatic phase bridge and microwave linear detector that can sample either phase or amplitude anywhere in the RF pulse, record complete phase and
amplitude plots taking successive time samples, or record phase
and amplitude jitter -or long term drift. Resolution of the amplitude detector is O.l%, and phase resolution is 0.1 degree.

and dual thyratron installations have operated satisfactorily at
SLC specs, and thyratrons from a variety of manufacturers are
successfully being used.
There were initially two sources for pulse capacitors, but
the first delivery from one source failed in test. The second
source provided capacitors that were installed in 100 modulators that ran successfully for over 5,600 hours. Then, a
significant number of pulse capacitors began swelling and arcing. Autopsy revealed a progressive corona problem that would
eventually lead to the breakdown of all capacitors. Both manufacturers now have new designs that show promise of running
at SLC specs without breakdown, and the replacement process
is beginning.
Interlock
and Diagnostic Systems

An illustration of a typical amplitude and phase plot including the energy doubler feature (SLED) is shown in Fig. 4.
Pulse-to-pulse jitter is ln the order of f 0.2% for amplitude
and f 0.2 degrees for phase. Long-term stability is influenced
by high voltage stability, cooling water temperature, and ambient temperature. A 1% change in high voltage causes a 1.5%
change in output amplitude and a 6 degree change in phase. A
cooling water temperature change by 1 degree F produces an
amplitude change of 0.6% and a phase change of 1 degree. Variations in klystron heater power have an effect of 3 degrees phase
per 1% power change for cathodes operating in the temperature limited range for RF stability. High voltage, cooling water
temperature, and klystron heater power are all regulated. To
correct remaining phase errors, a feedback loop through the
VAX computer periodically resets the output phase of each
klystron via a PAD measurement to a reference value. A plot
of the output amplitude and phase of a typical klystron over a
twenty-four hour period is shown in Fig. 5.

Significant operating parameters of each klystron-modulator
system are monitored and controlled by the SLC VAX computer. Some hardware interlocks have been retained, but most
interlocks are now in software via the Modulator Klystron Support Unit (MKSU). ss4 It is significant that no klystrons have
been damaged as the result of hardware or software interlock
failure. The MKSU contains several diagnostic features that
allow both the klystron beam voltage and current pulses to be
remotely plotted in the control room, or on any graphics terminal. Jitter mode analysis for these and other parameters is
available. A new control and monitor interface unit is presently
being installed in modulators that will permit the SLC VAX
via the MKSU to monitor klystron filament power and modulator performance, and also turn modulators on and off, or
reset interlocks.

Klystron

Operation at SLC specs called for much higher peak and average powers in both modulator components, and RF systems.
RF loads, accelerator guides, waveguide feeds and power splitters, SLED cavities, and waveguide valves all have the potential of RF breakdown at the increased operating levels. Early
in the checkout program, we experienced arcing in the waveguide valves, and it became obvious that the existing Indium
sealed valves would not carry the increased power. A sector of
valves were removed and replaced with thru waveguidesections

The microwave performance of individual klystrons is of
paramqunt importance to the operation of SLC. Output power
and phase must remain stable both during the pulse, and from
pulse to pulse. A microwave measurement system called a
Phase and Amplitude
Detector (PAD) is installed in each
Phase Reference
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the klystron and modulator random faulting rate was within
specifications.
There were the predictable early failures, but
no long term degradation effects were observed that would indicate short klystron life. The analysis of those failures that
did occur is summarized in the last section of this paper.

I

I
(0)

Failure Analysis

25

-95
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-4
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TIME

0

(/Ls)

,139B.

Fig. 4. Amplitude and phase of typical RF
pulse including SLED.

I

I

The two failed klystrons had broken windows. There was
evidence of debris on both klystron windows which caused
Both windows
arcing, and cracking or window puncture.
The second
on one tube failed before full power testing.
window failure, a puncture, did not show up during operation,
the tube ran 500 hours at full SLC specs, but leaked during
sector venting.

(a)

35.6

The 38 klystrons that were the subject of the lifetime and
failure analysis ran for a total of 11,386 hours at full SLC specs
with only one klystron failure during running. The total running time of the tubes, most of it at 35 MW, 60 PPS was 91,676
hours. Assuming the principal cause of window failure is debris
on the window, more careful assembly procedures coupled with
the change to vertical window klystrons should minimize this
failure mode. Our experience so far indicates that the normal
ageing process in 5045 klystrons will be associated with cathode deterioration,
and based on the presently available data,
the average lifetime is estimated to be 20 to 30 thousand hours.
The testing program also indicates that klystrons with gassy
or low emission cathodes in initial test do not improve with
age, and klystrons which are only marginally
stable in the
Test Lab will prove inadequate when operated in the Gallery
environment.
Design changes have been implemented in the
production process to minimize these conditions, and no tube
will be put on line that exhibits these deficiencies. Production
efficiency from tube starts to delivered SLC spec tubes is up
to nearly SO%, a very high percentage for the industry.

(b)

60
6
586

I2
TIME

I8

(hours)

24
6,Jgs5

Fig. 5. Amplitude variations in % (a) and phase variations in
degrees (b) over 24 hour period. (At hour 22:00 the klystron
drive was removed twice.)
(spool pieces). With
find every other RF
demand. The valve
power operation, and

Projections

After the Winter run concluded in March, a number of
the new klystron units were returned to the Test Laboratory
for various malfunctions and evaluation. Twenty of these returned klystrons had been run at SLC operating conditions for
enough hours to generate preliminary
reliability data. Of the
twenty klystrons units returned, fourteen either had defects unrelated to the klystron tubes, or were found to be acceptable
on retest. Six klystrons had failed, or were below SLC specs.
Of these, four were early production units that had marginal
performance at installation,
but were run to obtain extended
life data. Three of the tubes had gassy, or low emission cathodes, and it was of interest to see if these problems would clear
up with time. They did not. The fourth tube had marginal
stability in initial teat, but was tried in a gallery socket to see
if stability would improve. This did not prove to be the case.

-85

5 86

and Lifetime
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the valves removed we were relieved to
component handled the increased power
was redesigned to accommodate higher
a rebuilding program is now in progress.

From January of 1985 through March of 1986, 38 new
klystrons were operated at full SLC power specs, and the energy contribution
of each SLEDed station was measured. The
needed 250 MeV beam energy contribution
from each station
was achieved. This operation showed a number of design and
fabrication weaknesses, but no major design faults surfaced.
After processing, the RF system operated without faulting, and
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A cross-sectional
view of the system is show in
Fig. 1. The anode-and cathode edges of the PAG were
defined by thin walled cylinders
located at 6.35 and
The insulating-B
field
was produced
10.2 cm radii.
by four coils mounted 5 mm outsifle the anode and
Cathode cylinders.
The cylinders
and/or coils could
be moved in the axial direction
to reposition
the
accelerating
gap position
with respect to the
insulating
field
lines and to tilt
the gap. The
anode-cathode gap was typically
6 mm wide and located
50 cm downstream from the injector.
Each B-field
coil set had twice as many turns in the inside coil
as in the outside coil to give an - l/R field
strength
variation
and keep the field
lines
approximately
parallel
In the gap.
Beam Diagnostics
The total beam current was determined using
dB/dt loops, and the voltage was measured using
resistive
voltage monitors on the injector
diode and
PAC. The time integrated
total beam profile
was
determined qualitatively
with 0.25-mm-thick
filtered
The directions
of the beam
Mylar witness plates.
orbits
were determined with a slotted
shadowbox array
and similarly
filtered
thermally
sensitive
paper.
The time history
of the radial
ion beam profile
was
determined at different
axial positions
with an array
of nine magnetically
insulated
Faraday cups.
The
total beam current pulse was measured 50 cm after
either the diode or PAG with an ion current monitor
of similar
design to the PAG.

The post-acceleration
of a 400 keV, 10 kA proton
beam by a 200 kV magnetically
Insulated
gap is
investigated.
The deflections
from self and applied
E and B fields
are measured and compared to
We find that the beam is
calculated
values.
inadequately
space-charge
neutralized
without gas
puffs in regions of applied-B
field
to allow
The beam is also non-current’
efficient
transport.
neutralized
in these regions leading to selfThe applied-B
field
is used to
magnetic deflection.
focus the beam both directly
as a solenoldal
lens and
indirectly
by defining
the equipotential
surfaces in
the accelerating
gap. It is also pointed out how
azimuthal asymmetries in the beam current density and
cathode plasma cause beam self-field
asymmetries that
lead to emittance growth.
Introduction

In the Pulselac
concept (see Figure 1 ), “* an
annular beam is accelerated
through a series of
magnetically-insulated
(Br) accelerating
gaps.
To
allow efficient
beam transport
through the
accelerator
at current densities
of lpany A/cm2, it is
the beam in the
necessary to space-charge
neutralize
transport
region between gaps.
The neutralizing
electrons
and the high E-field
stress on these gaps
mandate that the gaps be magnetically
insulated
to be
However, the radial
applied
electrically
efficient.
magnetic field
complicates
the beam transport
in the
accelerator
because the field
restricts
beam spacecharge and current neutralization
processes.
Deflections
of the beam in the gap region are
caused by self Bhd applied electric
and magnetic
The deflections
from the self fields
have
fields.
axisymmetric
and non-axisymmetric
components
depending upon the uniformity
of the beam. The
observed deflection
mechanisms can be divided into
five categories:
1. unneutralized
space-charge,
2. self magnetic field
bending,
3. applied field
solenoidal
focusing
4. electrostatic
focusing in the gap when the
electron
sheath E x B drifts
through spatial
nonuniformities
in the beam, and
5. applied electrostatic
deflections.
We examine each of these deflection
mechanisms and
show how the non-axisymmetric
components produce
emittance growth .
Electrical

Injected

l4agnetic

supported
by
under
contract

System

the

Field

Deflection

Calculations

Paxicle
trajectory
simulations
were performed
to study the proton bending in the B
-field
regions
near the PAG. The code conserved bo@iPcanonical
angular momentum and energy to calculate
the angular
The radial
velocity
was
and axial velocities.
determined from a sum of the centrifugal,
B
-field
An 8 kA, 400 kV proton?%gm with
and B x v forces.
a 2.5scm &HM Gaussian profile
centered between the
~011s was assumed to approximate
the experimental
beam parameters at peak beam power.
Figure 3 shows
the results
of the calculations
for parallel
and
diverging
beams with and without self-B field.

The new Pulselac injector
diode was powered by a
The post10 R, 800 kV, 60 water Blumleln.
acceleration
gap (PAG) was powered by a 12 q water
Blumlein through four, 50 R cables.
The postaccelerator,
pulsed power system was capable of
supplying
a 250 kV, 15 kA, 50 ns pulse to the ferrite
loaded accelerating
gap.
The injector
dioge utilized
an applied-B
field
The anode was fabricahd
from
extraction
ion diode.
a flat aluminum disc with epoxy filled
grooves which
served to produce a surface flashover
anode plasma.
A system of four puff valves was used to Inject
-field
region in
hydrogen gas (or air) into each B
w
the accelerator.
*This
work
of Energy

Beam

The beam current pulse injected
into the PAG
(Fig. 2--10 kA peak, 40 ns FWHM) was measured with
the current monitor located 50 cm from the anode. An
allowance for beam debunching, due to the drop in
diode voltage from 550 to 100 kV during the injector
pulse, gives a proton current of 15 kA at the anode.
The beam current
transported
to the monitor dropped
by a factor of four when gas neutralization
was not
used.
Attempts to space-charge neutralize
the beam
sources
gave
with passive and active wall electron
only slight
increases
in the transport
efficiency.

PAC Operation

The centered or downstream PAG geometry gave the
lowest electron
leakage current
In open circuit
operation
and was the most desirable
for efficient
accelerator
operation.
The electron
loss was equal
to about 3 kA with no ion beam present at a gap
voltage of 350 kV and applied-B
field
at the outer
anode-cathode gap of 6 kG (2 Bcri ). This is to be
co k ditlons
when the
compared to 9 kA under similar
gap was moved 4 mm upstream.
When a 10 kA beam was
injected
into the gap, the gap current
increased to
14 kA and 22 kA for the centered or downstream and
upstream gap locations,
respectively.

U. S. Department
DE-AC04-76-DPOO789
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1

Space-Charge

Neutralization

are injected
into the gap to equalize the ion beam
charge.
This type of elegtron
behavior has been seen
in many other experiments
where the sheath electrons
see an abrupt change in the ion space-charge density
in the E x B direction.
The tear drop effect
(TDE) was most severe when
the A-K gap was centered between the magnetic field
coils.
The data show systematic
pointing
errors of
up to 1.5O due to the TDE from the supports.
The
data also show a random pointing
error of - 0.5O that
is due to local TDE in the gap and electron
sheath
non-uniformities
attributed
to cathode plasma
irregular1
ties.
Increasing
the B field
to 8 kG (3 B
reduced local beam fiPamentat1on
and the ?%ktAear the
supports considerably.
Also, moving the gap upstream
helped because the additional
electron
leakage
resulted
in less efficient
electron
trapping
in the
change also resulted
in lower
gap. Since the latter
gap voltage,
both changes produced a smaller E x B
drift
velocity
and less shear between the electrons
and ions.
The TDE was also reduced by installing
surface flashover
ion sources on the anode side of
the gap in the regions where the beam current was
absent to provide ion space-charge
to fill
in the
“gaps” in the current and increased the acceleratinggap ion current by a small amount.

Measurements of the beam transported
through the
energized gap without gas puffs demonstrated the same
rapid beam blow-up that was previously
described for
However, similar
data acquired with
the injector.
gas puff, but without
the applied-B
field,
showed no
beam blow-up beyond that expected for ballistic
transport.
The latter
measurements show that the
neutralized
to within a factor
beam was space-charge
in field
free regions.
Beam current
of 3 x 10
measurements also showed that the beam was well
current neutralized
throughout
the gap region when no
applied-B
field
was present.
Since the injector
puff
plume extended only about 20 cm downstream from the
injector,
this demonstrates
that the space-charge
neutralization
problem was limited
to the region of
aoolied-B
field.
..
Self Magnetic Field Bending
The beamlet angles determined from shadowbox
data with no applied magnetic field
are denoted by
the circles
in Fig. 4. A projection
of these ray
orbits
to the anode of the.injector
confirm that a
majority
of the beam originates
at about 1 cm from
the outer cathode.
With a small value of applied-B
field,
current
neutralization
was lost over the 16 cm applied field
region and the outer portion
of the beam was
deflected
inwards - 1.5O. The ion beamlet angles for
at the outer cathode (denoted as
a 1 kG field
triangles
in Fig. 4) show this effect.
The data lie
reasonably close to the calculated
deflections
for
B. of 0 and 2 kG.
The self-B field
also added a small amount of
divergence
to the beam because the beam current
density was spatially
non-uniform.
In the present
expesiment,
local current
density enhancements of 25
A/cm with 1 cm radius were observed.
This yields a
bending angle of 0.150 at the perimeter
of such a
current densitv enhancement.
Applied

Hagnetic

Field

Applied

Bending

Typical
total B-field
bending angles measured
with the shadowbox system are also shown in Fig. 4.
The deflection
angles from the simulations
for B
ranging from 0 to 6 kG are shown as continuous
c8rves
of Fig 4.
(It was necessary to modify the simulation
Output so that the experimental
and simulation
angles
corresponded to the same measurement.)
The data
points plotted
with squares in Fig. 4 were obtained
with B of 4.5 kG and the gap filled
with plasma.
These %ata agree well with the calculated
deflection
curve for B of 4 kG near the inner cathode but are
somewhat lapger near the outer cathode.
The
discrepancy
may be due to the fact that the maximum
witness plate damage may occur before peak power when
the beam voltage is higher than 400 kV and the
current less than 8 kA.
Electrostatic
Electrons

Focusing

Due to

Electric

Field

Deflections

Experiments with a tilted
gap (accomplished
by
moving the center coils and electrode
edges
downstream with respect to the outer coils and edges)
demonstrated that the beam was deflected
radially
by
the electric
field
in the gap. Electrostatic
deflection
calculations
made for a gap voltage of 150
kV assuming the equipotentals
were parallel
to the
curved B
-field
lines passing through the center of
the gap ,“%%e reasonable agreement with the
experimental
deflections.
Finally,
we investigated
whether the curved B
field
lines could be used to define the equipotent?%?
surfaces in the gap. This was accomplished
by moving
the gap electrodes
upstream and downstream with the
coil positions
fixed.
With a centered gap and
accelerating
voltage of 200 kV, the beam was
undeflected
in the gap except for magnetic bending
and space-charge
deflections.
The magnetic bending
overcame inward and outward space-charge
deflection
at the edges of the beam to produce a weak focus 50
cm downstream.
When the gap was moved 4 mm upstream
from the midplane of the applied-B
field,
the beam
formed a line focus at midradius
from 20 to 50 cm
downstream.
When the gap was moved 4 mm downstream
from the midplane,
there were two weakly formed line
foci at the edges of the beam.
Current

Monitor

Ueasurements

Total ion current measurements gave a charge
transport
efficiency
of SO1 at a B field
of 6 kG
with the gap centered or 2.5 mm up%tream and tilted
outward
5O (inner
downstream coil moved downstream 9
mm).
(The efficiency
was 70% without tilt,
and the
field
increased to 8 kG to compensate for the tilt.)
This beam had a 6 kA peak current and 60 ns width at
100 cm from the injector.
When the post-accelerating
voltage was applied 20 ns late,
the ramp on this
pulse compensated for the decreasing injector
voltage
to give a 7.5 kA, 48 ns proton pulse at the monitor.
With no accelerating
voltage,
the applied-B
field
could be used to bring the beam to a focus - 40 cm
downstream at midradius
in the accelerator
annulus.
Experimental
data with B of 5 to 6 kG and no gap
voltage show that 90% of’the
beam charge could be
transported
to the current monitor 50 cm downstream
under these conditions.
This was the most efficient
transport
configuration
and may have occurred because

E r B Drifting

When voltage is applied to the PAC. additional
electrostatic
focusing occurs near regions of nonuniform ion beam current
density.
Local beam nonuniformities
then appear downstream in the
accelerator
as “tear drop” shaped profiles.
The
focusing is caused by the shear between the ion and
electron
space-charge
in the gap due to the azimuthal
E x B drift
of the electrons
and is strongest
where
the beam is eliminated
by the supports
for the inner
field
coil.
When voltage was applied to the gap, the
‘beam is strongly
focused on one side of each support
and defocused on the other.
Evidently,
the electrons
in the cathode sheath do not flow smoothly across the
azimuthal disruption
in the ion beam, but bunch up
before it and drift
across the gap to the anode
edges.
It then takes several cm of azimuthal
distance before a sufficant
quantity
of new electrons
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I
the space-charge blow-up in the gap partially
cancelled excessive magnetic bending near the coils.
The - 20% of the beam charge lost when the gap
was energized was not located with experimental
However, several loss mechanisms exist.
techniques.
First,
the protons passing near the inner coils would
receive too large a deflection
to arrive within the 4
cm wide acceptance annulus of the current monitor.
Second, the beam in the wings of the divergence
profile
outside of the 4 cm wide acceptance window at
the current monitor would be lost.
For a lo HWHM
Gaussian beam divergence profile,
that loss would be
18% of the beam. This gives an upper bound on the
divergence and suggest the divergence
is much smaller
than lo.
Third,
some current is lost because of
residual
beam distortion
near the coil supports.

0'

0
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Conclusion

The dominant beam deflection
physics relevant
to
multi-gap
accelerator
operation
has been examined.
We determined that space-charge neutralization
is
inadequate without a background gas or plasma fill
in
-field
regions.
We find that the beam was
the B
-field
regions leading
not &Pent
neutralized
in B
In addition,
we
to significant
BY lf-field
b#tiing.
observed several’zegrees
of radial
focusing that
occurs because of the solenoidal
focusing of the
Along with the demonstrated
applied field
coils.
electrostatic
focusing from the PAG, this provides a
mechanism for radial
beam confinement during
transport
in multi-gap
accelerators.
We also observed local electrostatic
deflections
in the PAG that add to the beam emittance.
These
deflections
are initiated
by spatial
non-uniformities
in the beam and occur due to non-axisymmetric
spacecharge blow-up and shear between the beam ions and
electrons
in
the cathode sheath caused by the E x B
The data obtained indicate
drift
of the electrons.
emittance Prom-E x B effects
can be kept from growing
indefinitely
during multi-gap
operation
if the
applied-B field
is approximately
3 Bcrit.

Figure

80

120
160
TIME (nr)

200

240

Total ion current as measured at
injector,
PAG, and 50 cm from PAG.
Trace labeled “monitor’ shows some
pulse compression due to PAG voltage.
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Of self
and
applied
magnetic
field
deflection
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figure
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(dotted
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4.

Self
and applied
field
bending
data.
Solid
lines
are simulation
output,
circles
for no field
(incident
ansle).
Note for small
applied
fielci
(triangles),
there
iS significant
self-field
bending.
At larger
applied
field,
solenoidal
focusing
is also evident
(squares).
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pole pieces from bore-tube
heating
related
to possible
beam loss.
The bore tube,
I-mm-thick
copper,
readily
conducts
this
energy into the end cap and thence to
The downstream
end cap is inthe cooling
jacket.
serted,
and thermal
contact
with the cooling
jacket
is assured
by means of either
shrink
fit,
screw
threads.
roller
swaging,
or electron-beam
welding.
A
prototyping
program is now under way to determine
the
best method for obtaining
good thermal
contact.
These high-energy
drift
tubes are almost 17 c m
long with a consequently
elongated
cooling
channel.
To further
reduce thermal
distortion
at high duty
factors,
the cooling
water is cross directed
(see
stem cross section
in Fig. 1) to counterflow
in both
the stem and around the drift-tube
body.
These two
To assure turbuunits
are furnace
brazed together.
lent,
nonstagnated
flow in the body, a plenum is
brazed into the cooling
jacket,
which incorporates
flow-equalizing
orifices.
By this
means, uniform
flow can be achieved
even in elongated,
high-energy
drift-tube
bodies.
Water entering
the annular
chamber
first
strikes
a stainless
steel
impingement
plate
at
the stem base in order to prevent
erosion
of the
inner-shell
copper wall.

We designed
high-intensity
drift
tube linacs
at
Los Alamos using copper drift
tubes capable
of very
high duty-factor
operation,
limited
only by beam-loss
heating
in the bore.
The drift-tube
bodies are
cooled by a peripheral,
full-length
cooling
jacket
that effectively
clamps the drift
tube at the average
coolant
temperature
and shields
the samarium-cobalt
quadrupole
from excessive
heating
caused by rf dissipation.
The bore tube is thick-walled
copper that
is
split
to provide
a gap for thermal-expansion,
beamdiagnostic
instrumentation,
and vacuum relief
of the
drift-tube
body.
The magnet pole pieces are isolated
from the bore tube by a O.Z-nrn thermal
gap that
is
very effective
in preventing
beam-loss
heating
from
degrading
the magnetic
properties
of the quadrupoles.
We discuss
thermal
studies
that explore
the capabilities
of this
design concept.
The design features
of
the quadrupoles
include
a technique
for precision
shinzning using captive
screws and guide slots.
We
also present
results
of tests
on prototype
quadrupole
assemblies.
Drift-Tube

LINACS*

Features
Diagnostic

A 34.5~HeV drift
tube is shown in Fig. 1.
The
principal
features
are the split
quad and bore-tube
Although
only high-energy
drift
tubes will
be
gap.
discussed
to illustrate
the capabilities
of these
concepts,
they will
work for lower energy drift
tubes
also,
down to about 4-HeV.
The drift-tube
body is
fabricated
in three
OFHC pieces and brazed to a stainless steel
stem.
The body consists
of an outer
shell,
furnace
brazed to the inner
shell
with the stem, thus
forming
the entire
cooling
circuit
along with half
of
the bore tube.
Following
brazing,
the body is machined to precise
dimensions,
which also serves to
work harden the surfaces
and stiffen
the structure.
Then, the quadrupole
elements
are inserted
in indexed
positions
and are aligned
to the outer
bore with slipfit
precision;
they do not make contact
with the bore
tube itself.
A 0.025-mn
thermal
gap between the pole
tips
and the bore tube protects
the neodymium-iron

f

INSTRUMENTATION

The diagnostic
probes are designed
to fit
into
any split-quad
drift
tube above 4 HeV.
They consist
of a transmission-line
circuit
board that
encircles
the beam in the bore-tube
gap and supports
four
microstrip
circuit
boards that form orthogonal
beamposition
capacitive
pickups.
The rf signals
are
delivered
to the circuit
board and up a flexible
strip
line
inserted
through
the diagnostic
slot
in
the drift-tube
stem.
At the top end, outside
the
vacuum boundary,
SHA connectors
are attached
to permit easy access to the diagnostic
signals.
By using two probes along the beamline,
beam
current,
position,
longitudinal
profile,
and energy
can be determined
in a noninterceptive
manner.
This
information
will
allow all temooral
and soatial
beam
variations
to be detected
simuitaneously
and. therefore,
permit
experiments
on remote automatic
control
of the accelerator.

CHANNEL

Puadrupoles

HZ0

A 2-cm gap is required
to provide
space for the
diagnostic
probe;
thus,
the quadrupole
must be split
into two equal half-length
segments.
Precise
shimning
of the magnets is needed for harmonic
distortion
control.
A prototype
quadrupole
is shown in Fig. 2.
The
pole-tips
flats
are ground to achieve
a precision
A threaded
insert
is
slip
fit
into the toothed
yoke.
secured
by epoxy into a blind
hole drilled
into the
neodymium-iron
before
magnetization
(although
this
procedure
has proved to be practical
even after
magCaptive
screws allow
radial
adjustments
netization).
of up to 0.05 nzn, needed for accurate
harmonic
control.
The entire
assemblage
is then potted
in a highvacuum grade epoxy such as D O W 332 or EPON 828.

OUT
Hz0
IMPINCEM~NT

INSTRUMENTATION

PLATE

CU-SPRING

Probe

CABLE
PLATES

INSTRUMENTATION
(BPM)
TYPE IVF REC QUAD
COOLING
CHANNEL

Thermal
Fig.

1.

Instrumented

drift

Studies

tube.
Thermal analysis
have been done on this
design
concept
for several
different
lengths
of drift
tubes
(corresponding
to different
levels
of beam energy).
Thermal contours
for the 34.5~HeV drift
tube at 5%
duty factor,
using a "standard"
beam-loss
heating

*Work performed
under the auspices
of the U.S. Dept.
of Energy and supported
by the U.S. Army Strategic
Defense Cormsand.
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Adjustable

The 30 PA/m
value of 30 PA/m, are shown in Fig. 3.
amounts to about 5 W, at 5% duty,
applied
on 0.5-cmlength
region
along the inner
radius
of the drift
tube
and is considered
to be a conservative
upper limit
on
The rf power deposited
on this
bore-tube
heating.
drift
tube at 5% duty factor
is 952 W, with most of
the power (about
75%) being lost on the outer
radius
As can be seen, the expected
near the cooling-jacket.
temperature
rise for these conditions
is about 10.5“F.
The major thermal
problem
at higher
duty factors
is the beam-loss
heating;
although
it is not an extremely
large thermal
source,
it occurs
in a remote
area.
Shown in Fig. 4 is a thermal
contour
plot
for
As seen
cw (100% duty)
rf heating
with no beam loss.
in the figure,
the temperature
rise
is large,
but
manageable.
With proper
coolant-supply
temperature,
including
the 30-PA/m beam-loss
value,
the maximum
duty factor
obtainable
for this
design
is about 77X,
:,ClLlTY

FRCTOR%,

HlTti

4.

Thermal

profile--cw

without

beam loss.

REC quadrupole.
as shown in Fig. 5.
The maximum temperature
rise for
any region
was set at 162'F as determined
by using a
maximum component temperature
of 212'F and a minimum,
available
coolant
temperature
of 50°F.
These studies
were
conducted
with
constant
copper resistivity.
Accounting
for increased
resistivity
with temperature
will
reduce the maximum duty factor
proportionally.
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The split-quad
concept
for high-duty
drift
tubes
is a significant
departure
from conventional
techniques.
Opening the drift-tube
quads to vacuum
through
a split
drift
tube permits
the insertion
of
instrumentation.Thermal
studies
of the new design are
very promising,
and preliminary
design
studies
are
continuing
in order to thoroughly
test
this
concept.

,.
MOS-6
PRECISION ALIGNMENT OF PERMANENT MAGNET DRIFT TUBES*
D. J. Liska.
L. B. Dauelsberg.
and 6. Spalek,
AT-4, MS HB21
Los Alamos National
Laboratory,
Los Alamos. NM 87545
LINEFUSE

Sumnary

YARIAC

The Lawrence Berkeley
National
Laboratory
technique
of drift-tube
alignment
has been resurrected
at Los Alamos for the precision
alignment
of l-cm-bore
drift
tubes that carry
high-gradient
rare-earth-cobalt
Because the quadrupoles
cannot be
quadrupoles.
switched
off,
this
technique
is not applicable
to a
drift-tube
assembly,
but tests
indicate
that
individual magnetic
centers
can be detected
with a precision
of kO.003 Inn.
Methods of transferring
this
information to machined alignment
flats
on the sides of
the drift-tube
body are discussed.
With measurements
of drift
tubes designed
for a lOO-mA. 425-MHz drifttube linac.
we have detected
offsets
between the geometric
and magnetic
axes of up to +0.05 mn following
final
assembly and welding.
This degree of offset
is
serious
if not accommodated,
because it represents
the entire
alignment
tolerance
for the 40-cell
tank.
The measurement
equipment
and technique
are described.
Description

of

Method

The LBNL technique
is shown in Fig. 1.
It was
used around 1974 to align
the electromagnetic
quads
In this
application,
a
of the machined drift
tubes.
tungsten**
wire is suspended
horizontally
through
the entire
tank,
and individual
quads are turned
on
one at a time.
By adjusting
the support
points
of
the wire,
the offset
positions
of the magnetic
centers could be plotted
and an alignment
scheme devised.
Then, individual
drift
tubes were adjusted
to bring
them into acceptable
alignment
with a predetermined
position
of the pulsing
wire.
A diagram of the pulser
electronics
(Fig.
2) is shown as constructed
at Los
Alamos.

Fig.

2.

Electronics

for

ADDlication

to

taut-wire

pulser.

PM Duadrupoles

With the new permanent-magnet
(PM) quadrupoles
used in today's
intense
linacs,
the traditional
LBNL
method no longer
applies.
Now, the magnetic
centers
must be found in each individual
drift
tube,
and
overall
alignment
precision
must be determined
by
accurately
using these data to bias each drift
tube
during
installation.
Thus, the technique
becomes a
record-keeping
task.
Individual
magnetic
centers
cannot be checked after
installation.
The accelerator
test
stand (ATS) drift-tube
linac
(DTL).
a flat-gradient
(1.95 MV/m). lOO-mA. 425 MHz
H- machine was aligned
in this
way.
The quadrupole
specifications
were

DRIFT TUBE BODY

Field

gradient

Aperture

= 175 T/M
= 1.220

cm

N-Y POSITIONERS (2)

Effective

I

length

= 2.54

cm

TRIGGER

Fig. 1.
Alignment
pulsed wire.

of

drift-tube

quadrupoles

Figure
3 shows the test
apparatus
with one of the
drift
tubes installed.
Because individual
units
are
tested,
the wire can be suspended
vertically
and need
not be tungsten.
Motions
of the wire are detected
by
two pairs
of LED/detector
pickups
mounted orthogonally
to each other
on the principal
X-Y axes of the drifttube transverse
plane.
The drift
tube is mounted on
a two-axis
positioner
that
can be adjusted
to center
the quadrupole
axis on the wire within
acceptable
tolerance
limits.
Current
pulses are fired
down the
wire with about 700-mA peak and l-ms duration.
Adequate response
can be detected
to register
offsets
between the wire and the quadrupole
axis of 9.003
mn.

using

*Work performed
under the auspices
of the U.S. Dept.
of Energy and supported
by the U.S. Army Strategic
Defense Comnand.
**Tungsten
was used in the LBNL method because of
its high strength-to-density
ratio,
thus permitting
the catenary
equations
to be reduced to a simple
quadratic
approximation.
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the drift-tube
geometrical
center
and the quadrupole
axis is about the same alignment
precision
as that
required
for the linac
itself,
the average
offset
Even so, the ultimate
alignment
prebeing 0.03 mn.
cision
following
installation
cannot be held closer
However,
this
precision
is acceptable
than 20.05 mn.
A further
complication
in ATS
for ATS objectives.
was that copper plating
had rendered
the alignment
flats
nonuniform;
therefore,
a light
machine cut had
to be made before
the full
potential
of this
technique
could be realized.
Table
ATS-DTL

I

HAGNETIC AXIS OFFSETS

(Dimensions

Drift

Fig.

3.

Laboratory

setup

Final

of

drift

Installation

tube

under

1
2
3
4
5
6
7
B
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

test.

Precision

Although
the magnetic
centers
can be reproducibly
detected
to within
+0.003 mn, it is difficult
to
transfer
this
precision
to a solid
surface
on the
drift-tube
body.Considerable
thought
has gone into
this
difficulty,
and a simple measuring
device
has
been invented
as shown in Fig. 4.
With this
device
and the use of precision
transits,
it is possible
to
transfer
the final
wire position
along the drift
tube
X-Y axes to alignment
flats
machined
into the driftA typical
tabulation
of results
is shown
tube body.
in Table I.
It can be seen that the offset
between

+v
’
DRIFT

TUBE BODY

A-v

-+x-&-x
ALIONYENT

FLATS

(2
..
FFSET

Tube No.

YEASUREMENTS

OUADRUPOLE

AEX

+0.046
+0.039
+0.043
+0.017
-0.038
-0.046
+0.050
+0.062
-0.013
-0.050
-0.020
-0.044
+0.026
ID.031
-0.005
-0.015
+0.051
-0.045
+0.012
-0.007
-0.038
+D.o51
+0.031
-0.011
-0.026
-0.000
-0.040
-0.021
-0.017
+0.025
-0.007
+0.030
+D.O76
-0.032
+0.057
-0.055
-0.020
-0.013
+0.006

in mn)

dEY
+0.082
+D.o19
-0.025
iD.012
+(I.051
-0.051
-0.070
+0.031
-0.025
+0.006
-0.025
+0.090
+0.062
+0.062
0.000
-0.007
0.000
-0.015
+0.050
+0.044
+0.018
+0.038
+0.062
+0.006
-0.051
-0.025
+O.Oll
-0.056
+0.047
+0.084
+D.Oll
iD.013
+O.OSl
-0.019
+D.O54
+0.097
+O.ODl
+O.O3B
-0.006

Conclusions
EOYETRIC

WREN1

Fig. 4.
offset.

Alignment

jig

for

measuring

CENTER

CARRVING

Tests have shown that a taut-wire
alignment
technique
patterned
after
an early
LBNL innovation
can be used to accurately
align
the drift-tube
magnetic
axes of today's
high-intensity
DTLs.
Magnetic-center
detection
of +0.003 mn is possible,
and an overall
alignment
of drift
tubes in a linac
structure
to 3.05
mn has been achieved.

WRE

magnetic-axis
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Abstract

formly
charge

For a high intensity
bunched beam the longitudinal’
acceptance usually
is smaller than the beam emittance
at injection
energy. This causes longitudinal
particle
loss and emittance increase.
A model is presented
which explains the dynamics of the trapping procedure
and the related particle
loss for a high current
bunched beam. The model is in qualitative
agreement
with numerical results
obtained from multiparticle
calculations.
By varying the injection
energy and the
phase of the bunch center and the matching parameters
of the beam the trapping effiency
can be improved.

loss problem

are

- Is there any correlation
between the longitudinal
and transverse
motion of a lost particle?
- What is the energy of the lost

to linear

space

that
It has
particle
a sphere.
phase

With this model the longitudinal
phase space has been
calculated
for a beam current of 400 mA. Fig. la and
lb show the longitudinal
potential
and the phase space
at 2 MeV respectively.
The space parameter ul is 0.92.
Emittances and tunes are chosen in such way that inspite of the large value of ul no collective
instabilities
are present. The input emittance of 1.8w “MeV
is much larger than the acceptance; a quite unstable
situation.
Fig. 2a and 2b describe the situation
at
6 MeV corresponding
to half a synchroton oscillation.
Due to the acceleration
the acceptance has become
larger than the emittance;
the situation
is stable
now. It is expected that longitudinal
losses will
happen between 2 and 6 MeV.

some question

- In which part of the phase space at injection
those particles
which get lost later on?

charge corresponding

The assumption of calculating
the Coulomb potential
outside the bunch by a sphere and inside by an
ellipsoid
is inconsistent
and gives wrong results
for
large space charge factors,
e.g. c, > 0.9. To be consistent
the potential
outside the b unch is calculated
from an ellipsoid
of revolution
in this paper. The
formulas will be presented elsewhere7. For zero transverse components the longitudinal
potential
can be
calculated
straightforward
outside an ellipsoid
filled
uniformly
with charge6.

Introduction

The particle

with
2.

A simple model has been developed which allows
a few number of particles
can leave the bunch.
been assumed that outside the bunch the single
motion will follow from a Coulomb-potential
of
With this model the evolution
of the longitudinal
space distribution
could be explained 4.

Beam losses can lead to severe problems in proton
linear accelerators
with a high current and a high
duty cycle. It is therefore
necessary to do calculations
of beam dynamics in order to determine the
beam parameters that will minimize these losses.
Having no theory for calculating
and predicting
particle
losses extensive multiparticle
calculations
have been carried through to get some information
on
losses from a statistical
point of viewl.
By considering
arise.

filled
forces

particle?

- What can one do to reduce the losses?
This list of questions
is not complete but in this
paper it is tried to answer these questions.
The answers result
from multiparticle
calculations
done for
a 200 MHz drift-tube
linac 3. The injection
energy
is 2 MeV and the output energy 100 MeV. The current
was varied up to 400 mA. The beam parameters have been
choosen in such a way that the transverse
emittance
growth is less than 10 X. The longitudinal
emittance
growth goes up to 2.5 for a current of 400 mA. The
emittance growth is a result of a too small longitudinal acceptance at injection.
In connection to the
emittance growth particles
are lost longitudinally.
In a previous paper4 emittance growth of high current
linacs was analyzed in detail.
This paper deals only
with the particles
lost longitudinally.
The next chapter describes a simple analytical
model of the longitudinal
phase space including
space charge. In the
chapter afterwards
a discussion
of numerical results
from multiparticle
calculations
with special emphasis
to lost particles
is given.

Numerical

results

on longitudinal

particle

losses

As an extract
of many multiparticle
calculations
results are presented for a beam current of 400 mA.
The simulations
were done with 2000 macroparticles.
The space charge force is included by summing up the
Coulomb forces between the macroparticles.
The initial
phase space distribution
is waterbag like in the
transverse
and a Gaussian distribution
in the longitudinal
phase space. By choosing a longitudinal
waterbag distribution
the results
are the same in a qualitative
sense. The Gaussian distribution
has been
choosen to populate the halo with particles.
Concerning the first
question Fig. 3a shows the distribution
in the longitudinal
phase space at injection
of those particles
which are lost later on. The number
of lost particles
is 124 which is about 6 X of the
Fig. 3b shows the
total beam current.
In comparison
longitudinal
input distribution
of all particles.
The
lost particles
are localized
quite well. They mainly
come from the lower halo of the input distribution.
These particles
can pass the phase -2qs and thereParticles
from the upper halo cannot
fore get lost.
reach the phase -2ys because of phase damping and
the increase of the energy acceptance during acceleration.
As a rough rule all those particles
are not
lost which can complete one synchrotron
oscillation.

Simple model of longitudinal
motion
including
space charge
It is common to describe the longitudinal
motion of
particles
with small transverse
components by a sum
of the nonlinear
rf-potential
and a quadratic
space
charge term. For the calculation
of the space charge
factor pl the bunch is presented by an ellipsoid
uni50
?

Conclusion

The longitudinal
rms emittance of the non lost particles
increases up to 2.5 at 100 MeV. This growth
is still
consistent
with the empirical
evaluated law4:
longitudinal
rms emittance
between 2 and 100 MeV
Here CL and CL,
without current.

growth

are the longitudinal-tunes

“,

6,,/

Longitudinal
beam loss has been studied with multiparticle
calculations.
Due to the nonlinear
longitudinal potential
the lost particles
can be localized
quite well in the phase space at injection
(see Fig. 3)
There is no correlation
between the longitudinal
and
the transverse
motion. It turned out that longitudinal
loss can happen within the first
synchrotron
oscillation only. Without tolerances
no loss is expected
afterwards.
This means the bulk of longitudinal
beam
loss takes place below IO MeV. In addition
field and
phase errors can produce particle
losses even at higher
energies.
By varying the input energy, the input phase
and the matching parameters some influence
on the
amount of losses is possible.

Oe3
CL)

(
with

and

In contrast
to the longitudinal
situation
the lost
particles
are distributed
randomly in the transverse
phase space at injection
(Fig. 4). No correlation
is
seen between the longitudinal
and transverse
direction
of motion of the lost particles.
It is therefore
concluded that for a particle
only the input coordinates
in the longitudinal
phase space are responsible
for
getting
lost longitudinally
or not.

Acknowledgement
The authors wish to express many thanks to H.G. Hereward for many helpful
discussions
and W. Reimer for
preparing
the figures.

In-Fig.
5 the spectrum of the energy of the lost par121 particles
are lost between 2
ticles
is plotted.
and 6 MeV. Only three particles
have an energy between
6 and IO MeV. This result agrees with the simple model
explained above. The three particles
with an energy
above 6 MeV become close to the unstable fix point.
Particles
close to the unstable fix point are moving
slowly in the phase space and therefore
they can be
accelerated
to higher energies before they are lost.
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What can one do now to reduce particles
losses? It
turned out that the number of particles
lost can
be reduced by injecting
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than the design parameters and by reducing the errors.
E.g. if the beam bunch center is injected
with an
energy of 2.008 MeV compared to 2.000 MeV design input
energy the number of lost particles
could be reduced
to 97 which is about 20 % of the losses.
All numerical results
mentioned so far give a more
qualitative
understanding
of longitudinal
losses.
It is not possible to give analytical
formulas for
minimizing
the losses. Multiparticle
calculations
so
far give a rough estimation
of beam loss in the range
of IO x.
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INTERLOCK

990 KW are
listed
in Table
1. The amplifiers
operated
very
successfully
without
any inherent
tube
oscillations
although
a low frequency
ringing
in the
anode
current
of the
final
Dower
amolifier
was noticable
which
was
due to'the
power
supply
choke,
storage
capacitor
and other
low frequency
components
in
the
dc anode
line.
Attempts
are
being
made to
damp such
a ringing.

rf
amplifier
chain
with
A 100 MHz 1 MW pulsed
its
local
control
system
capable
of fulfilling
all
necessary
remote
functions
as well
as
phase
and amplitude
feedback
is described
The high
power
rf
amplifier
as a selfhere.
contained
unit
incorporating
power
supplies,
modulation
units
and dedicated
procooling,
cessors
has been
used
to power
up an accelerating
structure
namely
RFQ.

The local
microprocessor
interface
trol
system
are
installed
to operate
complete
power
amplifier
chain
from
station
or a local
terminal.

A Siemens
Microprocessor
System
(SMP)
with
Mitsubishi
PC backup
is employed
for
setting
up the
dc operating
point
of the
amplifier
and monitoring
the
status
of the
same.
Amplifier
diagnostic
and test
routines
are
also
installed
through
software
packages.
Finally,
to achieve
maximum
personal
and machine
safety several
interlocks
and control
levels
are
defined
and discussed.

System

Frequency

.

Description

The interlock
for
the
complete
system
is divided
into
three
categories.
The basic
safety
interlocks
concerning
main
power
circuit
braker,
high
voltage
area
protecting
fences,
excessive
temperature
limit
switches
and waterair
sensors
are
all
hardwired.
The next
level
uses
digital
and analog
circuits
so as to
protect
against
system
malfunction
such
as
high
reflected
power
or crow-bar
due to high
anode
current
and also
acts
in case
of external
emergency
signal.
The third
level
of interlock
will
be served
by software
modules
fulfilling
all
the
requirements
concerning
system
measurements
as well
as other
subsystem
status
signals.

System

The 100 MHz rf
amplifier
system
in principle
consists
of four
stages
of amplifiers:
a solid
state
amplifier
of 300 W CW. pre-driver
and driver
stages
up to 120 KW pulsed
output
and a final
Dower
amolifier
caoable
of Droducing
1.2
MW output
at the
specified
pulse
width
and duty
cycle,
The complete
chain
can
be driven
from
any suitable
source.
Pin
diode
modulator,
directional
couplers,
rf
pick
ups
and level
detectors
along
with
ignitron
crowbars
in the
anode
circuits
protect
the
amplifiers
against
arcing,
excessive
reflected
power
and any other
faulty
operation.
Complete
personal
safety
is ensured
against
high
voltage
and high
rf
radiation
hazards.
-The power
amplifiers
which
outside
were
operational3
they
were
modified
to 100
the
RFQ and all
subsystems
air
cooling,
high
voltage
and local
interfaces
were
operating
characteristics
the
final
power
amplifier

and conthe
a remote

The complete
system
consists
of rf
reference
line,
rf
switch
operated
from
timing
bus,
amplitude
and phase
modulators,
power
amplifier
chain,
RFQ, feedback
controller
and local
control
system
connected
to the
overall
computer
link,
emergency
line
and feedback
This
is shown
in figure
1. Signals
control.
proportional
to the
amplitude
and the
phase
of the
voltage
in the
RFQ are
picked
up by
loops
and fed
to the
feedback
controller,
The
rf
pulsing
using
a pin
diode
switch
which
is
triggered
by TTL logic
simulates
the
timing
bus.

INTRODUCTION

Radio

CONTROLLER

Sauer,
W. JanBen
Juelich,
P.O.
Box 1913,
Fed.
Rep.
of Germany

ABSTRACT

The purpose
of the
100 MHz rf power
amplifier
system
is tolprovide
excess
of 800 KW pulsed2
power
to RFQ
for
the
proposed
SNQ
project
The required
pulse
width
is 250 ps with
a repetition
rate
of 100 Hz.
For
operation
of the
RFQ certain
requirements
concerning
the
phase
and the
amplitude
stability
of the
applied
rf
voltaqe
must Be fulfilled.
Calculations
pointed
out
that
phase
stability
of 1" and amplitude
stabilitv
of 0.1 % durinq
beam should
be
maintained.
The described
loo-MHz
system
has
been
successfully
tested
up to 1 MW output
power
with
a pulse
width
of 500 ps and 100 Hz
repetition
rate
against
a high
power
dummy
load
of 50 ohms impedance.
The same system
was later
on connected
to a 1 m prototype
RFQ
along
with
amplitude
and phase
feedback
and
micro-processor
control
units.

AND FEEDBACK

MO34

Local

Control

-

SMP System

The Siemens
SMP system
employing
CPU NSC800
and 128 Kbyte
RAM memory
is used
to interface
with
all
analog
and digital
signals
of the
rf
system
and to control
several
system
states
and interlock
levels.
This
serves
as the
local
control
and is often
referred
as local
terminal
in this
paper.
A Mitsubishi
PC
BFM186
acts
as a remote
controller
which
will
be replaced
by a overall
computer
link.
Figure
2 shows
the
system
configuration
with
SMP.
Four
system
states
are
defined
received
via
command
message
control
station
or activated
terminal.
The defined
system

were
procured
from
at 108 MHz hence
MHz for
powering
namely
water
and
dc power
supplies
installed.
Typical
of the
driver
and
for
an output
of

OFF
In
off

53

the
OFF
and no

STANDBY

state
energy

READY

the
local
resides

and can be
from
the
remote
by the
local
states
are:
OPERATIONAL

system
in the

is switched
system.
In

’ I
the
STANDBY state
the
local
system
is switcircuits,
filament
ched
on along
with
coolin
power
for
the
tubes
and a 7 1 power
Supplies
except
high
voltage
on the
final
amplifier.
The high
voltage
is switched
on in the
READY
state
and finally
in the
OPERATIONAL
state
rf
power
is available
under
software
control
and
timing.
The logic
sequence
and controlled
change
from
one state
to the
next
higher
or
low
level
will
be performed
by software
routines
residing
in the
local
control
system.
A message
status
will
be sent
to the
operator
to confirm
the
newly
reached
state.
All
control
tasks
are
running
under
CP/M3 operating
system.

Specifications

11.5

DC Anode Current
DC Screen

DC Bias
Input

Current

RF output

power

RF drive
Gain

power

(pulsed)
(to

(pre-driver

pre-driver)

kV

A

100

A

v

1550

v

0.1

(pulsed)

20

18

(pulsed)

Voltage
DC Power

kV

1420

(pulsed)

Voltage

DC Screen

Final
Amplifier

Driver

DC Anode Voltage

A

0.5

V

-620

V

207

kW

2000

kW

100

kW

992

kW

250

W

100

kW

26

dB

10

dB

48

%

and driver)

Conclusion
The 100 MHz power
amplifier
system
which
pro1 M W pulsed
power
proved
to be very
duced
reliable
since
the
performance
could
be repeated
over
a period
of a few months
without
any major
interruption.
All
possible
faults
were
simulated
and tested
with
the
computer
interface.
The amplitude
and phase
feedback
via
SMP system
controlled
through
software
The feedback
system
was
was also
operational.
tested
without
beam in the
RFQ.

A

-250

Efficiency

signal
level.
The signals
needed
for
the
feedback
are
coupled
out
of the
RFQ through
-40
dB coupler
and a power
pickup
loops,
divider.
One of the
outputs
of the
power
divider
is detected
and fed
to the
amplitude
modulator
via
feedback
controller
where
as
the
other
output
mixed
with
the
reference
phase
provides
the
signal
for
the
phase
modulator.
With
close
loop
feedback
the
rf
amplitude
is settled
approximately
in 50 ps and
1 percent.
The
variations
are
kept
within
result
is shown
in figure
4 where
the
upper
trace
shows
the
actual
rf
signal
in the
RFQ
and the
lower
trace
is the
control
signal
of
With
the
existing
phase
attenuator
modulator.
feedback
loop
further
improvements
are
needed
to achieve
the
required
stabilisation.

49.6

%
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SK

driver

The hardware
of the
SMP system
is divided
into two
parts
as shown
in figure
3. The modules
shown
in the
upper
region
are
needed
by
the
SMP system
itself,
controlled
by the
CP/
M3 operating
system
and its
device
drivers.
The modules
in the
lower
region
are
interrupt
analog
inputs,
control,
analog
outputs,
digital
inputs,
digital
outputs
and power
outputs.
All
analog
inputs
like
anode
current,
rf
power
output,
cooling
water
temperature
can be monitored
and used
as interlock
etc.
input
parameters.
Analog
output
signals
are
used
to control
rf
amplifier
working
conditions
(anode
voltage,
anode
current
etc.)
and
to give
certain
set
points
(rf
amplitude
and
phase)
to slow
feedback
system.
Digital
input
modules
read
status
of the
complete
amplifier
system
where
as new status
can be d.erived
by
the
diqital
outout
control
sianals.
Power
output-modules
of the
SMP sysiem
enable
to
switch
ON/OFF
a device
directly,
bypassing
the
manual
switch.
The interrupt
control
mode is
used
to interrupt
a running
control
task
by
an action
initiated
by rf
control
or interlock.
The interrupt
control
starts
an emer-gency
routine
to shut
down all
normal
controls
and put
out
a message
on CRT/Printer
or
to the
overall
control
system.

Amplitude
The amplitude
commercial

and

and the
components

phase
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NON-DESTRUCTIVEBEAM MONITORS FOR THE SNQ-LINAC
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Zentralinstitut
fllr Elektronik
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Abstract
Non-destructive
beam diagnostics
are an important
feature for high-current
ion beams. Details
of the diagnostic prototypes
originally
conceived for the 200 m4
SNQ linac are presented in this paper.
The residual
gas monitor for the low energy beam line
consists of a commercial one-dimensional
photo diodearray camera (1728 elements),
with optional
picture
amplifier,
connected to a microprocessor
system for
fast data acquisition.
With this device we achieve an
integration
time of 250 usec and a data processing
time of 20 msec. First results
are reported from beam
tests done at SIN Ziirich.
For determining
the bunch length a facility
for testing
a 200 MHz broad band capacitive
button type pick up
was built.
The transfer
function
for geometrical
different kind of pick ups was measured and compared with
simple analytical
expressions.
By applying the complex
Fourier transformation
technique the 200 MHz input
beam pulse could be reconstructed
with quite high
accuracy.
Introduction

_
0
Fig.

In any high current accelerator
it is quite important
to know the beam profile
and the bunch shape for doing
the right phase space matching. It is also wanted to
measure these parameters nondestructively,
quite acurate and more than once during the beam pulse. For the
SNQ-project /I/ prototype
diagnostic
components for
measuring the beam profile
and the plllse shape were
built:
a residual
gas monitor system /3/ and a broadband capacitive
rf button pick up. For both components
first
experimental
results
are given. The residual
gas
monitor system was succesfully
tested at the SIN injector /2/ (E = 860 keV, 60 keV, I = 10 mA), whereas
for the button pick up a test facility
was built.
Residual Gas Monitor
Fig.

1000

1500
Pixelnumber

I: The horizonial
and vertical
beam profile
of
a 860 keV H2 beam of 15 pA, with an integration
time of IO set (corrected
for background)

-

For the beam profile
measurement in the low energy
beamline of the SNQ Linac (50 keV and 2 MeV) a residual gas monitor is developed. This monitor consists
of a one dimensional
CCD (Charge Coupled Device) with
1728 pixels (diodes) of I3 pm x 39 urn each which can
be cooled to -35°C with a Peltier
cooling element.
This CCD integrates
the light emitted by the residual
gas. Triggered-by
an external
pulse the integrated
signal is loaded into a shift
register
and the CCD
is cleared. With a maximal clock frequency of 1.5 MHz
this register
can be read out.
In the first
version the CCD is read out with a clock
frequency of 100 ktlz. The analog signal of the pixels
is digitized
with an 12 bit AD converter
with a convertion
time of 1 usec per pixel.
This means a total
readout time of 17 ms which is also the minimal integration time. The maximal integration
time depends on
the temperature of the CCD: by O’C an integration
time
of 60 set is achieved. In front of this CCD an image
amplifier
can be mounted. A second version with a read
out frequency of 1 MHz is under development.
The image amplifier
is only necessary for beam energies
greater than 500 keV. The control
of the camera and
the data aquisition
is done by a 16-bit microprocessor
system with an 80186 uP and 128 kbyte dual-port
memory.
This dual-port
memory is also memory of a workstation
that processes and displays
the measured data.
This profile
monitor is tested at SIN Zurich in the
860 keV and 60 keV beamline.

5.00

0

500

10’00

15.00
Pixelnumber

2: The horizontal
and vertical
beam profile
of
a 860 keV proton beam of 10.5 mA with an integration
time of 300 msec (corrected
for
background)

Fig. I, 2 and 3 show measurements of beam profiles
for
different
beam currents,
energies and particles.
Fig. 3 and 4 show the linear dependence between the
measured video amplitude,
the integration
time and
the beam current.
Conclusion
The tests at SIN Ziirich showed that this profile
monitor can deal with beam currents
down to IO pA. If each
pulse has to be measured the integration
time has to
be shorter than the repetition
rate. For low currents
however the integration
time has to be increased.
In
that case we have to integrated
over more than one
pulse and it is impossible
to measure each pulse. Because of the high resolution
of the CCD (resolution
13 pm per pixel)
the beam position
can be measured
with an accuracy of better than l/l000 of the beam
diameter.
RF-Pick up
For a nondestructive
a broad band pick up
Originally
conceived
beam current and its
MHz, we built
a test
66

measurement of the bunch shape
can be used.
for the SNQ Linac with its high
accelerating
frequency of 200
facility
for measuring the pick

O?.“‘,““I”..I’.
0

Fig.

500

1000

Fig.

6: Photograph of the capacitive
pick up probes
inserted
in the center of the 50R -coaxial
test facility

Fig.

7: Schematic

1500
Pixelnumber

3: The beam profile
of a 60 keV H+ and H+ beam
of 17 mA with an integration
time of 1 00 msec
(without
image amplifier)
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up type

II

In this paper results
are only given for the reconstruction
technique of the pulse shape. Details
of
the narrow band analysis
for determing the bunch phase
and the rf-current
are given elsewhere /4/.
In Fig. 8 the measured frequency characteristics
are
shown for two capacitive
button pick ups, which differ
in their geometrical
dimensions.
The measured transfer characteristics
A (f) are also compared with the
theoretical
prediction
for the complex transfer
function given by 151.
A (f) = 20 . log 7 Z(f)
(I)

(set)

4: The dependence between integration
normalized video signal.
,l,

:

.b0

Pick Up II
drawing of pick

I # I I I u I I I 1
012345678910
Beamcurrent
(mA1
5: The dependence between beam current and
video signal.

21.
+ crc,*jE

2 (f)

=v,

(p(f)

= arctan

(2)

(-+)

longer than
Equ. (1) - (3) are valid for wavelengths
the pick up dimensions,
where the pick up can be considered as a pure capacity.
It should be noticed that
for frequencies
nearby the cutoff
frequency fc the
phase shift y(f)
strongly
depends on the frequency.
For a circular
shaped button pick up the two constants,
the coupling
impedance Zm and the cutoff
frequency
fc can be expressed by (for v = c)
d2
.- d
Lzm = Ap
(4)
81--&-c
ce * c
Ar
I
fc = 2nR Ce
where Ap = pick up area, A, - tube area = ZJcrd, d =
r = vacuum tube radius,
c = speed
button diameter,
of light,
R = termination
resistance,
Ce= pick up
electrode
capacity.
The measured values from Fig. 3 and 4 are

up transfer
function
and testing
the Fourier reconstruction
technique.
The test facility
consists
of a
special coaxial
509-transmission
line where the capacitive
button pick ups are located in the outer conductor. The test box is shown in Fig. 6, a schematic
drawing of one of the pick ups itself
in Fig. 7.
By a HP 8091 A pulse generator,
triggered
by a pulse
with 200 MHz repetition
rate, we simulate pulses with
F.W.H.M. of minimal 500 psec and 200 MHz repetition
rate. The so generated pulses and the pick up output
signals can be shown on a Tektronix
7904 oscilloscope
(with sampling units 7Sll and 7Tll).
The amplitude
spectrum and the pick up frequency characteristic
was
measured with a Tektronix
494P spectrum analyser.

zoo
fc

57

= (0.63Q,1.2652)
= (700 MHz, 230 MHz)

for

pick

up (I,

II)

I

Fig.

8: Measured and calculated
frequency characteristic
I and II. (vert.:
lower
div. - 10 dB; horizont:

(dotted line)
curves for pick up
limit
- 20 dB, scale
200 MHz/div)

The electrode
capacity Ce can be estimated
from the
geometry of the pick up design. The obtained values
for i!m and fc agree better than 5 X with the analytical values using the measured values of Ce = 4.3 pF
for pick up I and Ce = 10.9 pF for pick up II.
In order to reconstruct
the input pulse shape we made
a Fourier analysis
of the response pulse. By assuming
the validity
of Equ. (2) and (3) for the complex pick
up transfer
function
the input pulse shape can be reconstructed
by Fourier synthesis.
In Fig. 9 and 10
one example of an input and reconstructed
pulse shape
is shown together with the measured pick up response.
The used input pulse has a F.W.H.M. of 1.5 nsec. We
have chosen this pulse in order to demonstrate the
advantage of the reconstruction
technique for a nonideal pulse shape. The Fourier analysis
was restricted
to the first
30 harmonics.
The pulse repetition
rate
was 200 MHz. As -it can be seen from Fig. 9, the input
and the reconstructed
pulses agree quite well. Their
F.W.H.M. values only differ
by 6 %. For a beam pulse
= + 5’) the
with a F.W.H.M. value of 140 psec (A?
values will differ
by 15 X if we take e% first
30
harmonics into account 141.
From Fig. 9, 10 it is obvious that without the Fourier
synthesis we can only get information
about the
F.W.H.M. of the beam pulse but not about the detailed
pulse shape 161.
The analysis
is correct
for the relativistic
case
where the longitudinal
distribution
of the beam current
is equal to the wall current.
For high pulse frequencies,
like 800 MHz, where it is
complicated
to built
a broad band pick up, the rms
pulse length (= F.W.H.M) can be quantitatively
determined by only measuring the rf-current
11 of the funfrequency):
/4/
damental frequency (= accelerator
-

9:

Fig.

10: Response signal

of pick

up II

Summary
Originally
conceived for the SNQ project
non destructive beam diagnostic
have been built.
A residual
gas
monitor system was succesfully
tested at the SIN injector.
For a 200 MHz capacitive
broad band pick up
a test facility
was constructed.
By using the measured
pick up attenuation
and applying the complex Fourier
technique input pulses can be reconstructed
quite
accurately.
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= 2 - (A$7rms)2
IHC = time average
where Ii = rf-current,
= rms-phase width.
A prms
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Equ. (6) is correct
for a relativistic,
well bunched
beam with an arbitrary
particle
distribution.
For bunched beam with the values4$z’rms = + (5’;
IO’;
15’) Equ. (6) yields I]/IHC = (1.992;
1.970; 1.931).
If both currents
can be measured with an accuracy of
10-3, then quantitatively
the rms phase-width
can be
determined in this simple way. Getting an accuracy of
+O-3 for the rf-current
11 and IHC seems to be possible
With the above mentioned test facility
and a quite
srnsitive
beam current monitor Equ.(6) will be tested
by using pulses with different
pulse lengthes.
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CONTROL O F LINEAR ACCELERATOR NOISE IN THE LOS ALAMOS FREE-ELECTRON LASER (FEL)*
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Sumnary

Model

FELs require
tight
control
of the
amplitudes
and phases of the fields
in two linear
accelerator
tanks to obtain
stable
1asing.l
The accelerator
control
loops must establish
constant,
stable,
repeatable
amplitudes
and phases of the rf fields
and
must have excellent
bandwidth
to control
high-frequency
A model of the feedback
loops has
noise components.
been developed
that agrees well with measurements
and
allows
easy substitution
of components and circuits,
thus reducing
breadboarding
requirements.
The model
permits
both frequency
and time-domain
analysis.
This
paper describes
the accelerator
control
scheme and our
model and discusses
the control
of noise in feedback
showing how low-frequency-noise
components
loops.
(errors)
can be corrected,
but high-frequency-noise
components (errors)
are actually
amplified
by the
Measurements of noise in both
feedback
circuit.
open- and closed-loop
modes is shown and comparison
is made with results
from the model calculations.
Accelerator

Feedback

Control

System

Noise

control
cavity

system and circuit
Cavity
response.

Description

If the accelerator
cavity
is modeled with individual Circuit
elements
as a parallel
R, L, C circuit,
time-domain
analysis
must be done with enough resolution
that each cycle of the rf is sufficiently
represented (typically
three
points
per cycle).
To represent the FEL 100-ps pulse at 1300 MHz, 390 000 points
would be required.
Also,
for both time- and frequencydomain analysis,
the model must include
modulator
and
demodulator
circuits
to convert
the rf to and from
appropriate
low-frequency
signals
for use in the feedA much simpler
method in the case of
back circuits.
feedback
control
circuits
is to work entirely
with the
In this
case, the cavity
can
low-frequency
signals.
be modeled as a simple RC integrator
circuit
with a
time constant
equal to the cavity
fill
time.
The capacitor
voltage
represents
the detected
cavity
field.
Figure 1 shows the circuit
used to model the cavity,
where the gain element represents
the feedback pickup
loop.
For the RC circuit,
the capacitor
voltage
EC
is given by EC = E,(l-e
-t/T),
where T = RC. For a
cavity,
the envelope
of the rf voltages
in the cavity
is a function
of rf frequency
and the cavity
Q; EC,, =
E Cource [1-ewot/(2D)],
and ~Q/w, = fill
time,
where
Thus, the RC mod&-is-the
angular
cavity
frequency.
el adeauately
reoresents
the fill
time of the cavity.
Also, the RC-model gives an accurate
representation-of
the cavity
phase shift
and low-pass
filtering
for the
feedback
loop.
Each element in the feedback
loop, from operational
amplifiers
to voltage-controlled
attenuators,
has been measured to determine
its frequency-dependent
properties.
These components are then modeled with
elements
that accomplish
basic s-plane
(frequencydependent)
transfer
functions
with poles at the appropriate
frequencies.
Agreement between the model and actual
measureIn one case, a prototype
ments has been very good.
amplitude
control
circuit
was built,
and a Bode measurement (gain and phase plotted
separately
versus
frequency)
was made, which did not agree well with the
Further
investigation
revealed
a
model calculations.
defective
operational
amplifier
that was giving
excessive phase shift
above 100 kHz.
After
replacing
the
operational
amplifier,
we obtained
good agreement between the measurement and calculation.
This was a
case in which the model analysis
enabled us to discover a subtle
component failure.

The feedback control
circuits
(Fig.
1) use both
integral
and proportional
control
in each of the amplitude and phase control
loops.
W e recently
completed
a
move of the klystrons
and modulator
tanks to reduce
the feedback
path delay as much as possible
to improve
the system frequency
response.
The round-trip
signalpropagation
time was shortened
from -400 to -140 ns.
The 140 ns represents
12' of phase shift
at 250 kHz.
Because the loop-bandwidth
is under 200 kHz, further
reduction
of the loop length
would improve performance
The primary
limitation
to the loop
only slightly.
bandwidth
is the filtering
action
of the accelerator
The Q of the accelerator
is about 8000, which
cavity.
gives an -2-us fill
time for the accelerator.
In the
feedback
control-system
operation,
this
fill
time is
equivalent
to a low-pass
filter
with a 3-dB point
of
80 kHz.

Fig. 1.
Accelerator
models the accelerator
time=df -CL =RC.

CM-,

in

Feedback

Control

Systems

The control
of random fluctuations
(noise)
in the
control
loop of the accelerator
has become very important
in the Los Alamos FEL because of the sensitivity
of the lasing
to very small fluctuations
in the elecFor the basic feedback
loop
tron beam parameters.1
(Fig.
2). the major noise sources are the high-power
amplifier
and noise generated
in the accelerator
cavity by fluctuations
in electron
beam current.
These
sources are reduced by (1 + LG), where LG is the sysFor example,
for noise,
N. from the
tem loop gain.
high-power
amplifier
(refer
to Fig. 2):

that
fill

1-6

=

Gcont

l

Gamp Gcav
l

l

(1)

He

gain,
H = feedback gain,
G,,,t
= controller
Gamp = amplifier
gain and Gcav = cavity
gain;
No1 = N
Gamp
Gcav.
where No1 = noise in cavity,
open-loop;
where

0

l

*Work performed
under the auspices
of the U.S. Dept.
of Energy and supported
by the US, Army Strategic
Defense Comnnand.

l

Ncl = N
Gamp
Gcav - Ncl
where NC1 = noise in cavity,
l
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l

. (LG),
closed

(2)
(3)

loop;

,

,

is much larger.
the closed-loop

The peak-to-peak
mode is -0.3%.

Ninimizing

Fig.
N
N

cl

l

2.
G

P

=

(1":

N

cl
-=1+LG=
N
01

Basic

accelerator

Gcav

l

1

noise

gain

(4)

(CL/OL)

.

(5)

This result,
Eq. (5).
shows that
closing
the loop
reduces the original
noise present
in the open-loop
mode by (1 + LG).
At the point
where LG has a 180'
phase shift,
the magnitude
of LG is less than 1 as
required
for stability
of the feedback
loop.
Because
of the phase shift,
however,
(1 + LG) is less than 1;
thus near the 180' phase shift
(in the frequency
domain),
the closed-loop
operation
of the feedback
system will
show an increase
in the amount of system
noise when compared to the open-loop
operation.
The
amount of increase
depends on the system gain and
phase margins.
If the margins
are small,
the noise
increase
in the closed-loop
mode can be quite
large.
If the gain margin
is zero (violating
the stability
requirements
for a feedback
control
system),
the noise
increase
is infinite
and the system is oscillatory.
Examples of the noise gain are seen in Figs.
3
and 4; Fig. 3 shows the detected
field
amplitude
versus time in one of the FEL accelerators
when operating
in the open-loop
mode.
The signal
has been offset
and
magnified
to show the noise.
The picture
shows an
-0.1% peak-to-peak
high-frequency
noise level;
Fig. 4
shows the same signal
when operating
in the closedloop mode.
The low-frequency
noise (for
example,
the
slope)
has been reduced,
but the high-frequency
noise
CPEN
10,

~

,

.-

Noise

,

,

10

Measurement

8.

Compared

with

Noise

Model

NOISE

LOOP

,

,

1

in

Gain

Calculations

GAIN

20,....,,...
1 .a.

9

9.

of

noise

Efforts
were made to digitize
measurements,
such
as those in Figs.
3 and 4, and to perform
Fourier
transforms
to show specifically
which frequency
band
was increased
in the closed-loop
mode.
The results
could then be compared to similar
results
from the
feedback
model.
The shot-to-shot
noise varied
too
much, however,
to allow much success with this method.
Somewhat better
success was obtained
with a feedback control
system that was set up on the bench and
configured
much the same as the actual
FEL control
system using a 1-W amplifier
driving
a 1300~MHz
cavity.
Relatively
good agreement
between the two
was obtained,
but the variation
in the shot-to-shot
noise still
caused a large
spread in the noise-gain
measurements.

CLCSEO

LOOP
,

Effects

of

For a typical.
feedback
system with a phase margin
of 55" and a gain margin of 6 dB, this
high-frequency
noise gain can have a magnitude
of 2 to 3 (6 to 10
dB).
If the system gain is increased
without
changing
the phase characteristics,
the noise gain can become
5 or 10.
This noise gain is a normal property
of ordinary
feedback
systems.
Its effect
can be minimized
by reducing
the system gain to maximize
the phase and
gain margins
or by increasing
the bandwidth
of the
feedback
system without
reducing
the phase or gain
margins.
Reducing
the gain reduces
control
of the lowfrequency
components
(such as the slope caused by the
capacitor
bank droop).
Therefore,
reducing
the system
gain is usually
not a suitable
solution.
When the
system bandwidth
can be increased
without
increasing
the phase or gain margins,
the noise gain will
occur
at a higher
frequency.
In this
case, the actual
level
of noise in the accelerator
would be reduced because
of the filtering
action
of the cavity.
Figure
5 shows
the results
of the model calculations
on a bench setThe only difference
between the two calculations
up.
is the operational
amplifier
bandwidths.
The system
with the wider bandwidth
operational
amplifiers
shows
a lower peak noise gain (by about 20%) occurring
at a
higher
frequency.
Both the lower peak and the shift
to a higher
frequency
would result
in lower overall
noise.
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Fig. 5.
Prototype
control
circuit.
Calculations
of noise gain showing that
noise gain is reduced by wide-bandwidth
operational
amplifiers.

NOISE

A different
technique
was then used that wa.s
A signal
generator
applied
a relatively
successful.
large
"noise"
signal
at a well-defined
frequency
into
the amplitude
controller
(Fig.
6).
The level
of this
signal
in the cavity
was then measured in both openThe results
of this
measureand closed-loop
modes.
ment and the comparison
with the model are shown in
Both methods show a peak noise gain of apFig. 7.
proximately
1.5 (3.5 dB) at 300 kHz.
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Fig. 8.
Comparison
of noise-gain
calculations
for
present
accelerator
control
system and the control
system with the newly designed
control
circuit.
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Conclusion

Fig..C.
method

to

Prototype
measure

control
circuit.
noise gain.

Block

diagram

Satisfactory
operation
of the FEL requires
noise
levels
of around 0.1% or less.
In general,
standard
closed-loop
systems will
reduce low-frequency
noise,
but they increase
the high-frequency
noise.
As a rule
of thumb, to maintain
a noise gain of less than 1.5
(3.5 dB), the phase margin must be greater
than 65'
and the gain margin must be greater
than 10 dB.
If
the system bandwidth
can be improved
to extend
its
operation
to higher
frequencies
without
reducing
the
phase and gain margins,
the actual
noise level
can be
reduced because of the filtering
action
of the cavity.
We have developed
a model of the feedback
control
systems that agrees well with experiments
and allows
extensive
analysis
of the feedback
system.
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the measured distribution
becomes a group of 1%
islands
in the contour
for the derived
distribution
and that there
are regions
inside
the 5% contour
for
the measured distribution
that show populations
of 1%
or less in the derived-distribution
contour.

In the future,
more attention
will
be required
concerning
the filling
of the input
phase space used
by particle-simulation
codes.
The prospect
of greatly
improved
particle-tracking
codes implies
that code
input
distributions
must be accurate
models of reai
Much of present
simulation
work
input
distributions.
is done using artificial
phase-space
distributions
Real beams can differ
dramat(K-V, waterbag.
etc.).
ically
from such ideal
input.
We have already
developed
a method'
for deriving
This
code input
distributions
from measurements.
paper addresses
the problem of determining
the number
of pseudoparticles
needed to model the measured distributions
properly.
Introduction
A major use of beam-dynamics
codes is for accelCodes are used to predict
how closely
erator
design.
a machine configuration
will
come to producing
the
desired
physical
results.
The real test
for such
codes is the computational
reproduction
of measured
Bench marking
of this
type is more believresults.
able when the code and accelerator
are working
with
quite
similar
input
beams.
For dc input
beams, the
proper
initial
energy and phase are easily
reproduced,
but the transverse
phase-space
filling
is harder.
The
code's
transverse-beam
input
coordinates
must be assembled in such-a way as to reproduce
measurements
of
the real transverse
input
coordinates.
A-typical
transverse
measurement
is made by a
beam scanner that
samples the beam intensity
in each
The two planes
of the two transverse
phase planes.
In effect,
the scanner
are treated
independently.
measurement
results
in discrete
probabilities
of
finding
a particle
in a particular
rectangular
bin
centered
on a specified
point
in one of the transverse
phase planes.
We have already
developed
a method for generating
code input
from such measurements'
but need to investigate
how well the derived
distributions
reproduce
the measured distributions.
Visual

Fig.

1.

Contour

plot

of

scanner

measurement.

Fig. 2.
derived

Contour
plot
distribution.

made from

2 000 pseudoparticle-

Fig. 3.
derived

Contour
plot
distribution.

made from

50 000 pseudoparticle-

Approach

A standard
method for displaying
scanner measurements is by contour
plots
that
enable a visual
rating
of the goodness of the derived
distribution
fit.
Figure 1 shows a contour
plot of a scanner measurement.
Figures
2 and 3 show contour
plots
made from derived
of 2 000 and 50 000 DseudoDarticles.
distributions
All plots
have the same scale.
although
respectively.
the scale isn't
shown, and the same orientation.
Contours
start
at 10% and are at 10% intervals.
These figures
show that
the 2 000 pseudoparticle
group gives a poor representation
but that the 50 000
particle
group seems adequate.
However, a closer
look
at the 50 000 particle
group shows that
it also has
deficiencies.
Figures
4 and 5 show 1 and 5% contours
for the measured distribution
and for the 50 000 particle-derived
distribution.
In each figure,
the dotted curve is the 5% contour.
Comparison
of these
figures
shows that the area inside
the 1% contour
for

This example shows that there
are at least
4%
variations
between the derived
and measured distributions
even using 50 000 pseudoparticles.
Moreover,
there may be regions
with even greater
variation.
Therefore,
we felt
that a more quantitative
measure
of the goodness of fit
would be desirable.

*Work performed
under the auspices
of the U.S. Dept.
of Energy and supported
by the U.S. Army Strategic
Defense Command.
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Figure
6 gives examples of the characteristic
curves obtained
for the X-X' and Y-Y' planes for a
5 000 pseudoparticle
distribution.
The characteristic
curve for an ideal
fit
would correspond
to 100% of
occupied
bins having 0% deviation
from the measured
value.
Thus, the ideal
characteristic
would rise
vertically
from the point
(0, 0) to the point
(0. 100)
and then extend horizontally
to the point
(100. 100).

Fig. 4.
contours

The 1% (solid
line)
and the
for the measured distribution.

5% (dotted

line)

Fig. 6.
Percent
of occupied
measured bins having the
derived
distributions
within
PD percent
of the measured value.
Note that the characteristic
curves are
different
in the two phase-space
planes.

Fig. 5.
contours

The 1% (solid
line)
and the
for the 50 000 particle-derived

Quantitative

We have examined how well our derived
distributions
fit
underlying
measurements.
Figure
7 shows a
family
of characteristics
for derived
distributions
obtained
from the same measurement.
The derived
distributions
differ
in the total
number of pseudoparticles used.
As expected,
the greater
the number of
particles
used to form the derived
distribution,
the
closer
the derived-distribution
characteristic
approaches
the ideal
characteristic.
What is perhaps
not expected
is how poorly
even 100 000 particles
fit
the measurement.
For instance,
only 74% of occupied
bins have derived
values within
20% of the measured
value,
and only 29% have derived
values within
5%.

5% (dotted
line)
distribution.

Approach

The best particle-tracking-code
input
that could
be obtained
from a scanner measurement
of the physical
input
beam would be one for which the number of pseudoparticles
in each region
of the X-X' and Y-Y' planes
was in the same proportion
to the total
number of
pseudoparticles
as was the measured current
in each
region
to the total
current.
The quantitative
measure
of goodness of fit
should test
the derived
distribution
to determine
how close to the ideal
condition
it
comes.
A way to do this
is to count the number of
occupied
measured regions
(bins)
that have equivalent
derived
regions
within
a given percentage
of the measIn fact,
it is possible
to do this
for a
ured value.
range of measured value percentages
and to get a curve
that characterizes
the fit
of a given derived
distribution.
Unoccupied
regions
in the measurement
are
-also unoccupied
in the derived
distribution
because
of the method used to build
the derived
distribution.
The unoccupied
regions
will
always agree,
and they
should not be counted
because they could give an erroneously
high score for derived
beams that are very
different
from the measured beam.

qw,
0.

5.

,
IO.

,

,

15.

20.

2s.

30.

3s.

*o.

15.

50.

55.

60.

65.

1
70.

PO I%1

Fig. 1.
Family of characteristics
obtained
for same
measurement.
Lowest curve is for an N = 1 000 particle
distribution.
Topmost is for an N = 100 000
particle
distribution.
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A second point
to be noted is that the use of a
sufficient
number of particles
to give a good fit
in
one plane does not guarantee
a good fit
in the other
plane.
When differences
in fit
occur,
they appear to
be due to unusual
measured distributions
in the more
poorly
fit
plane.
The number of particles
should be
chosen to give an adequate
fit
in both transverse
planes.
Conclusion
A quantitative
method for judging
how well a .
derived
distribution
models a scanner measurement
of
a beam has been developed
and examples of fits
given.
The remaining
question
concerning
how serious
an
effect
the known departures
from measurement
have on
computed accelerator
results
has not been addressed.
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field, and where the term 3E /az has been
is justified if the beam is &sonably thin;
<< 1 where k is the channel focusing wave
number and h is the beam half-width. Integrating,

Previous anal tical studies related transverse rms
emittance rowth Yn non-uniform beams to changes in the
beam densi9y profile but did not analyze the time evolution
of the process.
Our new approach analyzes the internal motion of the
beam and then obtains the rms emittance explicitly as a
function of time. It is shown to reach its eak value
explosively in about one quarter of a lasma per Pod.
We give a uniformity triter Pon that determines
whether or not the emittance oscillates eriodically. We
exhibit continuous initial density profi Pes that lead to
discontinuous shock-like behavior and se mented (beammerging) profiles for which the rms emi 9tance jumps to
its maximum value in one-fourth of a plasma period and
remains there with essentially no further change.
Asymptotic behavior is briefly discussed.

Es = 4neN,
Particle Motlpa

As stated in the introduction, we will begin b
y;;;ryzin cold beams thermal motion will be include!I
!v e consider individual particles in a uniform
channel with linear external focusing:
X”

P - k2 x + P N,(x,z)/N

In 1971 Lapostolle [II and Sacherer 121 derived rms
envelope equations which were used by Lapostolle and
independently by Lee [3] and Wan ler (41 to obtaln a
differential relationship between c\ anges in emittance
and than es in self-field energy. Wangler et al. presented
numerica9 simulations showin emittance growth in one
quarter of a plasma period. 7-lowever, this surprisin 1
rapid growth was unexplained by the analysis, which 8!i
not treat time dependence.
In the present paper, we first solve for the beam
internal motion as a function of time and then calculate
the moments. The rms emittance is shown to reach its
Desk value in about one ouarter of a Dlasma DWiOd. in
igreement with the simulations of Wan \er et al:
.
We separate the mean-square emi 9tance into a therma1 part and a fluid-flow part.. For a strongly spacecharge dominated warm beam the fluid motion during the
initial emittance growth is the same as for the correspondingcold beam except for a slight change in timing.
Thus we do almost all of the anal sis on cold beams,
gainin mathematical simplicity. Af Yer calculating the
explic 1t time dependenceof the cold-beam emittance, we
show how to incorporate the thermal part. We also discuss asymptotic thermalization of the emittance.
To simplify the formulas we will take the model
feasil generalized 151)of non-relativistic, singly charged
partic Yes propa ating in vacuum. The beam energ is
assumed much 9 arger than the space-char e poten! ial,
allowing the usual approximations, tha P the beam
particles all have the same longitudinal velocity v, and
that the transverse velocities are much smaller than v.
We will treat both round beams and sheet beams.
Roundbeams are by definition azimuthally symmetric, and
sheet beams are by assumption symmetric in the direction
of transverse motion, x. This s mmety means that only
the upper half fx 1 0) of a sYl eet beam needs to be
considered; all x-integrals will start from zero.
We begin with the simpler case of sheet beams.

is the normalized line perveance, representing total space
char e.
P or a cold beam the particle motion is initially
laminar. We will show in the next section that it remains
laminar for at least the distance X/4 where X = 2n/k.
Thus we begin with the ansatz 01 laminar motion over
a range 0 < z 5 z where the critical distance z > X/4 is
to be calculatedvater. Since no trajectories c&s, N, is
preserved for each particle at its position x(z).
If we write 5 for the initial position of the particle
that is currently at x(z), then N,fx,z) - N,(S,O) for all x in
the laminar range of z, so that the space-char e term in
Eq. (3) is constant Using the abbreviation Nx(& = N,(S),
we define the equi’librium position
(P/k21 N,@VN

(5)

and get the linear equation
X”

+ k2 ( X - X,(E) I

=

0.

(6)

For the initial condition x’(E) - 0, the solution is
x (E,z)

=

Xe

(1) + (5 - X,(E) ) COS kZ.

(7)

Crossing of Trajstories
Laminar motion ceases if two beam elements with
initial separation dE are later se arated b dx - 0; i.e., it
ceases at the distance zc where t Re derivaYive dx(E,z,)/dE
vanishes. From Eq.(7)
dx/d[

*

dXe/d\

+ (1 - dXe/dE) COS kZ.

(8)

From Eqs.( 1) and (51,
dXe/dt
“U

Soace Chame Field

-

n(E)/nu
N k2/P.

(9)
(IO)

We define the plasma frequency by o2 - 4n&+,/m. The
distance the beam travels in one pl2 sma period is
2nv/o
Using Eqs. (4) and ( 10) we see that hpo - $8 1;
which ‘& the same as X, defined earlier.
CombiningEqs.(8) and (91,

If the beam densit is n(x z), the number of particles
per square cm within ha9 f-widfh x is
t

=

Xe (5)

where

=

(3)

wh re x” - d2x/dz2, N is the half-beam line density (per
cm51, and
P - 4nNe2/mv2
(4)

Jntmduction.

N,(x,z)

(2)

n(x,,z) dx,.

Poisso_l’sequation (for singly charged ions) gives aNx/bx (4ne) (d/ax) EJx,z) where Es IS the x-component of the

dx/dt
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-

n(EVn, + (1 - n(EVn,) cos kz.

(11)

Laminar motion ceases at the critical distance zc where
the left side vanishes:
-1
cos kz, =
(12)
n&E) - 1 ’
Lamlnaritu

If

n(E) > nu/2

the fluctuations are quite small. A particularly simple
choice Ives what we call X/4 matchin : we choose X , the
9
$)e \,;a’
z = 0, to be equal to the va9ue given by E8. ( 16)
=
:
(18)
X02 - X2(h/4) - (P/k2J2 / 3
and Eq.(16) simplifies to

for all E <h,

X2(z) = Xo2-[ 1 - Uno COSkZ (1 - COSkZ) 1.

there is no solution; zc does not exist, and the motion is
laminar for all z in the cold beam limit.
/2 over some range of 5, then the part of
If n(E) i
the beam with “xt e lowest densit will cross trajectories
first and define z
(This poin Y of minimum n will be
called E .) Be ond f’- z the linear equation (6) is invalid.
If ECexisf s, then #always lies between X/4 and X/2.

Eq. (18) Ives the same matching as the equivalent beam
approach9 1,2,41. Reference [51 also describes another type
of matching which gives less than half the ripple.

Rms Fmlttance

Beam NsiQTImcDeDendence
(I I).

Laminar motion implies n(x,z)dx - n(E)d\, so, using Eq.
n(x,z)

“U

-

1 + 0+,/n(S) - 1) cos kz

(19)

(13)

where the x dependenceis found by simultaneous use of Eq.
(7). Note that n(x) becomes uniform at z - X/4 and then a
density reversal occurs: particles originating -in underdense regions find themselves in overdense re ions and
vice versa. If the laminarity criterion is viola 9ed, then
n + ==as z + zc for particles orlginatln at EC. After z a
shock-like Dhi?nOm?nOn occurs which Ps illustrated irf a
later section.
If there are aps in the density profile, then Eq. (11)
needs some modif 9cation [5l. For such cases z - h/4.
.For anu cold-beam initial orofile. cont’in&ous or not.
matched or?iot, the densit at i/4 is uniform and equal to
the density of a-matched i?!eam. This surprising and very
important result comes from the linearity of Eq. (6) and is
not quite true for round beams.

We use Sacherer’s definition of rms emittance [2l
E2 - <x2> <x-2> - <xx’>?
(20)
We have already found < x2 > [Eq. ( 1611. The other moments
ma be found in the same way. #en the are inserted in
Eq.Y20) many terms cancel leadin to a s Ymple expression
valid whether the beam is mate4 ed or not [51. If we
specify that the beam is X/4 matched then we can write
Uno
&Z)
- 4 1 sin2 kz.
(21)
This may be compared with the result from moments 151,
d
2

2

I

- $

X3(z) $ u,.

(22)

Pms BeamSize
Averages over density prof lies are defined by
<g Hz) - N‘1 $dx n(x,z) g(x).

Profiles with Gaos: Merging Ream

(14)

If there are gaps in the initial beam density profile,
the emittance umps to a substantial value at z - X/4 and
sta s essentia 1ly constant thereafter. The physical basis
for ‘I his phenomenonis discussed in Ref. j51.
Fi lb, obtained by numerical simulation 171, illustrates 9 he effect. It shows E vs. z/X for 6 beams injected
into one channel; the typical parameters are discussed in
Ref. 151. The emittance up to z/h = l/4 agrees with our
next analytic result.
To analyze the emittance for a profile with gaps, we
choose the simplest model: M segments each having the
In

Changing the integration variable from x to the initial
value E,
<g>(z) - N-l $dF n(E) g(x(E,z)).
(15)
Fqr the yean-square beam wldth, we use the notation
X (z) = <x >. Defining C = cos kz and using Eq. (7) we find

X2(z)- [ $2(I-Cj+

x~c]~- UnoXo&2C(I-C).

(16)

X is the initial value of X and U is the initial value of
ti?e beam shape factor (which is feon, for a uniform beam):
where

Un(Z) = 2 - 243W/PX
W(z)

-

P<xN,>/N

(17a)
(17b)

is the virial moment 131. For discussion, see Ref. (51 which
ives a table of Un values; U, is the normalized free self9ield ener for a sheet beam.
Eq. f 18 is greatly simplified for a matched beam.

t%
0

0

l’latchlng
In Eq. (16), whatever value of X is chosen there wlll
be fluctuations in X (unless the init& profile is uniform).
But certain choices give a matched beam in the sense that

0.5

z/x l .O

1.5 O

o.5 z/h I.0 ,1,.,,!;:

Fig. 1. Oscillatoy and non-oscillatory emittances.
(a) Initial profile satisfies laminarity criterion.
(b) Merging beams with gaps in proflle. See text.
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ma reach equilibrium; equilibrium profiles are nearly
uniYorm for space charge dominated beams. Ref. [51 shows
that a uniform beam has minimum self-field energy for a
iven X. The final steady state for a matched beam would
;1ave about the same rms emittance as at the initial peak;
this is shown at the end of the next section.

same uniform density and the same width, and separated
1 $h;jances equal to this width. For X/4 matching we
Y
P2 1
Mz- 1 “*
E(Z) - [
sin kz
3k3 M 4Mz-3

1

for z i X/4. The factor before sin kz equals 0.5 with correction < 1% for M > 3. In most practical cases, E M l/M
Putting in numbers (see Ref. [51), one finds that segmented
beam emittances can jum to undesirably la e values
unless M, the number of 1eamlets, is lar e. % 1s jump
could occur in beam mergin as propose8 recently .for
some applications involving s?Ieet beams or round beams.
Our results indicate what could hap en in either case:
prompt, permanent and substantial em Pttance growth.

Jhermaland ASymDtOtiC Emlttance
We can divide an mean-square emittance into a
thermal part and a f lui 2-flow part ISI. We use the symbol
(...I, to denote a local average over velocities. For an
value of x we define the fluid velocity u(x,,z) - (x0), aniI
the specific stress tensor T(x,z) - ((x -u12),, which
gives the temperature if the distribution is thermal. Then

E2(Z) -

us Profiles: Wave Breaktng

[

<x2><

l?>

1

- <x u >2 . (24)

l

- (1 - n(()/n,) k sin kz
. (23)
n(Q/n, + f 1 - nfS)/t$,,) cos (kz)

Comparin with Eq. (12) shows that this slope is finite for
z < zc so 9 hat x’(x) is sin le valued. As z - z the curve
steepens like the shape o ? a wave about to b&k. Although
this occurs in phase space not real space, the subsequent
behavior is sometimes referred to as wave-breakin (61.
The effect in rear space (for a cold beam) is tha P the
;;;s~s7 densit becomes sin ular as z - zc [E ( 1311.After
lari Yy Eq. (6) musP be replaced by f s 1.
Al%ugh our main urpose here is to present anal tic
results,,we illustrate t e effect, with a.typical numer cal
$m;);tlon (71. The it-ntial density profile was chosen to
u - 1 - 0.7cos(n(/h) for E < h, with n - 0 for 5 1 h.
Fig. 2 shows the steepenin of dx’/dx and the wavebreaking in phase space. It a9 so shows the corresponding
densit profiles which exhibit phenomena resembling
shock v ronts propa ating from the singularity.
The rms emit Pante up to z - z agrees with Eq. (2 1).
Later its behavior is intermediate bgtween Figs. 1a and 1b,
showing damped oscillations. Very much later, the beam

R

+

For a cold beam durin the period of laminar particle
motion, given by Eq. (1 It , all the emittance is due to the
flow term in brackets. But in general we have

.ln this section we discuss cases where n(t) is nonvanishing out to the beam edge but n(E) < /2 for some .
Eq. ( 12) ives the point z - z where the tr3 jectories WIt \
cross. 1 s we have shown, fhe phase space dynamics of
cold beams are easily and exact1 described up to this
point. Before zc is reached, the d Pstribution on the (x,x’)
phase plane is a well-behaved curve with slope
dx’
dx’/d[
iii-?dx/dE-

<xz><T>

Y

Fig. 2. Example of wave breaking in phase s ace and shock
formation in configuration space; z/X - 0.8 0.125, 0.25,
0.375, 0.5, 0.625, and 0.75. Upper row show4 phase plots;
lower row shows corresponding charge densities. These
results during the laminar regime agree with Eqs. (23) and

(24’)
2fluid .
E2total * E2thermal l
For warm beams we show in Ref. [51 that Eq. (21) still
applies, at least up to z - A/4, to the fluid art of the
emittance if a slight correction is made to k. Por matched
beams (X nearly constant) the thermal term in Eq. (24) is
essentially constant; for our initial conditions l therm(z)
- co and
. .I
Et&(Z) - [ ED2 + -& Xo3 U, sin2 k iz] “2 (25)
where k is the slightly corrected wave number discussed
in Ref. [5!1.
Eq. (25) resembles a sheet-beam version of an
equation due to Struckmeier, Klabunde and Reiser -- see
Eq. (15) in Ref. [4]. What is new in Eq. (25) is that it shows
that the upper limit mentioned in [41 is actually reached
and shows that it Is reached at z = X 14.
If wave-breaking occurs, then ?nergy is transferred
from the fluid term to the <T> term, in a non-thermal wa
at first. Asymptotically, complete thermalization couli
occur. For any time scale, we can use the invariant (twice
the total energy) 181:
<T> + <u2>+ k202> - 2W(z) - Const

(26)

where W(z), the virial moment, is related to Un(Z); see Eq.
(17). If the beam becomes more uniform, W increases and

(13). According to Eq. (12) wave-breaking starts at z 0.32X. This fi ure illustrates cold beambehavior. Spatecharge domina9 ed warm beams show similar patterns in
the phase plane; thelr denslt PrOflIeS for 2 2 zc show
similar shock-like structures ;1ut are smoother.
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therefore so does <u2> or CT>. Asymptotically, u - 0,
and also U
= 0 to high accuracy for a space-%arge
dominated b%m. Eqs. (24) and (26) yield

X.0
E, = - Cgo2+
x0

We can show that I’ vanishes for all p if the beam is
matched and un’form; therefore I’ is a uniformity
parameter. We on1 need it to first order in the followin
results, but secon1 order terms must be kept In Eqs. (329
and (33) in order to derive those results [Sl.

$3 xosUno + k2Xo*(Xo2- X-2) +

toru Crossing for Contiwus

s X,2(X, - xo)]“2

As In the case of sheet beams, laminar particle
motion ceases at the critical distance z where the
derivative dr(p,z,Vdp vanishes. From Eqs. (2% and (301,

andE(==) z ~(h,/4) if X,= X,. But see Ref. [8] if X,r X,.
JI. ROUND BEAUS

( re dre) / ( p dp I - n(p) / nu ;

Exact results are not obtainable for round beams, but
perturbation analysis gives accurate results which- are
similar to those for sheet beams. We find:
(a) The crlt’cal density for laminar particle motion
is again half the equivalent uniform density but with a
f lrst order correction, typically around 10%.
(b) Different parts of a non-uniform round beam
oscillate at slightly dlfferent frequencies. The correct’on
is of second order (usually less than one percent), with
negllglbleeffect except perhapsfor long t)‘ne scales. The
frequency for a cold beam is essentially 2k .
(c) The particle excursions are nonllnear, so the
par2de;;ity
is not precisely uniform at 2 - X,/4, where
However, the nonuniformity is so small that
e~sential1~al1 the free self-field energy is converted into
kinetic energy and emlttance rowth.
Again, we start with co1! beams and discuss thermal
effects later.

for round beams
“U

J’2nr

l

n(r,,z) dr, .

r dr
s

If

r ” + k2 ( r - re2/r)

=

e

1

=

q - ~‘~16

(33)

VP)

*

(Ihe

(34)

o(p)/o,

-

I + 82/12

(35)

2 k2.

(36)

,

+ [,-

!$-q[c+

$(,-C)2]

(4’)

&IlatchjDg

Equation (32) shows a complicated time behavior. We
will not consider the exact time dependenceof R2 = <r2)
but will only calculate it at z = X,/4, where
x0 = 2n/o,.
At this point the density profile is nearly uniform so that
essentially all of the free self-field energy is converted
Into fluid energy.
Averages over density profiles are g’ven by

(31)

6(p)

cd02 -

DeDenQenr;e

Size

-4 cos 2wz) + --- (32)

- 1

for al P < a,

where the r dependenceis obtained by simultaneous use of
Eq. (32). if the laminarity criterion is violated, shocklike behavior (similar to that in Fig. 2) will begin at 2 - q
if the initial profile is continuous.

for the initial condition r’(p) - 0, is

where

(39)

in analogy with sheet beams, laminarity can be expressed as
2nm(r,z)dr = 2npn(pMp.
(40)
Eq. (39) gives
n(p)
n(r,z) -

in the laminar ran e. This equation can be solved by the
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m Dv

Llndstedt-Polncar
P methoddiscussedIn [9]. The solution,
r(P,Z) * re E I + 6 COS02 + ,(I

n(p)

(30)
0

~][c+fq(i-021

then the motion is laminar for all 2. The criterion is the
same as for sheet beams except for the correction factor.

and for a cold beam the particle motion Is laminar for z
less than a critical distance zc. We write for the initial
osition of the particle that is current P at r(z); thus
Rr(r,Z) - N (p,O). Using the abbreviation ii r(p,O) * N,(p),
we define &e equilibrium position

1

(38)

CriteriQn (to first order in I’):

K = 2Ne2/mv2
(28)
where N is the total number per cm. The external focusing
force is assumed to be “near
r #’ I - k2 r l K N$,z)/(N r)
(29)

so that

.!!&I nu + [l-

(27)

K t+(Q) “2
[ k2 - N

Nk2/nK.

where C = cost z. The condition for trajectory CIr(
is found by sett%g the left side equal to zero and S
for cost z . Defining
as the initial beam edge (
the denst?yCfalIsto zero9 we get the follow’ng:

The self field is Es = 2eN,/r and the total perveance is

re (&I) *

-

(37)

Using Eq. (321, we find to first order in T’

If the beam density is n(r,z), the number of particles
per cm of length within radius r is
Nr(r,i!)

Profile

<g>(z) = N-’

dp 2np n(p) g(r(p,z))

(42’

where we used Eq. (40) to change the lnte ration variable
from the current position r to the initia 9 value p. The
initial mean-square radlus at 2 = 0 is
Ro2 68

<p2>

-

N-1

dp 2np3 n(p).

(43)

At z - X,/4, Eq. (32) gives, to first order in I’,
< r2>(Ao/4)

*

< re2 >.

To confirm this point, we calculated the emlttance at
z - X /4 using the free ener y U Eq. (481, and compared
it wflh the result obtained 9 ronf?he
namics using Eqs.
(32) and (46). We found E(X /4) - 0.03 4 Ro-/K using the
first method and 0.0375 $JK using the second. The
uniformity at X /4 (Fig. 3) is responsible for the high
accuracy of the free energy calculation.

(44)

From Eqs. (37) and (421, < r 2 1 - K/2k2. It follows that
the condition for A,/4 matching is
K / 2 k2.

Ro2 -

(45)

DtOtiC

Peak RmsEm1ttance

For matched, strongly space-charge dominated beams
the total emlttance at z * ho/4 is

In terms of the radius, Sacherer’s x emlttance,. Eq.
(201, is
l/2
E - 1 [ < r2 > < r*2 > - <rr’>2
. . (46)
2
The above moments at z - X0/4 are readily evaluated from
But it is easier to calculate
Eq. (32) to first order in
the peak emittance from \t’e free self-field ener y; Ref.
~;l$:,Ows that the two methods give nearly 18entlcal

l peak

(51)
[ Eo2 + k Ro2 Uno] “2
See the dlscusslon in the last section of Part I. Simulation studies by C.MCelata [IO] have confirmed that Eq.
(5 1) gives accurate results for a space-charge dominated
beam. Our prediction that the emlttance eaks at z 2 A 14
agrees with the simulations reported by Rangier et al.!41;
in fact, the present stud was inspired by a desire to
understand the physics behYnd those surprlsln results.
The invariant corresponding to Eq. (26) is4 81

1

Our exact solution for sheet beams, Eq. (21) turned
out to be closely related to a differential equation for
emlttance vs. free energ , Eq. (22). The analo ous dlfferential equation for roun8 beamswas lven in F?efs. [II 131,
and 141. in Ref. 141, it was lntegra I’ed by treating k as
constant. This yieldeda maximum emlttance growth
AE2(max) - KRo2Uno/‘6
(47)
where U is the initial value of the normalized free
self-fiela’energy, given by
$(Z)

* 4$ dr Nr2(zV N2r - (1 + 4 In b/RJ2).

<Tr> + <IJr2) + k2<r2> + KU&)/4

-

KRo2Uno/16.

RO

(48)

(49)

In Ref. (51 we found anal tlcally the denslt prof’le at z X /4 as an explicit func r ion of r. The resuYt is plotted in
Ffg. 3 where It 1s compared w’th the Initial prof’le. The
denslt is clear’ flat enough at z - X /4 to make U&z)
negllg k le. Thus, f!q. (49) gives an accuraye result.
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which agrees with Ref. 141if R - R We can eliminate
R for cases where the beam &e is~lsmatched [81. The
re?ult is the same as in [41 but with additional terms.

We have confirmed such uniformity for typical profiles.
An example is the parabolic prof lie:

0

- K In R * Const.

where Ur and T are radial versions of the quantities in
Eq. (24), and Un’&!) is defined b Eq. (48). For the asymptotic case discussed under Eq. ( Y6) we have Ur - 0, Tr = 0,
and
R, 112
‘L
E, - 2peak + 4k2R, 2 (R, 2-&,2)+ iR021n-]

(One chooses b to include all the beam.) The analysis used
in [ I ,3,41 did not show how rapid’ the maximum emlttance
would be reached. But if, as in Bart I, the density profile
at 2 - X,/4 is essentially uniform, then we find
E2fAo/4)

Emittam

x91 865-1932

Fig. 3. Analytic density profiles at I - 0 and 2 - X,/4.
69

MOs-1s
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INTRODUCTION

CONTROL MODULE

To obtain
the maximum accelerating
gradient,
‘the
CEBAF RF system
uses an individually
controlled
RF
drive
chain
for
each superconducting
cavity.
This
will
allow
us to adjust
each cavity
to its
individual
maximum field.
Due to material
purity
and menufecturing
tolerances
of the cavities,
we expect this maximum value
to be distributed
over
en almost
2 to 1
gradient
range.
The requirement
for precise
individuel phase and gradient
control
of 420 superconducting
accelerating
cavities,
is accomplished
through
the use
of individual
fault
tolerant
RF drive
chains
and self
monitoring
control
electronics.
This
might
be
thought
of as the
Phased Array’
approach
to accelerator
RF systems.
SYSTEM OVERVIEW
The RF system consists
of a stable,
master
oscillator
with
its various
frequency
outputs
required
for
choppers,
bunchers,
accelerating
cavities,
end RF
separators,
distributed
by a phase-stabilized
network
to each sector
in the RF service
buildings.
The individual
drive
chains,
one per accelerating
cevity,(420
total),
consists
of:
an RF control
module
a SKw
highly
VSWR-tolerant
klystron,
the wavegurde
feeA
components,
including
a directional
coupler,
a tuner,
and the higher
order mode (HOM) filter,
end the euperconducting
RF accelerating
cavity.
The DC beam power
for the klystrons
is provided
by several
larger
power
supplies
through
a distribution
network
in each
se&or.

The key to the entire
system
is the RF control
module,
which has all circuitry
required
for control,
regulation,
and monitoring
of an individual
RF chain.
This includes
klystron
control
and protection,
accelerating
cavity
monitor,
tuning,
end quench detection,
beam permissive
control
(RF reedy),
end, of course,
phase,
gradient,
end frequency
regulation
of each
The controller
is fabricated
in a standard
3
cavity.
wide CAMAC module for system standardization
and ease
of maintenance.
A large amount of local
computing
capability
will
be provided
to reduce
the programming
costs,
and
Full
use is being
made of selfenhance
accuracy.
end ‘expert
syetems”
maintenance
and
test
circuitry,
conLinearization
tables,
system
repair
concepts.
nd maintenance
stants,
module calibration
curves,
and
history
will
be stored
in on-board
E9PROM memory
become permanent
records
in each individual
mod)ule.
All first
line maintenance
will
be by module replacement;
the failed
modules
will
then be repaired
and
recalibrated
using
automatic
test
equipment
et our
central
maintenance
facility.
The control
module will
provide
phase setability
regulation
of the cavity
RF phase to better
then
uses a complex
phesor
modulator
1.. The regulator
(CPM) to’provide
a smooth,
precise,
360’ unambiguous
end a similar,
computer-generated
phase reference,
less precise
device
to remove
accumulated
phase offThe fast
phase regulator
uses
sets from the system.
the traditional
90“ nulling
type phase detector
end
in a closed
loop servo regulator.
varsctor
modulator,

and

RF Cavity
Digital
0sig

Ljczpl

p

Ref
RF
In

0’

90’
RF Reference

Line

I

0’

Quadrature
Hybrid
In Phase
Combiner

0
0.

l-’

SIMPLIFIED SYSTEM BLOCK DIAGRAM
Digital
0 sig

F-ltzAos

*

COMPLEX PHASOR MODUUTOR

l Thie
energy

work was supported
by the U.S.
under contract
DE-ACO-64-W4015.
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PARAMETER LIST

The fast
RF amplitude
regulator
uses a conventional
analog control
loop with a fast
compensated
RF
level
detector
for feedback,
and a 12 bit DAC as the
amplitude
control
loop continuousA slow
reference.
ly keeps the fast
loop centered
in range to optimize
klystron
efficiency
and system gain by adjusting
the
klystron
modulating
anode voltage.

ACCELERATOR:
Number of cavities
Type
Cells Per cavity
Average field
gradient
Maximum field
gradient
Otput energy
Number of passes

The cavity
quench detector
is an integral
part
of
When the
cavity
drive
is
the
level
regulator.
removed, the voltage
in the cavity
normally
falls
at a
rate set by the system Q, but during
a cavity
quench,
the fall
time can be much shorter.
Any fast
negative
excursion
of the cavity
voltage
will
be interpeted
as
be
immediately
a quench,
the
RF
drive
will
After
a few
removed, and the injector
gun inhibited.
seconds,
the computer
will
reestablish
the cavity
voltage
and ramp the beam current
back to the previous
operating
level.
If a given
cavity
continues
to
break down, or quench,
its operating
gradient
will
be
automatically
reduced by the control
computer,
and the
difference
made up in
nearby cavities.

418
pperconducti

6

10 ?
4-6
4

ng

Mv/Meter
Mv /Meter

Cev

KLYSTRON :
418
Klystron
Gallery
5 Kw max
Permanant
Mod anode
Central
location
10
Kv
1497 Mhr

Number on line
Location
Output power
Focusi nq
ControlBeam powersupply
Beam voltage
Frequency
Maximum VSWR

The frequency
control
system consists
of a coarse
mechanically-actuated
pretuner,
used on a one time
basis to bring
the cavities
into the normal operating
frequency
range after
cooldown.
The small operational
frequency
changes,
due primarily
to pressure
changes
in the helium
bath,
are corrected
for
by a piezoThe
electric
element
in the mechanical
tuner
linkage.
-electronic
control
circuit
uses an unambiguous
360.
phase detector
to compare
the phase of the incident
cavity
feed
voltage,
with
the phase of the actual
The RF control
microvoltage
induced
in the cavity.
computer
uses this
phase signal
to compute cavity
load
impedance,
and readjusts
the piezoelectric
control
voltage
to keep the cavity
always tuned resistively.

magnet

so:1

TRANSMISSION LINE:
Flexible
l/2 high

TYPO
Size
Length
Loss, typical

15
0.5

waveguide
WR-650
Meters
DB

CONTROL 1: REGULATION:
Field
gradient
Phase regulation

71

toll.

lx1o-4
Degree
1

KLYSTRON and

TRANSMISSIONLINE

With superconducting
cavities,
the RF power load
results
almost entirely
from accelerator
beam loading
and can fluctuate
from-full
load to no load, on a very
When beam is
turned
off,
or is
short
time scale.
adjusted
to a small
value,
the
cavity
looks -like an
open circuit
at the end of
the transmission
line
Under these conditions,
the
VSWR will
be
system.
extremelv
hioh and unless
the system
is carefully
designed;
wili
cause arcing
and klystron
instability:
The cavitv
couolina
is
chosen such that the VSWR will
drop to a-near
maiched condition
,when the accelerator
is operating
at full
beam current.
These problems
could be circumvented
by the installation
of a ferrite
circulator/isolator;
the klystrons
would then be
operated
at near full
output
and the excess
power not
required
for particle
acceleration
would be dissipated
in the circulator
load.
Unfortunately,
the capital
cost as well
as the operating
cost for ouch a system
would be high.
Our choice
then,
is to design
the transmission
line
as a voltage
matching
resonant
system,
and
specify
the klystron
such that
it will
couple properly
to a wide range of impedances.
The klystron
output
is placed
an integral
l/2
wavelength
from the
w
superconducting
cavity
accelerating
gap.
This
will
lock the klystron
gap voltage
to the cavity
accelerating
voltage
over the full
range
of
accelerator
beam current.
The maximum voltage
in the transmission
line
system
will
be the
same for
all
loading
conditions,
and the klystron
output
gap voltage
will
never
exceed
the klystron
beam voltage.
When the
accelerator
is operating
at reduced
beam current,
the
mod.uIating
anode regulator
automatically
adjusts
the
klystron
beam current
downward
by a corresponding
amount.
Under these
conditions,
the system gain
is
reduced
so the--loop
attenuator
is readjusted
to increase klystron
drive.
The transmission
line maximum
current
value will
naturally
increase
under
low beam
conditions.
This
is not entirely
undesirable,
since
it tends to increase
transmission
line
loss and help
stabilize
the klystron
at these
light
load conditions.
An E and H plane,
HOM filter
is located
in the
waveguide
system adjacent
to the cryostat.
The filter
will
absorb beam induced spurious
frequencies
emanating from the cavity,
and prevent
them’being
reflected
back to the accelerator.
The
HOM filter
will
also
absorb
harmonics
of the klystron
output
and prevent
them from degrading
the beam.
!XMMARY
The CEBAF.RF system presents
a challenging
design
problem.
With over 400 individual
RF sub-systems,
the
coat per system
must be carefully
controlled,
yet
system
performance
must not be compromised
by inadequate
design.
System performance
and reliability
will
be enhanced
by using
a considerable
amount of
computing
power in the front
end electronics.
System
reliability
will
be further
improved
by making
the
system
fault-tolerant,
that
is to enable
near full
energy
operation
with
a considerable
number of subsystems nonoperational.
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THE CEBAF CAVITY CRYOSTAT
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CEBAF
H. Larry
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University
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Beam Accelerator
Faclllty
12070 Jefferson
Avenue
Newp;&q,
3VAd3603
- The modular
design
of the linac-cryostat
8yatr
based on a cavity-pair
i8 presented.
Description
of
the cryogenic
module consisting
of four
cavity-pairs
The methods
of making
a cavity-pair
is included.
hermetic
during
cryostat
assembly,
introducing
the
supporting
the
helium
vessels
and
waveguides,
introducing
instrumentation
are presented.
Al80
included
are the methods
of tuning
the cavities,
aligning
them to exterior
references
and connecting
cryogenic
fluid
circuits
to adjacent
modules
and
transfer
lines.
*This work was supported
by the U.S,
Energy under contract
DE-ACD-34ER4015.
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Figure
2 Top view of a CEBAF cryo-unit.
Asterisked
items shown only once.
(A. Vacuum shell
flange
and
captured
seal ring:
B. HOM load;
C. Magnetic
shield;
E.+ 2 K return
helium connection
and helium vessel;
F.
40 to SO K radiation
shield;
C.+ Beam-pipe
flange
surface
on end valve;
H.* 2.2 K helium supply
line;
I.
Outboard
cavity
support;
K. Cavity;
L.+ Axial
support;
II. Fundamental
waveguide;
N. Rotary
feedthrough;
0.~
Tuning
mechanism;
P. Superinsulation;
D.* Helium
vessel support
rod.)

Introduction
C~~~C’,,C,E.sl:Fc:~~~~~~~)t~~tem

en: I osepa 418 of the
and amlntalns
them at 2K.
The system
tQ70 positions
the cavities
to form the
are used in the
accelerator.
Four hundred cavities
two Iinac
segments
and eighteen
cavities
are used in
the injector.
The system
is modularized
into fiftytwo stand-alone
cryostats
called
cryomodules
containing
eight
cavities
and one short
cryomodule
containing
two cavities.
The 0.4 meter
long standard
cryomodules
(see figure
1) are further
subdivided
into
four non-stand-a-lone
portions
called
cryo-units
which
contain
pairs
of cavities
(see figure
2) and into end
caps
which
contain
the
utility
connections
for
maintaining
the cavities
at operating
temperature.
are supplied
by a central
helium
refrigCrywoSj
erator
and piped to the cryomodules
using transfer
For the 2.2 K helium supply
circuit
and the 40
I ines.
to SO K shield
circuit,
the string
of cryomodules
acts
Cryogen
connections
to and
as its own transfer
line.
between cryomodules
are made using U-tubes
between the
bayonet 8ockets
in end caps and transfer
lines.
Noto
that heat loads are suaaaarit8d
in reference
4.
from

In the following
the inside
out,

report,
starting

Cavity-Pair
A principle
recommendation
of the cryostat
workeld at CEBAF on October
1 through
October
3
$;(a,
was that superconducting
RF cavities
should &
made hermetic
while
still
in the
clean
room
immediately
after
final
chemical
cleaning.
Th;
cryostat
could
then be constructed
around the cavity
environment
with
assurance
that
the
in a less clean
assembly operation
would not contaminate
the interior
of the cavities.
Niobium
beam pipe
H.O.M.
coupler

we describe
the system
with the cavity-pair.

7

Central portion
of vessel head
(shown in section)

7

Reference
Kapton

7

prob

window1
Isolation

Figur8

Figure
1
installed

Schematic
in the line.

plan
view
of
(RF equip~nt

Cavity

pair

as assembled

in a clean

room.

Our design
follows
from this
recommendation.
The
hermetic
unit
of two cavities
is called
the cavitypair
and is configured
and sealed
as follows.
(See
Figure
3.)
The cavities
of a cryo-unit
cavity-pair
are spaced with respect
to each other
at two and onehalf cell
pitches
from iris
to iris.
At the far ends,
a superconducting-to-normal,
niobium
to stainless
steel
transition
is maintained
at 14.0 cm from the
last
iris.
Beyond this
joint,
the beam pipe contains
a stainless
steel
hydroformed
bellows
before
the pipe
intersects
a preplaced
portion
of the vessel
head.
The disk-like
portion
of vessel
head allows
the
remaining
ring-like
portion
of the
head
to be

a cryomodulo
not

S

valve \

shown.)
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plate-liks
supports,
mountsd
between
the vessel
and
ths cavity
in the same orientation
as the waveguides,
support
ths far ends of the cavitiss
radially
whils
maintaining
sxial
flexibility.
At room temperature,
the stainless
steel
supports
are mounted so that
ths
cavity-pair
snds are deformed
off
axis
by about
0.4
RR.
Upon cooldown,
ths
diffsrsnces
in thermal
contraction
between the niobium
waveguide
and the thin
plate
pull the cavity-pair
axis
into a straight
line.
The slight
differsnce
in contraction
between the two
waveguido
mounts and the cavity
is taken
by elastic
flSxur8
Of ths Cavity
waveguidbs.

This
viton
D-ring
assembled
over the gate
valve.
sealed
gate
valve
with
all
welded
bonnst
is th8
closure
whani8m
on ths beam-pipe.
The O-ring
has to
seal
at room temperature
only
and teats
show it
survives
the teaperature
sxcursion.

i

The higher
order
mode (HOM) loads that
seal
the
ends of the waveguide
stubs
on the HOM couplsr
(and
dump their
heat into ths helium),
are non particulats
The remaining
penetrstions
into
ths
producing.
cavities
are the input
power waveguides,
which
are
sealed
by Kapton windows and two RF rsfersncs
probs
mounting
holes which are sealed by their
prober.

Tooling
is used to align
ths cavity-pair
axis with
the outside
cylindrical
surfacs
of the Conflat
flange
on the beam-pipe
gate valvss.
These surfaces
are used
stags of constructo align
the cavity-pair
st a later
tion.
The ring-like
portions
of the vessel
heads are
wslded to the shell
and to the head portions
on the
cavity-pair
valve assembly.
The heads contain
the 10
cm diametar
tube penetrations
that
connect
the helium
vessel to others
in the cryomodule
or to the piping
in
the end cans.
The demountable
joint
used for all
low
temperature,
stainless
steel
to stainless
steel
connections,
such as this
crossover,
is the Conflat
f Iange.
Rower Input
Wavwuides

The sealing
method for demountsble
joints
invo’lving relatively
soft
niobium
is the Indium gasket joint
A 1.5 mm diameter
used at Cornell
and elsewhere.
Indium
wire
is compressed
between
flat
flangesb,trh,‘ri
are bolted
and loaded with bellevills
springs.
making
up the
joint,
the
Indium
is laid
into
8
triangular
groove
in a teflon
aold
and then pressed
against
one flange
face
to adhere
it to the right
position.
A fixture
is used in the clean
room to position
and orient
the cavities
correctly
with
respect
to
After
all
seals
8-T made
their
reference
surfaces
torr
and tested,
the cavity
pair
is evacuated
to 10
and the valves
are closed.
Tuning Mechanism
The cavitiss
must be tuned by physical
deformation
to within
20. of phase. which corrssoonds
to 1.497.000
MHz i 124 Ht.
This
is equivalent’to
a dimensional
Tuning
is accomplished
by
change
range
of 0.5 pm.
attaching
a stiff
collar
to the equators
of the end
cells
of the cavity.
A yoke,
attached
to one of the
collars,
acting
on links
attached
to the other
collar,
compresses
the
cavity
axially.
The mechanical
movmnt
of the-yoke
is driven
by a link
whose length
is changJ
by a diffsrential
screw.
It is driven
by a
stepper
motor from outside
the cryostat.
A worm gear
reducer
in the drive
provides
additional
reduction
in
motion
such that
the cavities
are tuned
throuah
ths
required
range by turning
the outside
shaft
t/;rough
5oo”.
The cavities
are aermanentlv
tuned to one side
of the frequency
range such that
the tuning
range
is
spanned exclusively
by compression.
This
avoids
an
insensitive
dead
band
around
zero,
where
the
mechanisms uy
have backlash.

The 2.M) cm x 13.44 cm input
power waveguides
are
ths principls
penetrations
from the exterior
into the
cryo-unit
helium
vsssel
and represent
the greatest
They are constructed
of .081 cm thick
heat
lsak.
l tainlsss
stesl
with
a 2 cm (several
skin
depths)
internal
copper
plating.
Ths waveguides
are bead
blasted
on thsir
inner
surface
to minimize
specular
rsflection
and have a coating
of cupric
oxide to raise
absorption
so that
little
radiant
heat reflects
to the
cold end.
Conduction
to 2 K is minimized
by a 55 K
heat intercept
located
8 cm from the 2 K vessel.
The waveguides
terminate
on the outside
of the
a flange
vacuum vessei
in the top hat region
with
mounted to a hydroformed
bellows.
The suooorts
for
the helium
vessel
withstand
the compressive
force
created
when the
vacuum
vsssel
is evacuated
and
atmospheric
pressurs
presses
on the bellows.
Thermal
and Magnetic
Shielding
The remainder
of the cryo-unit
is a shisld
system
to prevent
both heat and magnetic
field
from reacfi::
the helium
vessel
and cavity
respectively.
shield
system
is not complete
with each cryo-unit
as
is the helium
vessel.
It
is open ended,
to be completed
only by bridging
to the next cryo-unit
or an
end cap.
The Shell8
of this
system
from the inside
shield,
(2) 15 layers
of
out are (1) the magnetic
super insulation,
(3) vacuum space,
(4) 40 to SOK
shield,
(5) 60 layers
of superinsulation,
(6) vacuum
space and (7) vacuum vessel.

All wear surfaces
of the differential
screw,
gear
reducer
and universal
joints
l rs
covered
with
dicronite
(tungsten
disulfide)
solid
lubricant.
In
addition,
mating
gears
and threads
are alternately
nade of stainless
steel
or aluminum
bronze
for
good
wear qualities.
Rotary
motion
is transmitted
from
outside
the two vessels
by bellows-aealsd,
rotary
feedthroughs.
A linear
potentiometer
for
position
sensing
and
liait
switcher
for overrun
avoidance
l rs l ountsd
to
the differential
screw.
Instrumentation
In addition
to the
potentiometer
snd
limit
the cryo-unit
require8
transswitcher
listed
above,
mission
of the signals
from
the two RF rsfsrsncs
probes using coaxial
cables
and from two diodes acting
as thermometers.
A 1OW heater
for Q measurement
a Iso
requires
leads from the sxterior.
All
leads
into ths
helium
vessel
are
conducted
through
csraaic
feedthroughs
rated
for
cryogenic
service.
All
l r8
mounted
on Conflat
flanges
so that
thsy
say bs
thermally
cycled
and leak tested
before
use.
,
Helium Vessel
Each cavity-pair
is encased
within
its own 316L
atainl8s8
steel
hslium
vsssel.
The cavities
l rs
mounted
to the
vesssl
through
the
powsr
input
waveguides
whose flanges
are bolted
and sealed
to ths
interior
of the vessel
near
its center.
Two thin,

Magnetic

Shield

The magnetic
shield
required
to lower the ambient
field
below
.005 gauss is a cylinder
of nickel-iron
alloy
called
Conetic
that
is .04 cm thick.
These
sheets
l rs laid
on the vessel
lengthwise,
lapped
at
their
edges and pop riveted
to form a cylinder.
The
gap between
cryo-units
is completed
by pulling
out
overlapping
sleeve-like
portions
of the material
that
are trapped
at assembly between the helium vsssel wall
and ths main
shield
cylindsr.
Ths hole
in the
cylinder
for
the
input
waveguidea
is closed
by a
similar
trapped
piece that can be pulled
down to close
the hole like a shade in an sirliner
window.
The cryo-unit
house8 part of the transfer
line for
the 2.2 K supercritical
helium
supply
circuit.
This
lightly
superinsulatsd
pipe
is located
outride
the
magnetic
shisld
and insids
the helium
vesssl’s
superinsulation.
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Cryomodu I es

Superinsulation

Cryo-unit8
Sre assembled
into cryomodulea
with the
too hats
in a left-right-right-left
pattern.
The
purpose
of this
pattern
is to reduce to a negligible
valus the effect
of small transverse
beam kicks caused
by ths asymmetric
fields
in the fundamental
power
couplers.
In addition
to the hardware
mentioned
earlier,
the connections
between cryo-units
utilize
a
beam pipe with
bellows
and a pinch-off
pump-out
tube
and utilize
connection
pipes for the shield
and 2.2 K
hsl ium f lOw8.

Superinsulation
is used between
the 2 K helium
vessel
and ths 40 to SO K shisld
(15 layers)
rnd
between
the shield
and the room temperaturs
vacuum
vessel
(60 I ayers) . The insulation
consists
of doubls
aluminized
mylar
of approximately
300 A coating
thickness
and an emissivity
of .03 separated
by thrse
layers
of light
dacron polyester
netting.
A

Joints
in the insulation
are made by butting
15
layer blankets
and using aluminized
mylar tape to seal
the outer
most layer.
All
joints
are staggered
to
The blankets
betrreen
minimize
any local
hot spot.
cryo-units
are pre-cut
oversized
and are installsd
bunched-up
to allow
for shrinkage
during
cool-down.
40 to

A supply
snd cap is bolted
to the vacuum vessel on
one end of the cryomodule.
and contains
ths bayonet
sockets
for
two
U-tuber,
one supplying
2.2
K
40-50 K shield
supercritical
gas and ons supplying
The first
is internally
connected
through
a JT
gas.
valvs
to the input
of ths helium
vsssel
in the first
crvo-unit.
and also continues
in parallel
with the JT
raive ind the transfer
line passing
through
the first
cryo-unit.
The 40-50 K gas input
is connected
through
a thermal
shield
in the end cap into the shield
in the
This end cap also contains
all the
first
cryo-unit.
rslisf
valves
and rupture
disks
on both the helium
circuits
and the vacuum tank.
A beam-pipe
extension
with thermal
expansion
bellows
and a transition
from
2.0 K to room temperature
is also
includsd
in this
piece,
as a closurs
for
the magnetic
shielding
and
Vacuum
closures
for
the superinsulation
blankets.
which
passes
vessel
closure
is provided
by a cover
over a notarized
gate valve
locatid
on the beam pipe.

SOK Shield

The shield
is made of 2.4 mm copper
sheet brazsd
to
an axial
copper
pipe.
The
shield
is
CirCUmferentiSlly
Slit
for SSverSl
inches
on sithsr
side
of the pipe,
between
every
patch
of braze
to
allow for dimension
change during
sudden cool-down
and
warm
up.
The ends of the tube are CTA welded
to a
short
nickel
tube which in turn
is welded to a Conflat
f Iange.
This
use of intermediate
nickel
between
copper
and stainless
eliminates
ahot shorts
cracking
experienced
in stainless
to copper welds.
The sheet
copper
transmits
heat
leaking
through
the superinsulation
with
negligible
temperature
rise
and act8 as a distributed
heat conduit
for the thermal
intercepts
used
in the
supports,
waveguides
and
instrument
cables.
The shield
is supported
radially
and axially
from columns of G-10 strip
that are bolted
tangentially
to the shield
and rest
in rockets
in the
iniide
8nds of the vacuum vessel.
The hole
in the
shield
in the waveguide
region
is covered
by a bolt-on
cover plate.
The shisld
is joined
to the neighboring
strip
ihat
is attached-to
on;
shields
by a copper
shield
and slides
over the other.
Vacuum Vessel

and Helium

Vessel

At the other
end of the cryomodule,
a return
end
cap is similarly
attached
to the cryomodule,
and
One of
contains
bayonet
sockets
for
three
U-tubes.
these
sockets
is
for
continuing
the
2.2
K
supercritical
gas supply
to the next cryomodule,
on8
is for
continuing
the
shield
gas to the
next
crvomodule.
and one is for
connecting
the 0.031sthosphers-helium
gas sxhaust
line
to the
rsturn
transfer
lins.
This bayonet
socket
contains
a high
vacuum valve
and a helium
purge
and a guard
vacuum
anti
chamber
to stop
contamination
of the
sub
atmosphere
helium.
The components
in this
cap ares
similar
to those
in ths supply
snd cap, except
that
the additional
U-tube
connection
is connected
into the
pipe at the top of the hslium
vessel
and contains
the
Another
exception
is
moduls’s
liquid-level
gauge.
that the connection
between the 2.2 K supply
line and
the liquid
hslium
vessel
is absent.
Pumping ports
on
the insulation
vacuum l rs provided
at both ends.

Support

The vacuum vessel
housing
the insulation
vacuum is
made of 304 L stainless
steel.
Large flanges
on the
ends stiffen
the shell
and provide
a bass for
the
helium
vessel
support
rods.
Flanges
at the ends are
machined to permit
l lignm8nt of succsssive
cryo-units
by simple
bolt-up
of the O-ring
sealed sleeves
between
cryo-units.
The cryomodule
structural
frame is formed
by the cryo-unit
vacuum vessels
and these sleeves.
The
vacuum vessel
has a side opening
called
a atop hata
that
permits
installation
of waveguides
and other
instrumentation
devices.
The cylindrical
cover of the
top hat is O-ring
ssaled
to facilitate
access to this
region.

Each cryomodule
also
has two detachable
support
stands cradiing
the vacuum vessel
at the inner
end of
the first
and fourth
cryo-unit.
Each stand’s
feet
contain
the
adjustment
mechanisms
necessary
to
position
the module on the beam-line
axis.

The liquid
helium
vessel
is supported
st sach end
by four
stainless
steel
rods mounted
between
the
helium vessel
head and the inside
of the vacuum vessel
f Iange.
The rods are positioned
in a doubls-X
(XX)
pattern
such
that
pitch.
roll,
yaw and radial
translations
are constrained.
The-mounts
are such
that
contraction
of the vessel
towards
csnter
is
slightly
Isss
than
the graded
contraction
of the
entire
rod upon cooldown.
Thus,
the rods
increase
their
stalx
of tension.
The over-constrained
pattern
was chosen to maintain
the helium
vessel
centered
in
the vacuum vessel
and to minimize
the lateral
strains
on the input
power waveauides
and their
ioints.
The
rods are adjusted
at as&ably
at each end such that
the surface
of the Conflat
flanae
on the aate valves
is centered
with
rsspect
to the-outer
sur?ace
of the
vacuum vessel
flange.
A single
G-10 dog-bone
shaped
support
provides
axial
support
for the helium
vsssel.
This support
is located
in the top hat region.
Al I
helium vessel
supports
are thermally
intercspted
from
the shield
using copper braid.
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1. INTRODUCTION
TABLE 1

The Continuous
Electron
Beam Accelerator
Facility
(CEBAF) is a standing
wave superconducting
linear
accelerator
with a maximum energy
of 4 CeV and
m
CA beam current.
The 418 sCornelI/CEBAFa
superconducting
niobium
accelerating
cavities
wre
arranged
in two 0.5
GeV linacs
with
magnetic
recirculating
arcs
at each end.
There
is one
arc (Fig.
1) for
each energy
beam
recirculating
that
is circulating
and any three
of the four
correlated
energies
may be supplied
to any of ths
three
Experimental
halls.
The recirculating
arcs
l rs
low field
conventional
dipoles
and quadrupoles.
Ths cavity
resonant
frequency
is 1.5 GHz, each
cavity
is driven
by its own Skw klystro
duty factor
of the entire
system is 100%. W!Whe

LINAC HEAT LOAD SlMtARY

Total
418-RF Heat Loads
RF Residual
tosses
m
LOSSSS
Input Waveguides
HOM Losses
Input Waveguide Joint
Un-AI located
Total
RF Load

53-PAIR END CAPS (Inc.
Radlstlve
(MLI)
JT Valve
Relief
Lines
Bore Tube
SOK U-Tube Etc.
2.2K U-Tube Etc.
2.OK U-Tube Etc.
Instrumentation
Supports
Un-Allocated
Sub Total

The cryogenics
system for CEBAF consists
of a SkW
central
helium
refrigerator
and a transfer
line
system
to supply
2.2 K 2.8 ATM helium
to ths
cavity
cryostats,
40 K helium
at 3.5 ATM to the
radiation
shields
and 4.SK helium at 2.8 ATM to the
superconducting
magnetic
spectrometers
in the
experimental
halls.
Both the 2.2K and the 4.SK
helium
are expanded
by Joule-Thompson
(JT) valves
in the individual
cryostats
yielding
2.OK at .031
ATM and 4.4K at 1.2 ATM respectively.
The Central
Helium Refrigerator
is located
in the center
of the
CEBAF racetrack
with the transfer
lines
located
in
the Iinac tunnels.
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Thers are two types of resistive
losses
in a superconducting
RF cavity:
residual
resistance,
and BCS
resistance
(Bardeen,
Cooper,
and Schrieffer).
The
residual
resistance
is caused by localized
resistive
areas where defects,
impurities,
or surface
dirt
disturbs
the superconductive
properties.
The
BCS resistance
increases
with
increasing
frequency,
and decreases
as the operating
temperature
decreases.
Other sources
of 2K heat include
static
heat
leak,
conduction
of heat dissipated
in the
input
waveguide,
and absorption
of higher-ordermode power generated
by the beam current.
For
CEBAF, an operating
tsmperature
near 2.OK is an
economic optimum.

Total

The helium rsfrigeration
system at CEBAF must provids an adequate
flow
of 2K helium
to compensate
for rssistive
heating
in the niobium
and for heat
leaks in the cryostat
and distribution
system.
In
addition,
it must provids
helium
at 40K to keep
heat shields
in the cryostat
below SOK.
Table
1
summarizes
the calculated
heat
losses
for
CEBAF,
l ssumi ng Qn accelerating
gradient of 5 MeV/m at a Q

Static

Heat

1129
-

2:;

:
IT?3

2aw

Set

-

171

105

Two Half

46
263
1s

Bridge)

920
1714
152
410

42

1::
3427
3 U-Tubes)
5
:i

25
1g
I
9%

TRANSFER LINES
Supply T
Return T: k*
Injector
T. ‘L.
50K U-Tube (5)
2.2K U-Tubs (5)
Shut Off Valve It Tee (53)
Junction
Boxes (8)
Re$;;g;ytiTr
Connection

2. CRYOGENIC SYSTEW LOADS

Watts

&#%

POQ-CRYOUNIT HEAT LOAD (Inc.
Radlatlve
(ML11
Input Waveguide
2 K Supoorts
Shield’ Supports
Tuner
Instrument&i
on
Un-Allocated
Sub Total

The four hundred accelerating
cavities
are arranged
In pairs
in a acryounits.
The ensemble
of four
cryounits
(8 cavities)
together
with their
end caps
rakes
up a complete
cryostat
called
a cryogenic
module.
The four
cryounit
helium
vessels
are
cross connected
to each other
and share
a common
cryogen
supply,
radiation
shield
and insulating
vacuum.
The d&ailed
design
of the cavity
and
are more fully
described
in these proceedfgf”P3

-

- 418 CAVITIES

Load

lf

1::
159
366
201
265
657
10
27
IG

2

5:
8

800

GRAND TOTAL

3200

CAPACITY WAlT
x

4800
150%

6871

The CEBAF cryogenics
system
is designed
to handle
150% of the calculated
load at 2.OK and 150% at 40K.
In addition,
superconducting
magnets will
be used in
the experimental
spectrometers.
These magnets will
rsquire
helium
at 4.4K to handle
a cooling
load of
154 liters/hour.
The option
exists
to meet this
requirement
either
by purchasing
coavaercially
available 4.4K helium
refrigerator
for the exoerimental
areas,
or by designing-the
central
helium
refrigsrator
to handle
this
additional
load;
we have
chosen the latter
due to its
lower requirmenta
for

of 3 x 10 .
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Tsble
operating
manpower.
cooling
requirements
(including
ment) for CEBAF’s rofrigeration
Table
Cooling

2 prose&s
the
experimental
plsnt.

TABLE 3

total
equip-

2

Point
OA

Requirements

Calcuf&,
Linac
cavities
Li nac
heat
shields
End Sk.
Iiquafac.

(k)
2.0

g

!:‘,‘+;

3200 W

CEBAF Refrigerrtor
Pressure
Tamp.
(K)
(atm)
300.00
20.0
E*E
20.0

m

4,800

w

&

(150)

o.q31

4.4

8ooo w
154

I/hr

12,000
260

I/hr

w

(150)

3.0

(169)

1.2

11A
18

2

SO:00
80.00
80.00

434.4
434.4

:i

20:o

Z

20.0

60.00

329.0

::

28

Ei::

it:

60.00
20.00
38.50

329.0
213.8
108.9

4A
48

1:
14
8

E:“o

iti*:

ii

Et8

12:50
9.00

i
6;12
m
6i12
612

12.73
11.36
11.36

5.10
5.10

61:
240
368
4
240
246

1509.0

1101

420.4
314.6
i::
67.69
78.00
314.8
s9.i
57.72
12A
313.1
3:o
67.40
128
209.1
3.0
37.49
13
37.49
13A
2%:
X::
37.49
138
13c
35
37 49
209 1
2OQ:l
3:s
,37:49
13D
14
3.0
16.39
97.31
72.63
3.0
11.94
15
**++*+++*~+t~+++**++************~~*********

1101

9

l/2

280
2180

5 61
5:50

t 2
HZ
2:80
2.80
2.80
.

45.:
4.60
4:50
4.50
4.50
2.20
2.00

11.36

***++++++*+**+++*I~+***********************

287.50

1OA

::

CEBAF has chosen 2.OK as the operating
temperature.’
The BCS losses,
while
an exponential
function
of
temperature,
are still
s small fraction
of the total
heat load at 2.OK.
Figure
3 shows that
the refrigeration
capital
cost is flat
to 0.5% between 2.0 and
2.2K.
Below 2.OK not only
is it not cost-effective
but it slso becomes technically
difficult
due to the
very
low vapor
pressures
(less
than
0.031
l tin).
Above 2.5K (0.1 l tm) we could
delete
one l tsge of
vacuun pumping, but the BCS loasea are so large that
it would not
be economical.
This
leaves
us with
an opersting
range of 2.0 to
2.6K.
We have chosen
to size
the distribution
system to be optinized
for 2K operation
with a flow
safety
factor
of two times the calculated
heat load.
Since possible
future
higher
csvity
gradients
will
tend to shift
the optimum toward
lower tamperaturea,
this will
permit
future
beam energy
increases
without requiring
an awkward and costly
replacement
of
the distribution
system.

1508.0
420.0

116
253
848
848
iz:

1.08
1.05

HX
24

1.14
1.11
1.16

37.50
57.73
16.11

209.3
314.6
97.31

Et
368

Ei
26A

1.18
:z

12.00
5.23
5.23

36.68
75.41
36.68

368
368

268
27 l/2
28

1:20
:::

30.76
29.94

36:
368

z4
4.424

____..____...___....._.....
1.20
23.62
0:1:
03
11.45

36
38

287.50
78.00

986
115
986
848
138

ZY
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at 2.177K.
Two-phase
helium
becomes a superfluid
While we do not expect
superfluid
problems
(vacuum
leaks,
incrersed
heat
leak,
or oscillstions)
plan to coaxaiasion
the accelerator
at a tempera6u:f
of 2.2 to 2.25K with a few percent
higher
operating
cost,
It is our intention
to operate
at 2.OK after
the initial
cowxaissioning
period.
4.

108.9
108.9
61.54
38.25
26 61
22:63
22.53

7 l/26
!A
8B
8C

The choice
of operating
temperature
affects
the BCS
component of the cavity
lj and, thereby,
the RF heat
load,
ss wall
as the refrigeration
costs
(both
capital
and operating).
The BCS losses
vary
inversely
with the cavity
9, approximately
doubling
every 0.2K.
Figure
2 shows the total
heat load as a
function
of temperature.
The refrigeration
coats
vary
inversely
with
the temperature;
in addition
capital
costs
increase
with
the 0.7 power of heat
load,
while
opersting
coats
increases
to the 0.85
power.
The net effect
is shown in Figure
3.

1713
16

20.0 '

7 112
7 1ju
3. OPERATING TEMPERATURE SELECTION

1579.0
1679.0
1579.0

OB

3

40.-52.

Process Calculations
Enthalpy
Flow
(g/ret
(J/g)

0.031

0.031
0.031

6.42
3.32

2.15

2.00
++*+*++**++++**++++,~****~*
::

::ii

Percent of Carnot
55% isothermal

275.00
78.95
= 15.3%

11.36

137.9
240
73.70
246
47.74
246
31.72
246
25.46
240
24.65
240
+++***+++++*++++
285.1
267
-91.8
267
wIi th

compressor

CYCLE DESIGN
completely
decouples
the standard
refrigerator
from
the subatmospheric
syrfam.
This decoupling
of the
From a procurement
cycles
has several
advantages.
standpoint
it breaks the cryogenics
into a standard
off-the-shelf
refrigerator
and a high tech’
aubatmospheric
module,
which
in turn
also
simplifies
the operation
and controls.
The requirement
for
double
seals
with a guard
vacuum to eliminate
air
Ieakrge,
therefore,
only
applies
to the aubatmospheric
tiule.

. The CEBAF refrigeration
system
is shown in block
diagrsm
form in Figure
4 and in schematic
form
in
Figure
5.
The primary
systems
are the screw compressor
system., a standard
cold box, the 4.4K dewar
system,
the distribution
system,
snd the cold compressor
system.
Fable
3, which
is keyed to Figure
5, provides
a conservative
set of process
points.]
We have chosen

this

configuration

because

it

almost
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will
not take more than 10 or
much less than the several-hour
of each cryomodule.

Cold Corapressora
to achieve
the 0.031 ATM operating
pressure
were chosen for the 2K refrigaration
cycle.
The warm vacuum pumping compressor
solution
has two
ujor
cost and technological
problama:

1.

Cigsntic
Low Pressure
would be state
of the
require
multiple
cold

2.

One Mega Watt Vacuum Syatem.with
Purifiers:
Keeping
this
system
leak tight
as well
as the
periodic
maintenance
will
make one yerr
running
periods
very hard to achieve.

The

Cold

Compressors,

Heat Exchangers:
art units
and most
boxes.

though

at

the

~I~~~:;'ti~~~~~p,n,~~hrcs~Q~h~~~
major
i;;t”;ys

forefront
z

16 minutes,
stand-alone

which
is
capscitY

In this system,
the transfer
lines
are a simple
coaxial
design,
whl.ch can b~~as;~~~$;;d;;;i~
and economically
(Figure
7).
easy to control,
because it has few control
valves,
A control
valve
each with a well-defined
function.
at the end of each branch
of the
Ha will
maintain
the shield
at a temperature
between 40K at the inlet
and no more than 5% at the outlet.
A control
valve.
at each cryomodule
will
maintain
the liquid
level
in
each module
in the full
state,
while
the psrallel
connection
to the cold
vacuum line
will
keep the
oressure
in oath module at 0.031 atmosphere
for 2K
operation.

These
likely

of

Er,“.“.‘tr;

world

wide effort
in this
area;
four
aanuhave built
unita:
Rota-Flow
and Creare
in
and L’Alr
Llqulde
and Sulrer
In Europe.
In
ddit:on,
there
are efforts
in System Design
and
Testing
at five major labs:
BNL,
CEBAF,
and
FERMILAB in the U.S., CERN and SIN in Europe.

6. END STATION

l

CRYOGENIC
SYSTEM

The design
for
the CEBAF end stations
includes
several
large superconducting
dipoles,
quadrupoles,
an 8 coil
toroid.
The dipoles
and quadrupoles
are
assumed to be pool-boiling
magnets.
These magnets
are very simple
to control
cryogenically,
as they
need only liquid-level
control.
The magnets will
be
cryo-stable,
with the exception
of the quadrupoles
so that
quench detection
and protection
is reduce:
.manageably
simple
system.
The superconducting
to
torold
will
be forced
cooled
and will
require
an
active
quench protection
system.

Some additional
features
worth
noting
are that
the
refrigerator
may operate
as a conventional
1.2atmosphere,
4.4K helium
refrigerator
by simply
turning off the cold compressors
and psssing
the flow
around them.
The refrigerator
may operate
at rduced capacity
if any of the expanders
are off
for
repair,
or it can operate
at close
to full
capacity
for up to three
days by consuming
liquid
from the
30,000 gal. dewar.

l

The helium systaa~ should appear
as a utility
to the
end stations,
rather
than as an overhead
operation
with which they must be intimstely
involved.
This
concern
and the desire
to reduce
overall
system
costs
suggest
that
it would
be desirable
for
the
central
helium
refrigerator
to provide
for
this
Thus,
supercritical
cold gas will
magnet cooling.
be delivered
to the end stations
and distributed
locally
via transfer
lines.

THE CRYOGENIC
DISTRIBUTIONSYSTEM
The distribution
system must be sufficiently
flexible to allow
a wide range of operating
conditions.
It must be able to handle contingencies,
such as the
replacement
of a cryomodule
while
maintaining
the
system
in a standby
condition.
We have selected
a
solution
that provides
the required
flexibility
and
also minimizes
costs;
in addition,
it permits
the
accelerator
to operate
whi lo a cryomodule
is either
being warmed up or cooled
down.
The distribution
system operates
exclusively
with
supercritical
supplies
and JT expansion
valves
at the loads.
The
return
lines are either
vacuum or high pressure
gas.

Each magnet would have a liquid-level
control
that
Thus,
the problems
would run an inlet
JT valve.
associated
with distribution
of liquid
helium
and
two-phase
flow will
be eliminated.
The end station
area will
have a small
compressor
and a suction
buffer
tank to return
the warm helium
oas from the
The gas
magnets through
a small high-pressure
l&e.
will
pass through
the nitrogen-cooled
utility
purifier
before
entering
the central
refrigerator.
Table 4 l umarizes
the end station
magnets.

The system depicted
in figures
4 and 6 is based upon
using the string
of cryomodulea
as part
of the supply transfer
line,
and a transfer
line
for
the
return
flow.
The cryomodulea
are series-connected
in an
Ha pattern
utilizing
U-tubes
and interns1
flow to distribute
2.2K helium
at 2.8 atmospheres
and 40K helium at 3.5 atmospheres.
Each cryomodule
(Figure
6) is connected
to the return
cold
vacuum
line to maintain
ita 0.031-atmosphere
internal
pressure, and the shield
flow
is returned
to the trans$rt~~eHat
four places,
one at the end of each arm
I . This series-parallel
system minimizes
the cost of the distribution
system.
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unit
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the
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Abstract

partially reflected depending on the angle of incidence and an
arbitrary reflection coefficient, and therefore provides a mechanism for power to leave the system. Though the port boundary condition is arbitrary and nonphysical, it has been demonstrated that it gives essentially correct results as long as reflections of outgoing waves are not large. The simulation region
and dimensions are shown in Fig. 1.

In this paper we describe results of the computer simulation of the SLAC proof of principle lasertron device with a
conventional single gap output cavity, using the 2D relativistic
field and particle code called MASK. The RF to beam power
efficiency is calculated for different power levels, DC voltages
and optical pulse lengths. The calculated efficiency at the initial operating point of 50 MW beam power, 400 kV, and with
60 picosecond optical pulse duration, is 66%. The maximum
RF power at 400 kV is about 50 MW. At 600 kV the maximum power increases to about 110 MW, but the efficiency at
low power is not much changed from what it was at 400 kV.
The simulation calculation does not take into account loss of
’ RF power due to backscattered electrons nor the full effects
of the impedance of the accelerating gap. A calculation of
the efficiency of the lasertron with a double output cavity has
been carried out by K. Eppley at SLAC, and generally yields
efficiencies about 10 percentage points higher than the single
cavity simulation.

Accelerating
Gop Port
l-4cmi

Fig. 1. The MASK simulation of the SLAC lasertron with a
single gap output cavity gives the postions of macroelectrons
as a function of radial and longitudinal coordinate. This run
shows the beam corresponding to the proof of principle parameters for the SLAC lasertron: 50 MW beam power, 400 kV
beam voltage, and gives an efficiency of 66%. The initial pulse
length is 60 picoseconds fwhm.

1. Introduction
The desire for advanced accelerators beyond the SSC has
led to an increase-in research and developement of high power
RF sources. At SLAC we are engaged in an effort to study the
possible utility of a photocathode klystron commonly called
the lasertron.’ One of the first steps in this effort was to simulate the beam dynamics and arrive at estimates for efficiency
and power. This was first done assuming a conventional output
show
cavity with a single gap, however further calculations2
significant gains in efficiency if a less conventional double gap
output cavity is used instead. The single gap cavity simulation results are presented here and compared with some of the
double gap cavity results.

The basic geometry of the lasertron focus electrode and
anode is shown in Fig. 2. The electrode geometry and the
magnetic solenoid focusing scheme were constrained by the
available voltage (400 kV) and cathode material (a flat wafer
limiting the effective diameter to 3 cm). I chose a defocusing electric field shape in order to increase the electric field on
the cathode (10 MV/m), which reduces the debunching in the
accelerating gap. A simple ironless solenoid magnet provides
a longitudinal magnetic field of about 2000 gauss maximum,
and is strong enough that small changes in the geometry of the
electrodes have almost no effect on the beam trajectory.

The simulation used the relativistic particle in cell code
MASK. In the code, Maxwell equations are solved on a rectangular mesh to give fields which are used to determine the force
on macroelectrons (simulation particles with the same charge
to mass ratio as electrons but variable charge). The motion of
the macroelectrons is computed and used as input to solve the
Maxwell equations, and the process is repeated. The simulation is completely time dependent; steady state behavior can
only be studied if the program is run long enough for transients
from the initial conditions to decay and for power balance to be
achieved. The boundary conditions in the simulation are either
metal or port. The port boundary condition divides the fields
at the boundary into incoming and outgoing waves. The amplitude and phase of the incoming wave is arbitarily adjusted to
give the appropriate
voltage
across the accelerating
gap or across the output cavity gap and is the mechanism
by which power is delivered to the beam. The outgoing wave is

*Work supported by the Department
DE-AC03-76SF00515.

of Energy,

In the simulation, a bunch of macroelectrons is formed every 350 picoseconds - the period of the fundamental mode of
the output cavity. The current pulse shape is believed to follow the optical pulse shape initially and is given in Fig. 3. The
bunches are accelerated in the cathode anode gap by the electric field which derives from the port boundary condition as
well as fields induced by the passage of previous bunches. The
bunches spread out considerably by the time they reach the
output cavity. At 50 MW of beam power, the bunches in the
simulation spread from an initial fwhm of 60 picoseconds to
about 135 picoseconds.
The electric field amplitude and phase in the output cavity
are adjusted to minimize the final kinetic energy of the macroelectrons subject to the constraint that none are reflected, by
changing the RF port boundary condition. Reflected electrons

contract
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LASERTRON

macroelectrons when they reach the right boundary in figure
1, approximately where the collector would be located. If Q is
large, then the initial kinetic energy of the bunch is less than
QVa’opplicdsince the beam would load down the accelerating gap
and reduce the accelerating voltage. This effect is small for the
parameters we are currently dealing with and in any case, only
affects the conversion efficiency to second order. For maximum
efficiency from a 400 keV beam, the peak RF field in the cavity is about 20 MV/m and the corresponding cavity voltage is
450 kV. The efficiency obtained in this way is not sensitive to
small changes in phase or amplitude and the values given in the
figures which follow are probably within 5% of the maximum.

GUN STRUCTURE

32 m m

It is possible using MASK to simulate the entire output
cavity without using the RF port boundary condition by sending many bunches through a completely metal cavity which is
resonant at the bunch frequency. The electric field strength in
the cavity will build up with the passage of each bunch until
the power lost to reflected electrons equals the power absorbed
from electrons which pass through the cavity. When the electric field in the cavity gives the maximum conversion efficiency
as defined above, the amplitude and phase will be the same as
that in an optimally coupled cavity. This occurs after about 10
to 15 bunches from a 50 MW beam. The efficiency calculated
in this way is insensitive to the number of bunches needed to
build up the fields, but does require a careful adjustment of the
cavity dimensions and fairly long computer runs. This method
gives almost the same results as obtained using the port boundary condition. The efficiency of a 50 MW beam at 400 kV was
66.1% when computed without the port approximation
and
66.3% when the port approximation was used. Bunches from
a 100 MW beam gave an efficiency 46.5% without an RF port
compared to 42.5% with. At this time MASK has no provision
for adjusting the coupling of a cavity to the outside world, nor
for measuring the RF power removed from a cavity directly.

Fig. 2. The lasertron gun structure.
The beam is confined
against defocusing electric fields from the gun geometry and
space’charge by a longitudinal magnetic field of about 2000
gauss. The field on the cathode is about half the field at the
cavity center causing a radial compression of the beam.

2.

01'
- 1.5
5-86

I
- 1.0

I

I

I

I

-0.5

0

0.5

I .o

NORMALIZED

UNITS

Results

Runs were made with two optical pulse lengths, corresponding to gaussian laser pulses of 30 and 60 picoseconds
fwhm. Figure 4 summarizes MASK simulation results for the
SLAC lasertron at the design voltage of 400 kV. At modest
beam power there is little difference in RF output power between the two optical pulses. At 100 MW of beam power,
the 30 picosecond pulse gave about 10 MW more RF than the
60 picosecond pulse. The design parameters for the proof of
principle device include a an efficiency of 70% at 50 MW of
beam power, but MASK predicts we should get only 66% efficiency or 32 MW of output power using a single gap output
cavity.

\I
1.5
5421A3

I have performed a series of runs at 600 kV using the same
cathode anode geometry as in the 400 kV runs thereby increasing the cathode electric field to about 15 MV/m. We might be
able to convert our 400 kV DC supplies into a 600 kV supply
with only minor changes. It is not known yet whether or not
the lasertron structure can support 600 kV DC or even 400 kV
DC for that matter. It is fairly certain that the lasertron would
hold off these or possibly higher voltages if we used short pulses,
on the order of 10 microseconds long.

Fig. 3. The simulation profile of the optical pulse shown
against the expected gaussian pulse shape from the laser.
cause two problems: they drain power from the output cavity
reducing efficiency, and they can strike the output cavity or
drift tube when their velocity gets near zero and the magnetic
focusing becomes ineffective causing excessive gas desorption.
The beam power to RF power conversion efficiency is defined as

Einitiol - Ejincrl
‘1=
Einitiol

Simulation

The data from the 600 kV runs is added to the data from
the 400 kV runs and efficiency versus beam power is plotted
in Fig. 5. The leftmost data point, 81% at almost zero beam
power, represents the best efficiency I could obtain using a

(1)

where Einitial is taken to be the bunch charge Q multiplied
by the applied voltage, and Efinal is kinetic energy of the
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Fig. 6. Calculated power and efficiency for the SLAC proof of
principle lasertron at 800 kV. This is too high a voltage for the
electrode structure to hold off DC, but it may be possible to
hold off using a short pulse.

Fig. 4. The MASK calculated.SLAC
lasertron output power
for various beam powers and for two optical pulse lengths.
These results were obtained using a model with a single gap
output cavity.
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Fig. 7. Calculated efficiency versus beam power of the SLAC
lasertron with a single gap cavity and with a double gap cavity,
at 400 kV and using a 60 picosecond fwhm optical pulse. The
double gap cavity efficiencies are typically about 10 percentage
points higher at the same beam power.

Fig. 5. The MASK calculated efficiency of the SLAC lasertron
using a single gap output cavity. Note the maximum efficiency
is 81%.
2 picosecond optical pulse with 70 A peak beam current at
400 kV. The efficiency of the 30 picosecond 600 kV runs approaches but does not exceed that value. From the figure, it
can be seen that there is a large premium to be gained by
going to higher voltages provided that it is acceptable for the
efficiency to fall below about 68%. For example, at 60% efficiency, the 600 kV beam puts out twice as much RF as the
400 kV beam. At beam power less than about 75 MW, and
high efficiency, the advantage of higher voltage is minimal.

single gap cavity efficiencies. The same results are plotted differently in Fig. 8. The double gap cavity simulation results
provide as much as 20 MW more RF than the single gap cavity at the same beam power, and with efficiencies around 65%.
At the design value of 50 MW beam power, it gives 8 MW
more RF power. For these reasons and because the design parameters called for more than 70% efficiency at 50 MW beam
power, we chose to build a double gap cavity for the lssertron.

A few runs were made at 800 kV, again using the same
geometry as in the 400 kV runs, and are plotted in Fig. 6. An
800 kV device brings the RF power levels well into the range
of 100 to 200 MW at greater than 50% efficiency.

Some mechanisms by which efficiency and power are lost
that are not taken into account in the MASK simulation are
listed below.
1. Backscattered electrons from the collector will be directed by the magnetic field to the output cavity where
they will act as a current drain on the cavity. This effect is particularly
large for the lasertron because the
backscattering coefficient is large (0.3 to 0.6) and because
the magnetic field is strong even in the collector, and can
easily direct backscattered electrons to the output cavity.

Some results from the double gap cavity simulation by Eppley are plotted together with the single cavity simulation results
in Fig. 7. The double cavity simulation used the same electode
geometry, optical pulse and a somewhat longer solenoid with
the same current density in the magnet coil. The double cavity efficiencies are about 10 percentage points higher than the
83

2. Multiple reflections of the optical pulse from the electrode
to the anode and then to the cathode, or from surfaces of
the vacuum window, cause emission at the wrong phase.

8o9

3. Current loading effects will lower the beam voltage so the
cavity will no longer be optimized. Also, bunches induce
RF power in the accelerating gap which is lost in the
power supply and energy storage system. The induced
RF may act back on the beam and cause a flucuation in
the arrival time of the bunches at the output cavity and
a flucuation in the energy of the bunches and therefore a
loss of efficiency.

0

0

q

0
0
0

0
q

A’

A

A

4DO kV, 60 psec

These losses depend in detail on the particular design of
the lssertron and in some cases can be completely eliminated.
Nevertheless, they will have a significant effect on the beam
power to RF power conversion efficiency, thus the calculation
of the efficiency by the MASK simulations may be regarded as
an upper limit on the actual device performance.
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The MASK simulation was originally set up to predict the
efficiency of the SLAC lasertron and to optimize the pulse
length and beam power. For reference, the very short low
energy spread bunch described above was tried and surprisingly gave no more than 81.4 f 1% efficiency. This efficiency
was obtained at a cavity voltage of about 450 kV and with
the initial bunch voltage of 400 kV, giving a beam power of
2.5 MW. The bunch lengthened during transit from the cathode to the cavity to about 20 degrees of RF phase, and there
was a spread in energy of electrons within the bunch of about
f3%. A normal bunch for the SLAC lasertron would have an
energy spread of f30%, lengthen to 100 picoseconds, and give
an average beam power of 50 MW (see Fig. 1). The MASK
calculation shows that the bunch is to some extent still intact
after having passed through the cavity and that additional RF
power could be extracted from it by a second cavity.

Abstract
By using a photocathode instead of athermionic cathode in
a klystron, the possibility exists to make very short low energy
spread bunches of high efficiency. However, there is a fundamental limit to the efficiency of a conventional output cavity,
such as the one used in the SLAC XK-5 klystron. The fringing
electric field in the drift tube acts on the beam as it leaves the
output cavity and results in a net acceleration. All electrons
which eventually reach the collector emerge from the drift tube
with a substantial kinetic energy and as a result, the highest
practical efficiency is about 80% for a 400 kV single output cavity tube. The behavior of these very short low energy spread
bunches was calculated using MASK, a 2D field and particle
program as well a much simpler 1D program. Using multiple
output cavities, it may be possible to extract energy from the
electrons more efficiently.

100

I

I

I
400

New methods of forming bunched beams of electrons such
or second harmonic
as using laser modulated photocathodesl
bunchers2 can im$rove the beam power to RF power conversion efficiency by shortening the bunch length and minimizing
the energy spread of electrons within each bunch. With short
low energy spread bunches, one can try to adjust the output
cavity voltage and phase to bring all electrons in a bunch essentially to rest after having passed through the output cavity,
implying an efficiency of 100%. However, if one examines the
dynamics of electrons as they pass through the cavity and fringing fields in the drift tube, it becomes clear that it is not possible to arbitrarily slow down the electrons, they either emerge
from the cavity with a substantial kinetic energy or they are
reflected. The efficiency of an output cavity is therefore limited by the minimum kinetic energy electrons have when they
emerge from the cavity/drift
tube.
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results for the beam power to RF

power conversion efficency for the SLAC lasertron using a single gap output cavity. At the design operating power of 50 MW
the calculated efficiency is 66%. The highest efficiency 81.4 f
l%, was obtained with a 2 picosecond low power bunch at a
cavity voltage of 450 kV.

The dynamics of electrons passing through an output cavity were investigated using two different computer simulations.
In both cases the output cavity resembles the one used in the
SLAC XK-5 klystron which produces RF power at 2856 MHz.
In one case, a short bunch of initially 2 picoseconds duration
is simulated using the particle in cell simulation code called
MASK. The charge in the bunch corresponds to a perveance
of 0.05 micropervs, in the sense that a train of such bunches
would have the same beam power as a continuous beam with
that perveance, and the beam voltage is held at 400 kV. The
cavity voltage and phase relative to the bunch starting time are
Varied to minimize the final kinetic energy of electrons which
pass through the cavity.

* Work supported by the Department
DEAC03-76SF00515.

I

The second simulation replaces the multiparticle
two dimensional code with a relativistic code to model a single electron under the influence of a one dimensional force of the form
f(z)cos(wt)
where f( z ) is shown in Fig. 2 and w is the cavity angular frequency. An electron is started with 400 keV
a distance 817 from the cavity center, where 7 is the attenuation constant appropriate to the drift tube diameter. The
cavity phase is advanced one degree each cycle relative to the
starting time of the electron and the trajectory of the electron is computed.
When the electron has moved more than
817 away from the cavity center the calculation stops and the
final energy energy is recorded. The calculation is performed
at several cavity voltages.

of Energy, contract
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Fig. 2. The normalized amplitude of the longitudinal electric field used in the one dimensional
model of electron dynamics.
Though the force used in the one dimensional simulation
only crudely resembles the force in the MASK caluculation
the calculated efficiencies are not very different. If the cavity
voltage is set to 450 kV, the one dimensional model gives a
maximum efficiency of 83.9%, compared with 81.4% calculated
by MASK. However, the one dimensional model predicts that
higher efficiencies are possible at very high gap voltages. For
example, at a gap voltage of 900 kV it predicts a maximum
efficiency of 94%, but only for a few degrees of RF phase. If
the efl’iciency is averaged over 20 degrees of phase, as it is in
the MASK calculation, the efficiency drops to about 58%. If it
is not possible to produce a useful beam with bunching better
than that in the 2 picosecond low power bunch used in the
MASK calculation, then these calculated efficiencies represent
an upper bound on the efficiency using the XK-5 output cavity.
It is not clear that there is a concise explanation for the fact
that the conventional output cavity used here cannot slow electrons effectively to much less that 20 % of their initial energy
because of the complicated nature of the dynamics. If fact,
the dynamics of high efficiency electrons may become chaotic
at phases near the 0ptimum.s
But the following consideration should make it seem plausible that it does indeed do so.

If an electron were brought to rest in presence of the oscillating
electric field in the cavity or drift tube, unless it was very near
the cavity center it would be accelerated away from the cavity
center regardless of the RF phase or amplitude. If the phase
is such that it initially accelerates the electron away from the
cavity center then after one half an RF cycle the field will be
of opposite direction but of less strength and the electron will
acquire a net momentum away from the cavity. If, on the other
hand, the phase is such that the field initially accelerates the
electron toward the cavity, a half cycle later it will be stronger
and in the reverse direction and again give a net momentum
to the electron away from the cavity. This is only true if the
electron does not get back to the cavity center during the course
of motion.
In principle two conventional cavities used together, such
as the double gap cavity used in the experimental 150 M W
could have a higher maximum efficiency than one.
kylstron’
If the efficiency of the first cavity is 80%, 20% of the energy
remains for the second cavity to extract. If the second cavity
also has 80% efficiency, a total of Q6% of the energy can be
extracted. If the first and second cavity are tuned to extract
the same power (PRF/~) and the second cavity is 80% efficient,
then the power of the spent beam PF is

WqF)

= Pm/8

0.8
and the maximum

efficiency is
PRF

PRF+PF

= 88.9%
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1. Summary

SLAC has a program under way to study the use of photoemission cathodes as sources of bunched electron beams for high
power microwave generation, the s-called “Lmertron.”
While
photoemission cathodes offer the advantages of very high current .density operation and straightforward
temporal (or spatial) modulation at high frequencies, they are more susceptible
to residual gas poisoning than thermionic cathodes. Thus, for
successful photocathode use in a high power microwave device,
there is-a premium on limiting the sources of residual gas during operation.
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The system pressure could be measured by (1) a trigger
discharge gauge, (2) a nude Bayard-Alpert
gauge, (3) a small
Faraday plate quadrupole residual gss analyzer, and (4) the
current in the 30 L/s pump and 5 L/s conductance combination. The leakage current in the Star Cell pump wss always
too great and too unstable after bakeout to permit meaningful
pressure measurements from its pump current. Typical post
bakeout pressures were lo-lo Torr with the electron gun filament turned off. All measurements reported here used the
Bayard-Alpert
gauge for total pressure measurement, and the
quadrupole analyzer for partial pressure measurement.

One very major source of such gas is electron induced desorption from the spent beam collector. It was suggested to us
that a collector surface of nonevaporable getter (NEG) material might offer substantially reduced gas desorption.’ To test
this suggestion, and to evaluate candidate collector materials
in general, we constructed a small UHV system to measure electron induced desorption from small area samples. The operating conditions were chosen to approximate the actual operating
conditions of the spent beam collector of the SLAC proof-ofprinciple Lasertron2
For the photocathode planned for this
device, CO and COz have been shown to be the most harmful
of the residual gases typically present, so our measurements
have concentrated on these gases. Our results indicate that
a thin layer of NEG material on OFHC copper gives a significantly smaller desorption than the best vacuum degassed OFHC
copper samples we evaluated.

Early in the operation of the system, it was found that
secondaries and scattered electrons struck the ceramic insulator, ultimately leading to breakdown. This problem was eliminated by the addition of a pair of electrically isolated baffles
surrounding the sample tube, and nearly completely blocking
line-of-sight access to the surface of the insulator. Appropriate
biases to these baffles prevented most of the scattered electrons
from reaching the vicinity of the insulator, and collected the
small number which did reach thii region.
The samples used were either vacuum degsssed Hitachi
OFHC copper or OFHC copper to which a nominal 25 micron
thick layer of ST707 NEG material had been app1ied.s The application of the getter material was done by SAES Getters on
samples supplied by SLAC.
The sample was biased at 5 kV for these tests, and the
operating current wss about 2.5 mA. These values give a power
density on the sample similar to that expected in the SLAC
proof-of-principle
Lasertron collector, and the relatively low
voltage gives a reasonably high gas desorption. The majority of
the electrons to be collected in the Lasertron will have energies
greater than this value, for which the desorption is somewhat
smaller.

3. Apparatus
emas a
elecof a
wss

The sample to be evaluated, 25 mm in diameter, was brazed
into the end of a stainless tube which was in turn mounted
in a conflat flange. The sample was electrically isolated by a
of Energy,

Stanford,

The system was pumped by a 45 L/s Varian Star Cell pump,
and by a 30 L/s Varian diode pump which had a thin aperture
in its inlet port to provide a calculated conductance of 5 L/s. In
addition, when NEG samples were activated, they had a calculated pumping speed of about 3 L/s. The system was roughed
by a cryosorb pump and was baked at 25O’C into a watercooled Hi-Q pump located outside the oven walls. Midway
during the cool-down portion of the bakeout, the Star Cell and
diode pumps were turned on, and the Hi-Q pump was valved
off with an all metal valve.

3. Introduction

*Work supported by the Department
DE-AC03-76SFOO515.

SINCLAIR

ceramic insulator able to hold off over 50 kV, though such
high voltages were not used in these tests. During operation of
the system, the sample wss cooled by a flow of LCW water introduced into the stainless tube. Activation of the NEG material
on the surface of the sample was done by heating with a flow of
heated liquid nitrogen boiloff gss into this same tube. Typical
activation temperatures for the NEG material used were 500' C.

To obtain long cathode lifetimes, the surface of the spent
beam collector for the photocathode RF power source (called
the Lasertron) must have a low coefficient of desorption of gss
molecules by electrons. We assembled a low voltage (5 10 kV)
ultrahigh vacuum electron gun and target system to measure
the desorption rates of CO and COz under conditions where
the power density, charge density and pressure were the same
order as expected in the lasertron. Copper coated with a thin
layer of a nonevaporable getter (NEG) was found to have a
coefficient of desorption of COz (CO) at least 30 (5) times
less than vacuum degassed high grade OFHC.copper. The NEG
material may be coated on the usual collector geometries and
therefore can substantially
reduce operating tube pressure in
conventional klystron and other high current tubes.

The UHV system assembled for these measurements
ployed a plane, 6 mm square tungsten ribbon filament
thermionic emitter. The filament was located within, and
.trically isolated from, a stainless steel tube. Application
low voltage between the filament and the stainless tube
adequate to turn the beam current on and off.

University,
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TESTS*

4. Method

and Analysis

The total desorption rate of CO and COz was determined
in two ways. The first is based on the change in pressure
when the beam is switched on and off. If the pumping speed
is constant, then the electron induced gas desorption rate Q is

contract
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Q=SAP,
where S is the pumping speed and AP is the difference in
pressure between the beam on and beam off conditions.
A
Q of 1 Torr-liter/see
corresponds to 3.5 x 10” molecules per
second. According to the manufacturer,
the Star Cell pump
has an essentially constant pumping speed over the range of
pressure during the measurement (3 x lo-lo to 5 x 10-O Torr),
which for air is 30 L/s. The 5 L/s conductance limited diode
pump provided additional pressure messurement independent
pumping speed. It was assumed that the pressure everywhere
in the vessel was constant, though in fact a pressure variation
of a factor of two would not be surprising.

e,

V
0

The second method for determining the total desorption
rate is based on measuring the difference in the rate of change
of the pressure with time between beam on and beam off conditions.’ In this method,
0

=

(P,n

- POE) V / kT

l Vacuum Degossed Cu, (AP)
AVocuum Degossed Cu, (P)
q NEG Cooted Cu, (API
VNEG Coated Cu, 1 PI

162
IO0

9

5-86

where V is the system volume, Pan is the time derivative of the
pressure (or partial pressure if desorption of only one species
is to be measured) just before the beam is turned off, and
@Off is the time derivative of the pressure just after the beam
is turned off. $ is measured by sending the signal from the
quadrupole analyzer, tuned to a particular mass peak, to a
differentiator and then to a chart recorder. The peak (negative)
value‘of P is assumed to be poff. In practice lion1 <t: ljoffl
and is taken to be zero. Here, 1 Torr-liter/set
at 300’ K gives
3.2 x 1OLg molecul&/sec.

IO2

IO’
INCIDENT

IO4

IO3
(mA-mln)

5428A1

The total desorption coefficient of CO for vacuum
degassed Hitachi OFHC copper and copper coated
with about 25 microns of nonevaporable
getter
material (NEG) .

Fig. 1.

l Vacuum Degossed Cu, (AP)
A Vacuum Degossed Cu. (P)
q NEG Coated Cu, (PI

Q

Considerable care was exercised to attain nearly identical
conditions between runs for different collector materials. The
electron gun was allowed to warm up overnight with the emission current suppressed. The beam cycle of 2.5 mA on for
120 seconds, followed by beam off for 120 seconds was automatically controlled. The variation in beam current over a run
of 24 to 48 hour duration was within 9~15%. Nevertheless the
total background pressure varied by as much as a factor of
three between runs. Two samples of NEG coated material and
two samples of vacuum degassed Hitachi OFHC copper were
measured, and gave essentially the same results.

CHARGE

A

moo0

lO-3

As shown in Figs. 1 and 2, both methods of analysis gave
similar values forthe desorption coefficient (molecules desorbed
per incident electron). Because of noise and small signal size,
the sensitivity of the 9 method was inadequate to measure the
CO2 desorption rate from NEG coated copper. No error bars
are included in the plots for clarity, but an estimated random
error of about &lo% per data point, and an overall systematic
uncertainty of a factor of two due to possible variations of pressure and pumping speed in the chamber should be understood.
Of course, the random uncertainty increases rapidly near the
detection limit of about 5 x 10T6 molecules per electron.

I
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I NC I DENT

5.86

Fig.
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The total desorption coefficient of COz for vacuum
degassed Hitachi OFHC copper and copper coated
with about 25 microns of nonevaporable
getter
material (~~92).

These data show the superiority of the NEG surface over
vacuum degassed OFHC copper in minimizing the desorption
of CO and CO2 by electron bombardment.
We suggest two
possible explanations. One is that the binding of molecules to
the NEG surface is stronger than to the copper surface. The
other is that there are fewer adsorbed molecules present on
the NEG surface, as they tend to diffuse into the bulk even at
room temperature.
If the latter case is true, then at higher
temperatures the desorption rate may be even smaller for the
NEG material.

When the beam is first turned on the CO2 (CO) desorption
ratio is a factor of 20 (10) less for NEG coated material than
for the vacuum degassed OFHC copper sample. At 1000 mAminutes of exposure the ratio for CO2 is unchanged, but the
ratio for CO has dropped to four. As the exposure increases
and the target area becomes more depleted of adsorbed gas,
a greater share of the measured desorption rate comes from
molecules desorbed from nearby surfaces by backscattered electrons, so the ratio should tend toward one. This may be evident
in the CO data, but is not apparent in the COz data.

The 25 micron thick NEG coating is thin enough that it
offers negligible thermal resistance. Though there may be a
small amount of particulation,
the surface adheres well at a
88
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power density of about 50 W/cm2. The NEG coating may be
applied to the inside of various cylindrical structures. The exposures delivered in these experiments correspond to abut 6000
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Abstract

55 MB/m with a first
neighbour coupling coefficient
of
7.5%.
The following
analysis
was based on a 1.5 m
long
accelerator
made up of 27 segments brazed
together.

The heat removal efficiency
of- the boiling
heat
transfer
process is very high.
This process has been
applied in the design of a high power 1350 Mlz on-axis
The operating
limits
of such a
coupled structure.
design and its
advantages compared to a akore conventional
scheme with single
phase flow forced convection are discussed.

Each sub-structure
has its
own independent
cooling
circuits;
web cooling
plus circumferential
cooling are usedI9
obtain stable operating
conditions
The circumferential
cooling
at
high
power s .
channels are a series of 20 holes (9.5 mn diameter)
located
in the outer perimeter
area of the cavities
and permit a through flow from one end to the other of
the sub-structure.
Each web cooling
circuit
is an
inlet/outlet
header system that cools alternate
cavity
webs. The web cooling channels (3.2 ma diameter)
are
oriented
45' upward with the water flow directed
from
a lower inlet
header to an upper outlet
header.
The
circuits
are arranged
in counterflow
to minimize
temperature
differences
in the structure.

Introduction
The power handling capability
of room temperature
linac structures
is limited
by the temperature
gradient between the beam aperture
and the outer wall of
the cavities
and by the water velocity
in the cooling
The temperature
gradient
is responsible
for
channels.
thermal stresses
in the beam aperture
region of the
cavities
and permanent detuning of a structure
occurs
when these
stresses
exceed
the material's
yield
The cooling water velocity
is usually kept
strength.
below 3 m/s to prevent
excessive
erosion
of the
channels,
thus limiting
the heat transfer
coefficient.

Based on the above linac
analytical
model was developed
assumptions:

Stable operation
limits
have been measured with a
2450 MHz on-axis coupled structure
using single phase
In order to increase the power
flow cooling
regime'.
handling capability
and reduce the coolant
flow rate
in high
power linac
structures,
better
ways of
removing the inherent
rf heat losses are required.
Table 1 gives a comparison
of heat transfer
coefficienls
for
different
conventional
cooling
techof the
niques . The higher heat removing capability
boiling
heat transfer
process (one order of magnitude
greater
than single
phase flow)
is an attractive
option for the cooling of high power linac structures.
Table

Heat Transfer

Process

Air free convection
Water, forced convection
Water, boiling

(1)

Coolant
channels

(2)

Heat fluxes are uniform in web channels,
and in circumferential
cooling channels.

(3)

Total heat loss distribution
to different
parts
of the structure
was ascalculated
with the computer code SUPERFISH and from measurements with
a similar
structure'.

flow
rate
is equal
in web
connected to the same header.

cooling
headers

The heat flux is higher in the web holes than in
the circumferential
cooling
channels or web headers.
Therefore
the web cooling
circuits
are of particular
interest
and are the focus of the present study.

1

Order of Magnitude of Convective
Transfer Coefficients

structure
design an
using the following

Heat

Heat Transfer

Typical
Heat
Transfer
Coefficient
(W/m2'C1

Analysis

Boiling
heat
transfer
has been extensively
studied in recent years and many excellent
reviews are
available"'.
For a uniformly
heated tube fed with
sub-cooled liquid,
the heat transfer
regime changes as
shown in Fig. 2.
Forced convection
to single
phase
liquid
exists between inlet
and the point of onset of
sub-cooled nucleate boiling
(ONB) given by:

6-30
300-12000
3000-60000

This
paper describes
an analytical
method to
calculate
the different
cooling
parameters
(e.g.,
cavity
wall temperature,
heat flux and flow rate) and
the results
of a study of the application
of the
boiling
heat transfer
process
to linac
structure
design.
A comparison
is made between a 1350 MHz
on-axis
coupled
structure
operated
in single
phase
forced convection
and in the boiling
heat transfer
regime.
The operating
characteristics
as well as the
maximum power handling capability
are discussed along
-with the criteria
that set limits
for the design of
high power structures.

lATSUBli

+ (ATSAT;NB
0

1

(1)

where’

lATSAT)oNB

=e

of vapour
From this
point
on, the formation
occurs at the surface of the tube with bubbles growing
and collapsing
whilst
still
attached
to or sliding
along the tube surface.

Description
of the Linac Structure
and the Analytical
Model
profile
and the water
Figure 1 shows the cavity
cooling
circuits
of a 1350 MHz on-axis
coupled
structure
made of OFHC copper.
The shunt impedance is

wall
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As the temperature
of the
increases,
bubbles
start

liquid
near the tube
to detach
from the

Wl,

W2, W3, W4 = WEB COOLING CIRCUITS
(HEADERS SYSTEM)
C = CIRCUMFERENTIAL
COOLING
CIRCUITS
(THROUGH

FLOW)

27 SEGMENTS
BRAZED TOGETHER
.6 m LONG SUB-STRUCTURE)

COUf’L~NGCAV~N~>w,\
ACCELERATING

-

GAVIN

$

COOLING

Fig.

1

Cooling

circuit

CHANNELS

I
WEB COOLING
CHANNELS

arrangement

for

’cpC(

hTsuB I
i

'FDB = gnD

for

Pe < 70 000

developed
regime is

(7)

(31
where
h

= 0.0022 [PI

structure.

(0 = h,b (Tw - TSAT)

where (AT5~8)~0~ is':
(ATSUBIFUB

coupled

The heat transfer
coefficient
in fully
sub-cooled
boiling
and saturated
boiling
evaluated from the following
relationship

heated surfaceand
condense in the colder liquid
in
the inner core area of the tube.
This is known as the
condition
of fully
developed sub-cooled boiling
(FOB)
and the point of bubble detachment is given by:
3
- (hTsuB)
FDB

the 1350 M-lz on-axis

nb

= 44.4 exp(Bt;l

l/2

(8)

+

(41

f

and
(ATSUBIFUB = 153.8 I&l

for

Pe ) 70 000.

(5)

As the fluid
temperature
approaches saturation
temperature,
the transition
between sub-cooled boiling
and saturated
boiling
could
be thermodynamically
determined from a heat balance calculation
(x=0, here
The
x is the vapour fraction
or fluid
quality).
liquid
core temperature
only reaches saturation
at a
further
distance
downstream (at z=z*,
see Fig.
21.
The process of saturated
nucleate boiling
is later on
replaced by the 'evaporation"
process as we moved into
the two phase forced convection
region where heat is
carried
away from the tube wall by forced convection
through a thin liquid
film
then by evaporation
into
As the fluid
quality
increases
a
the vapour core.
critical
value
is reached where we have complete
evaporation
of the liquid
film.
This is known as the
"dryout"
condition
and can be estimated
using the
Groeneveld table method".
The vapour fraction
at a
distance Z from inlet
is given by:
Ali?
.
-.

x(t) = &y--

- <

Fig.

2

Wall

and

liquid

temperature

in

a uniformly

heated

tube'.

Figure
3 summarizes the results
of the above
analytical
analysis
for an inlet
water temperature
of
40°C and a system pressure of 0.2 MPa. For a total rf
heat loss of 50 kW/m in the 1350 Mlz structure,
the
heat flux in the web cooling channels and in the web
headers are 31.2 W/cm2 and 3.2 W/cm2 respectively.
In
the single phase flow heat transfer
regime and for a

(6)
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maximum water velocity
in the web cooling circuit
of
3 m/s, the mass flow rate through each web hole is
0.014 kg/s
and the heat transfer
coefficient
fs
15 000 W/m2"C.
The wall temperature
varies
between
70°C and 76'C from the first
to the last web hole of
the same circuit,
which represent
the 2 extreme cases
The same structure,
of the heat transfer
problem.
operated
in
boiling
heat
transfer
regime,
only
requires
a flow rate of 0.001 kg/s (less than l/l0 of
that
required
in the single
phase flow regime)
if
boiling
is allowed to go up to FOB at the far end of
At the exft end of the last.web
the inlet
header.
hole boflfng
is in saturated
regime with x = 0.21.
Here the critical
heat flux (CHF) is 264 W/cm2.
In
the first
web hole bofling
starts
very soon after
entrance
and reaches
saturation
at the exit
end.
Therefore
the heat transfer
coefficient
and the wall
temperature
remain very uniform in every web hole and
to
be 25 500 W/m2'C and 133'C
are estimated
This higher wall temperature
means a
respectively.
decrease in the structure
shunt impedance of about 20%
from room temperature
condition'.

I
o’,,,,

(2)
(3).

Water velocity
below 3 m/s.

everywhere

in the system should

I
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Heat

flu

frequency

below the CHF

Versus
shift

wall
and

temperature
shunt

impedance

in

a web coolIn
change

for

the

channel

(estimated

structure).

structure
cooling
designs in which boiling
water is
circulated
by means of natural
convection.
Such
than forced
convection
designs
are more reliable
because failure
prone mechanical
components such as
pumps are eliminated
and the cooling
system is
unpressurized.

Bojling
in the inlet
header should be limited
to
below FOB to avoid undesirable
transient
flow
problems
that
may be caused by liquid/vapour
separation.

The calculated
power handling
limit
is 320 kW/m
of rf heat losses;
this corresponds to a heat flux of
200 W/cm2 in the web cooling channels.
The web hole
wall
temperature
goes up to about 151'C and the
decrease in shunt impedance is 24%. In the last web
hole, the water exit quality
is x = 0.029 (saturated
boiling)
and CHF value is 439 W/cm2.
Figure 3 also
shows some trends
of the heat transfer
curve.
It
indicates
that, for a constant heat flux system like a
linac
structure,
any operation
beyond the CHF value
will drive the wall temperature
almost instantly
from
TA to TB whfch is well above the melting
point of
OFHC copper.
Therefore
the CHF value is a very
important
design
criterion
in
the
boiling
heat
transfer
process.
Although the pressure drop associated with two -phase flow is much higher than in the
single
phase flow regime, in the present design,
it
remains well below the limit
of 30% of the initial
pressure.
This indicates
that no choking of the flow
is occurfng12
and allows the cooling
circuit
to be
operated at a low system pressure (0.2 t@a).
Discussion

,f,‘,

0
;A,.
I

-005
I

Fig.

Maximum heat flux should stay well
value to avoid dryout condition.

50

AT ROOM
TEMPERATURE

In the boiling
heat transfer
regime, the operating limit
for the present
design is determined
by
the following
criteria:
(1)

,,I,,

0

and Conclusion

Boiling
heat transfer
could be effectively
used
to increase
the power handling
capability
of room
temperature
linac
structures.
Application
of this
process to the design of a 1350 MHz on-axis
coupled
structure
decreases considerably
the coolant flow rate
requirements
and results
indicate
that power levels of
320 kW/m can be achieved.
Despite the fact that the
process is accompanied by an increase In wall temperature
(T = 151 Cl and therefore
a loss
in shunt
impedance (dT2 = 24%), the temperature
distribution
remains very unfform ensuring the operating
stability
of
the
system.
Experimental
work
is
planned
to verify
the limitations
of this
cooling
process.
Further investigation
is underway 'for high power linac
92
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-

rather short signal
integration
times on the order
of 0.5 - 10 ms as given by the duty cycle of the
machine,
- fast
signal
processing
in order
to monitor
the
of various
ions with
respect
to the
profiles
anticipated
time share operation
of the Unilac,
- fast
range setting
caused by pulse
to pulse
variation
in intensity
in the time share mode,
- fast
switching
of
the
complete
analog
signal
processing electronics
to various grids in order to
observe multiple
profiles
along the machine at
nearly the same time as needed for example in beam
alignment procedures,
- modular
design
with
respect
to the number of
channels (- number of wires in a grid)
which have
to be implemented,
- universal
interfaces
to
the
control
system
including
local
intelligence
in order to control
the electronics
by simple commands,
- automatic
off-set
adjustment
to avoid time consuming maintenance and service.
The new grid electronics
developed at GSI fulfills
the
requirements
and will be described in the following.

At the Unilac beam profiles
are measured at about
100 locations
by means of profile
grids.
In order to
eliminate
the elaborate
service
for off-set
adjustments a new circuit
for the processing
of pulsed
current signals has been designed. Current sensitivity
was also improved. The time between current
pulses is
utilized
for automatic
drift
compensation.
For .the
anticipated
time-shared
operation
of the Unilac and
for simultaneous
display
of several beam profiles,
a
fast solid state multiplexer
has been developed, which
is capabale of switching
currents
down to 100 pA with
good linearity.
The paper describes the newly designed
circuits
including
the automatic
off-set
amplifier
and the FET-current
multiplexer.
The
compensation
complete electronics
is controlled
by a microprocessor
which is integrated
into the system. A description
of
the microprocessor
board and the software is given as
well.
Introduction
like
the
Unilac
the
accelerators
linear
At
requirements
on a versatile
beam profile
measurement
system are rather
high and can be summarized as
follows:
- wide range of currents must be processed because of
of ions which have to be
spectrum
the large
accelerated,
- high sensitivity
in the lowest current
range in
order
to detect
very small
currents
of highly
charged ions or even ions of rare isotopes extracted from the ion source by using natural
isotope
mixtures
as--sputtering
materials
or burning
gas,
respectively,
40
I

General

description

A block diagram of the electronics
is shown in
Fig. 1. Up to 4 harps with a maximum of 2x48 wires
each are connected
to a newly developed
fast
FETmultiplexer.
The signals of the selected harp are fed
to high quality
current to voltage converters
followed
by integrators.
The integrated
output
signals
are
scanned by an analog multiplexer
and digitized
by the
ADC.
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TIMING EVENT

I

i

A microprocessor
controls
the range selection,
data
Digitized
the *multiplexers.
and
the timing
including
the appropriate
range information
are stored
in a RAM integrated
into the microprocessor
system.
The interface
to the main control
system is also
controlled
by the microprocessor
via the local
VMEsystem and a serial
Mil 1553 B link.
The whole system
may be synchronized
by timing pulses or event coding.
For analog signal observation
and trouble
shooting an
oscilloscope
together
with a remote-terminal
for the
implementation
of test- and command procedures may be
used.

Current -to VolQe~?nI@~
-._._
-.

FET-Multiplexer
To prepare for the time shared operation
of the
Unilac
(pulse
to pulse
ion or energy
switching,
compare Ref. 1) and the arising
need for simultaneous
display
of several
beam profiles,
a fast solid state
multiplexer
has been developed which is capable of
switching
currents
down to 100 pA with good linearity.
The- FET multiplexer
uses new-on-the-market
elements of
controlled
by
which
are
bilateral
FET-switches
infrared
light
from an on-chip
LED. The optical
isolation
of the FET-switch
from the LED ensures low
Two switches
are
current
losses
in the PA-range.
driven
in a complementary
mode in order to always
provide a low impedance path to ground - otherwise the
incident
ion beam current
will
build
up exceedingly
high voltages.
The impedance ratio of the two paths is
> lOE6 so that current
losses during measurements or
current
leakages
to the output
at off-times
are
negligible.

Fig
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Figure
2 shows the main parts
of the analog
12 ranges in steps of 1:2:5
signal
processing
unit.
may be selected
for the current
to voltage converters
(Vl)
by hexadecimal
coded commands. Including
the
constant gain of the following
stages and considering
an integration
time of 5 ms conversion
ratios
from
20 nA/lO V up to 100 ~A/10 V can be obtained.
The time
between pulses lends itself
to be utilized
for autoTwo operational
amplifiers
matic drift
compensation.
with
two capacitors
are
V5) in conjunction
(V3,
provided
to act as compensate-and-hold
stages
by
forcing
the outputs
of the circuits
to zero between
beam pulses and maintaining
the corrective
voltages
is controlconstant during the pulses. This operation
led by the switches S4 and S7.

For use with
profile
grids
a reconfigurable
multiplexer
unit of 1( x 28 inputs has been developed.
It can handle input currents
of 100 pA to 100 DA at
current
errors ‘af about 10 pA. Switching
times are
less than 50 us.
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PROFIL

(SE)

(96 wires, automatic

= data storage time

gain)

GRID PROGRAM

USED BY THE BEAM DIAGNOSTIC
MICROCOMPUTER (INTEL 8085)
TIMING DIAGRAbI (Fig. 3)

The signal
processing
system for one wire consists of seven chips and is packed onto a small board,
eight
of which fit
to a motherboard
in a plug-in
housing.
Microprocessor

control

A small cash-box with a microcomputer
system has
been developed at CSI and integrated-into
the profile
The standard version of the system
grid electronics.
consists of:
- Processor INTEL 8085 A (clock - 3.072 MHz),
- 3 timers,
- 10 free selectable
hardware-interrupts,
- 3 V24-interfaces
(Rs 232),
- 6 x 8 Bit I/O-ports
(2 x INTEL 82551,
- 16 Bit IN and 16 Bit OUT in handshakemode,
- 48 kByte free usable RAM or ROM memory,
- Monitor-program
(GSI-Monitor
V2.3).
-Up to 4 profile
grids
selected
via the FETmultiplexer
measuring the profiles
of I$ to 4 different beam pulses
are handled by the microcomputer
system. The timing digram of Fig. 3 shows the hard-and
software
activities
during
the 20 ms cycle of the
In order to synchronize
the measurement
accelerator.
cycle exactly
to the acceleration
process the interrupt vector with the highest
priority
(IR2) has been
connected to the main pulser.

(T)

CTRL-T

from

monitor-program

The software
modules for
the control
of the
electronics
and the triggering
of the measurement
cycle as well as the software
for the communication
with the interface
are initialized
dynamically
via
vectored
interrupts
(IR3-IR12).
The software
activities during one cycle are shown very schematically
in
the flow diagram of-Fig.
4.
After an IRZ-interrupt
has been received a readout of the code representing
the actual kind of beam
pulse (A, - A,) is performed. The same procedure holds
concerning
the information
about the next beam pulse
Then the microprocessor
trans(coded in A,* - A,*).
mits the gain and grid number for the next pulse to
the electronics
and starts
the actual
measurement
cycle of 8 ms. At the same time the transmission
line
to the control
system via the so-called
SE-interface
which is integrated
in the local VME-system is enabled
to allow exchange of command procedures
during the
8 ms cycle.
At the end of the measurement cycle the
transmission
line is disabled.
The microprocessor
then
reads the measured profiles
from the electronics
and
stores
the data including
the relevant
information
the
about the cycle in the RAM. After this operation
transmission
line
is enabled again and the complete
data are transferred
to the host computer in a block
transfer
mode. The system then is ready for the next
beam pulse.
References
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FAST ON LINE PHASE MEASUREMENT
OF PULSED RF SIGNALS
IN THE RANGE OF 9 - 108 MHZ
W. Losert,

M. Fradj,
R. Christmann, M. Hartung, D. Wilms, P. Strehl
GSI, Gesellschaft
fllr Schwerionenforschung
mbH
Postfach 110541, D-6100 Darmstadt, FRG

on-line
measurement
A new fast
system
was
developed for the UNILAC multiple
beam operation.
The
system allows
the measurement and storage
of the
digitized
phase values of 6 pulsed-rf-signals
during a
The rf-signals
time interval1
of 333 micro-seconds.
are grouped
into
blocks
of 6 and measured in a
sequential
order. At present 6 blocks are connected to
the measurement system and therefore,
one complete
measurement cycle lasts 2 milliseconds.
The system can
easily
be extended to more than 6 blocks.
A microprocessor handles the data acquisition,
monitoring
and
synchronization.
A touch panel is used as communication
interface
between operator
and phase measurement system. For convenience of trouble
shooting
the
phase detector
signals
can be viewed on an oszilloscope. A numerical
display
integrated
in the hardware
allows to control
the electronics
without
the microprocessor.
Introduction
Due to the planned time shared operation
of the
Unilac (see Ref. 1) rf-phases
of the various accelerator structures
have to be measured in less than
10 ms. Therefore
a new measurement system was built
and installed
at the Unilac.
It has been tested
in
routine operation
since about 6 months. At present all
the
rf-accelerator
structures
like
prebunchers,
Wideroe- and Al_vareztanks,
single
gap resonators
as
well as various
rebuncher
systems are equipped with
the new system. Most of the electronic
circuits
and a
microcomputer
system for the control
of the electronics
including
the appropriate
software
have been
developed at GSI.

-----____

General

Description

A simplified
functional
block diagram of the
electronics
is shown in Fig. 1. The vector voltmeter
VVM (Hp 8405 A) converts
the reference
rf-signal
(c.w.1 connected to channel A and the signal from the
selected rf cavity (pulsed, connected to channel B) to
an intermediate
frequency
(if)
of 20 kHz. Conversion
is performed by two sampling mixer stages integrated
into the VVM. The frequency of the two input signals
may vary from 1 to 1000 MHz. The if-signals
represent
exactly
the original
input signals
in amplitude
and
phase. Both sine wave if-signals
of 20 kHz are fed to
an operational
amplifier
with a dynamic range of about
30 dB. To derive
precise
phase related
time markers
the outputs
of the operational
amplifiers
are processed by two zero crossing
detectors.
The detector
output signals
are differentiated
and fed to the SET
and RESET inputs of an RS-Flip-Flop.
The width of the
resulting
square wave is proportional
to the phase
difference
between both channels
of the VVM. The
following
integrator
acts as a time to amplitude
converter.
The resulting
analog signal is a measure of
the phase difference.
The analog signal
by a lo-bit
ADC.

is digitized

VW

FIG.1

FUNCTIONAL

BLOCK DIAGRAM

via a multiplexer

Measurement Sequences
The rf-signals
are
measurement cycle
for
phases lasts 333 us. At
rf-signals
connected to
complete measurement is
system can be extended
easily
which
will
be
considering
the upgrading

grouped into blocks of 6. One
the determination
of the 6
present there are 6 blocks of
the system and therefore
one
performed
within
2 ms. The
to more than 6 blocks very
necessary
in near
future
program of-the UNILAC.

Digital

Control

As shown in the block diagram of the signal
processing
electronic
2) . a hardware
logic
(Fig.
selects
the
rf-cavities,
controls
the
complete
measuring cycle and finally
distributes
the digitized
phase values to a phase display
integrated
into the
hardware.
For convenience
of trouble
shooting
and
maintenance the phase detector
signals
can be viewed
there on an oscilloscope.
For the communication with
the main control
room
the logic
control
unit
is
interfaced
via an I/O-register
(INTEL 8255 Chip) to
the microcomputer
system.

h-4
ADC

CONTROL LOGIC

Fig.
3 shows a picture
of
installed
in a local control

the complete electronics
room of the UNILAC.

Microprocessor

Control

A touch panel,
installed
in the main control
room, is used for
the communication
between the
operators
and the phase measurement system.
The
microprocessor
handles
data acquisition,
monitoring
and synchronization.
On demand the measured phases are
displayed
on the touch panel.
Specifications
The specifications
ized as follows:
Bandwidth
Intermediate
frequency
Unilac frequencies
Phase accuracy
Minimum input signal
channel A
channel B
measuring time
number of rf-tanks,
connected
total cycle of
measurement
microprocessor
Option:
The addition
offers
the possibility
tanks with different

of

the

Fig.
system

3:

First

rf-phase

measurement electronics

can be summarThe new system was installed
Due to the improved
electronics
Unilac
rf-phase
adjustment
can
comfortable
within a short time.

: 1 - 1000 MHz
(range of the Hp 8405)
: 20 kHz
: g- 108 MHz
: f 1 degree

in September 1985.
described
at the
be performed
very

References
20 mV-peak. C.W.
20 mV-peak, pulsed
: 333 us for 6 signals
:

36

(6

blocks,

6 signals

‘Glatz,
J., The Unilac as a Fast Switching
Variable
Ion and Energy Accelerator,
these proceedings.
each)

: 2 ms
: INTEL 8085 A
of

one further
vector-voltmeter
to measure the phases of rfrf-frequencies
at the same time.
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A UNIVERSAL ELECTRONIC PHASESHIFTER
G. Hutter,
W. Gutowski, K. Waltz
GSI. Gesellschaft
fDr Schwerionenforschung
mbH
Postfach 110541 , D-6100 Darmstadt. FRG
Summary

Principle

Future time-sharing
operation
of the UNILAC for
low energy experiments and injection
into the Synchrotron SIS requires
varying the amplitudes and phases of
the accelerating
structures’
rf from pulse to pulse
with a 50 Hz repetition
rate.
Fast variation
of the
amplitude
is already provided,
but the phaseshifting
is done so far by coaxial relays and trombones.
The UNILAC consists
of accelerating
structures
with operating
frequencies
of 27 MHz and 108 MHz,
bunchers at 9 and 27 MHz and choppers dorm to 1 .5 MHz.
structures
with
For a new high current
injector,
frequencies
of 13.5 and 54 MHz are also being considered.
A new electronic
phaseshifter
with a range of
5 180” should be usable with minimal changes at all
these frequencies.
The selected principle
was a digital
phase-locked
the
necessary
speed,
the
loop
circuit.
Besides
realized
circuit
has several additional
advantages. In
combination
with standard
digital
frequency-dividers
desired
frequency
of
a master
subharmonic
any
frequency up to 160 MHz can be produced phase stable
and shiftable
in relation
to the master frequency in
one single device. The circuit
can also be used as a
phaseshifter
and a phaseregulator
at the same time.
Phaseshifters
at 9, 4.5 and 1.5 MHz have been in
operation
for one year without
problems. A prototype
of a.108 MHz phaseshifter
is under test.

Fig.

1:

Principle

of Operation

The basic principle
of all existing
phaseshifters
of the described
type is the use of a voltage conthe output
of which is phasetrolled
oscillator,
locked to an input rf signal
by the use of a phase
amplifier
(see
frequency
detector
and a control
Fig. 1).
The variation
of the phase of the rf
against
the input is provided
by a variable
voltage
(or current)
to the reference
input
control
amplifier.

output
offset
of the

This simple circuit
already
allows shifting
of
the phase of any input frequency
in the operating
range of the VCO and the phase frequency detector
by +
360’ with the used detector.
The output amplitude
is
independent of the shifted
phase angle, in contrast
to
phase shifters
using analogue devices
like
double
balanced mixers.
The chosen digital
phase frequency
detector
in
ECL technology
is able to work up to 80 MHz, while the
VCO’s can handle up to 160 MHz with an appropriate
external
oscillator
circuit.
Without additional
measures,such a simple circuit
would have the disadvantage
that the output phase is
dependent on the actual temperature
of the circuit
and
on the amplitude
of the input rf.
For example, we
measured 1 degree electrical
phase shift
with each
10’ C in a measured range from 10’ C to 50’ C, which
was unacceptably
high for our application.
As the phase-locked
loop circuit
comprises
a
control
amplifier
with high amplification
factor,
the
closed loop error is mainly determined by the error of
which cannot
the detector.
be eliminated
by the
regulation.
Two additional
components were introduced
into
the circuit
to reduce these errors:
First,
the rf input (and for high frequency applications also the reference)
is digitized
by a temperature
compensated Schmitt-trigger
which switches
at
phase jitter
due to
zero
voltage.
Consequently,
changed input amplitudes
is minimized
without
additional
temperature drifts.

of operation

phase ICI.
0 -1ov
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z 2000
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- pulse
I
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2:

Application

as frequency

down/converter,

phaseshifter
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and

phase-regulator

----1

chip has temperature
Second, the phase detector
control
by means of a heat sink on top of the chip to
keep its operating
temperature
constant.

Absolutely
no tuning or mechanical
changes
necessary for the “one button” frequency change.
Picture 1 shows the actual device.

are

of the described
phaseThe main advantages
as further
solved
problems
are
shifters
as well
demonstrated in the following
two examples.
-

For an extension
of the experimental
possibilwith the
ities
at the UNILAC, a resonant rf-chopper
operating
frequencies
of 1.5 MHz and 4.5 MHz was built
with the ability
to kick 2 of 3 or 8 of 9 microbunches out of the beam. The normal bunch separation
of 37 ns can be increased to 110 ns or 330 ns by this
device. ’
The 1.5 MHz and 4.5 MHz of the rf-chopper
have to
be phase stable against
the 27 MHz rf. Fig. 2 shows
the signal
conditioning
block diagram of the rf installation
of the chopper.
First
the UNILAC 27 MHz reference
frequency
digitized
by an above mentioned Schmitt-trigger.
The following
programmable divider
(f out = fin / 2(n+l),
produces the desired

n=1,2,3

is

. ..I

4.5 MHz or 1.5 MHz (n- 2 or 8).
Picture

to the
wave,
phase stable
This
rectangular
21 MHz, is connected to one of the two inputs of the
The output signal
of this
phase frequency
detector.
detector
controls
the VCO, which delivers
a sinusoidal
output signal near the desired frequency.
The feedback
of this
signal
to the second input
of the phase
nphase-locked-loop”
the
detector
closes
frequency
circuit
and synchronizes
the output of the VCO with
the digital
input frequency (and hence to the 27 MHz).

In a second application,
a phase shifter
should
operate at 108 MHz input and output frequency.
As the
available
phase frequency
detectors
are not able to
work at this frequency,
the rf input as well as the
reference
were divided
by two, as it can be seen in
Fig. 3. Before the division,
which is done for both
signals
in the same chip, the signals pass the normal
is
realized
in
a
pulse
forming
network,
which
symmetric manner for input and reference
(in a single
chip to minimize temperature
failures).
Both 54 MHz
converted signals are now fed into the phase frequency
detector
which controls
a VCO with 108 MHz output.
This 108 MHz signal is then amplified
and an attenuated part of the output signal
is fed back as reference.
By the division
of the input
frequency
by a
factor
of two, the range of the possible
phase shift
of the 108 MHz is raised to f 720“.
The feedback of the reference
is not done in the
circuit
itself,
but over connectors
and a cable to
keep the phaseshifter
more universal.
By this,
also a
power amplifier
or even a cavity
load can be integrated in the phase-locked
loop. Picture
2 shows the
actual phaseshifter.

One can see that
by adding a divider
in the
forward input of the phase frequency detector,
one can
produce a subharmonic frequency.
Locating this divider
in the feedback
input would allow to multiply
the
input frequency (which we did not use so far).
By adding a dc voltage to the input of the VCO,
the phase of its output can be shifted
by f 360’. In
to
this application,
however, the range was limited
2 2o0°.
with some modifications,
is
The same circuit,
also used for the phase regulation.
As the phase of
the deflecting
voltage
should be regulated
directly,
an additional
problem appears.
For thermal reasons,
the chopper is not driven cw, but with the normal 5 ms
During the 15 ms pauses between
UNILAC macropulses.
the macropulses,
the feedback of the phaselock,
which
comes from an inductive
pickup,
receives
no signal
This
would lead to a large
from the resonator.
frequency
shift
of the VCO. Once out of its limited
bandwidth,
the resonator
could never be filled
again
and the VCO would never be able to lock.
Therefore
this input of the phase frequency detector
is switched
during the pauses from the resonator
voltage
to the
output of the VCO, which locks this again to the input
frequency.
In
pulsed
Finally
circuit

1

the next stage the phase-regulated
rf
is
by a PIN modulator
and a PID controller.
a multistage
amplifier
drives
the resonant
in series.

To make the same phaseshifter
usable at 1.5 MHz
as well as at 4.5 MHz needs only a change of the
inductances
of the VCO’s oscillators.
This is provided
by a short circuit
of one part of the inductances
by
relay contacts which are driven parallel
to the input
of the programmable counter and the vacuum relay of
the main resonance circuit.

Picture
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A phaseshifter

It consists
low level digital
and the amplified

for

108

MHz

of two cabinets.
One is used for the
circuitry
and the other for the rf
output,
to avoid coupling.

One problem still
remained. When the power supply
of the whole circuitry
was switched off and on or the
input rf disconnected
and reconnected,
it sometimes
occured that the circuit
did not lock but oscillated
at one end of the possible
frequency range, depending
on the actual dc control
voltage.
In this case, however, the output voltage of the
amplifier
104, -which determines
the working point of
the tuning
diodes,
is far
away from the normal
which is constant at a selectable
value (by
voltage,
Ll) as long as no new phase shift
is done.
We installed
a window discriminator
which gives
an error signal if the working point leaves Its normal
is added to the dc control
value. This error signal
voltage,
simulating
its stable
range. Therefore
the
circuit
locks
again and as soon as this is done, the
error
signal
is no longer
present
and the normal
control
voltage determines the output phase again.
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'W.

for

Cutowski,

C.

the Unilac”.

Hutter,

"1.5

CSI-scientific

MHz/g.5
report

MHz RF-Chopper
1983,
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LONGITUDINAL EHITTANCE MEASUREMENTAT THE ATS*
W . B. Cottingame.

J.

H. Cortez.
Los Alamos

W . W . Higgins,
0. R. Sander,
and D. P. Sandoval,
National
Laboratory,
Los Alamos, N M 87545

Sumnary

M S HBlB

neutralized
with a 1.06-pm Nd:YAG mode-locked
laser
capable of output
energies
of up to 10 m J for a single
A telescope
and cylindrical
lens are
32-ps pulse.
used to expand the laser beam to 7 m n in the transverse dimension
and to a focus of less than 30 P m
in the longitudinal
dimensional
at the point
of
intersection
with the =3-n
particle
beam, 5.7 c m
fraction
from the exit
of the RFQ. The neutralization
for the portion
of H- beam illuminated
by the laser
is estimated
to be 0.99 (well
into saturation)
for
the l- to 3-mJ pulse used.
At this
power level,
10%
variations
in laser power has negligible
effect,
and
reflections
below the 1% level
can be ignored.
The time at which the laser
fires
can be controlled
only to within
a few microseconds;
therefore,
the 413~MHz RFQ phase is random with respect
to the
time when the laser pulse traverses
the particle
beam.
The relative
phase for the sampled portion
of the beam
is determined
by a computer-interfaced
interval
timer
having approximately
15-ps resolution.
(See logic
diagram shown in Fig. 2.)
An 1nP:Fe photodetector,

With increasing
brightness,
beamdiagnostic
techniques requiring
interception
of the beam become imFor H- particle
beams, solutions
for this
practical.
problem based on the phenomenon of photodissociation
are now being investigated
at the Los Alamos National
Laboratory
accelerator
test
stand (ATS).
A laser can
be used to selectively
neutralize
portions
of the
beam that can be characterized
after
the charged
particles
have been swept away.
W e have used this
technique
for measuring
longitudinal
emittance
at the
output
of the ATS radio-frequency
quadrupole
(RFQ).
Introduction
To avoid the problems associated
with interceptive diagnostics
techniques
for particle
beams of high
brightness,
the laser-induced
neutralization
diagnostic approach
(LINDA) is being developed
for the ATS.
In this
approach,
a laser
beam is used to selectively
neutralize
through
the photodissociation
process a
segment of the H- particle
beam, and the Ho particles
are subsequently
segregated
from the H- beam at a
beam deflection
element.
The beam parameters
at the
point
of neutralization
are then simply reconstructed
by using only the drift
distance
for the neutralized
In principle,
this
portion
of the particle
beam.
technique
can be used to reconstruct
the complete
6-D
phase-space
density
distribution
by altering
the spatial
and/or
temporal
structure
of the photon field
traversing
the particle
beam and using the appropriate
detector
geometry.
Experimental

AT-2,

Setup

Initially
we have used this technique
to measure
the longitudinal
parameters
at the exit
of the 2-HeV
ATS RFQ. Before obtaining
a longitudinal
emittance
for the ATS RFQ, we used LINDA to measure the current
density
versus longitudinal
phase and longitudinal
energy distributions.
These results
have been previously reported.1
Figure
1 indicates
the experimental
layout
and beam configurations
for our measurements.
A single
transverse
slice
of the microstructure
is

4
I
PholoDekclor

Fig.

Fig.

1.

Experimental
layout
for the longitudinal

2.

Electronics
ments.

Data

star-l
Nanomst 536-1OB
hlerpal nmer

diagram

for

longitudinal

measure-

having a rise time of less than 100 ps, is positioned
in the laser
beam downstream from the interaction
point
and is used to provide
the start
for the interval timer.
The negative-going
zero-crossing
point
of
the vane potential
as measured near the exit of the
RFQ tank is used for the interval-timer
stop point.
System temporal
resolution
is estimated
to be approximately
30 ps.
To ensure laser,
ion-source,
and RFQ
stability
during
data acquisition,
additional
electronic
components are included
to veto events for
which the laser power. source current,
or RFQ power
fall
below a predetermined
discrimination
level.
For longitudinal
emittance
measurements,
the
neutral-particle
detection
system consists
of a
subnanosecond
secondary-emissions
monitor
(SEM) with
an active
area of 5.1 cm2, a 450-MHz, 105X amplifier,

and beam configuration
measurements.

*Work performed
under the auspices
of the U.S. Dept.
of Energy and supported
by the U.S. Army Strategic
Defense Command.
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and a waveform digitizer
interfaced
to computer with
IEEE Standard
488 interface
(see Fig. 2).
A second
1nP:Fe photodetector
in the laser beam initiates
data
acquisition
so that time-of-flight
information
can be
taken from the digitized
SEM waveform.
A temporal
dispersion
in the 32-ps sample of the particle
beam
is produced by a 7.57-m drift
between the point
of
neutralization
and the SEH. Although-this
drift
distance obviates
the use of multigigahertz
detection
apparatus,
less than 5% of the neutralized
portion
of
the particle
beam is collected.
Data

Analysis

’

Results
Figures
5 and 6 show isometric
plots
of the
longitudinal
emittance
profile
after
background
subtraction
and software
cuts have been implemented.
Figure
5 is an emittance
plot
for an B2-mA. 2-HeV beam
that was injected
into the RFQ at 93.5 keV and was
accelerated
at an RFQ vane voltage
assumed to be near
the design value (410 m V at the power-sensitive
rf
pickup loop).
Figure 6 is the result
of a subsequent
run with the same conditions
except that the RFQ vane
voltage
was reduced (380 m V at the rf pickup
loop) to
a point
above threshold
for 2-MeV acceleration
but

The relative
phase and energy profiles
are extracted
from the interval
timer
values and the digitized
waveforms
in software.
To build
up an emittance
profile,
each waveform is binned in terms of phase and
energy and averaged with any previous
samples.
The
raw emittance
plots
(shown in Figs.
3 and 4) must be
corrected
to remove the 413:MHz rf background
and the
aberrations
of the waveform digitizer.
Additionally,
secondary
laser pulses (occurring
at 7-ns intervals
after
the primary)
produce artifacts
in the data (the
three
additional
peaks or islands
that can be seen in
Figs.
3 and 4) that must be removed.
Because the
tails
of these distributions
overlap
at 1-5X of the
peak values,
the software
cuts used to remove these
artifacts
are somewhat arbitrary
at these levels.

RFQ Power=

410

mV

Relative Phase @ lQl deg)
Fig.

Fig.

3.

Raw longitudinal
RFQ vane voltage.

emittance

plot

at

5.

Isometric
longitudinal
410-mV RFQ vane voltage
extraction
and software

emittance
plot at
after
background
cuts.

410-mV

Relative Phase (A91 &g)
Fig.

Fig.

4.

Raw longitudinal
RFQ vane voltage.

emittance

plot

at

3BO-mV

6.

Isometric
Longitudinal
3BO-mV RFQ vane voltage
extraction
and software

emittance
plot at
after
background
cuts.

below the design value.
Table I gives the emittances,
O'S, B's, and beam contents
for various
contours
for
the 410-mV data.
Units
(for
convenience
of computation)
are n*W(energy)*deg.
In terms of n*MeV*deg.
emittances
and y's should be divided
by 50. and B's
should be multiplied
by 50.
Figures
7 and B are contour plots
of the same data.
Figures
9 and 10 are
projections
onto the energy and phase axes.

LONGITUDINAL EMITTANCE PARAMETERSAT THE OUTPUT OF THE 2-MeV RFQ

-13

-16

. . . . . . . . . . . . . . . . . . . . . . . . . . . ..~.....1
-100
-la
-00
0
60
la
Relal~ve phase (deg)

fig.

Fig.

9.

7.

Same as Fig.

5 except

contour

Projection
of 41O-mV emittance
energy and phase axes.

loo
Relative

plot.

data

Fig.

upon

Fig.

Roughly,
the results
are as anticipated.
The
FWHH of the energy and phase distributions
at the
higher
vane voltage
are 1.25% and 50°, respectively.
Below design
vane voltage,
the tails
of both distributions
increase
as more particles
fall
from the
bucket.
Also,
as expected,
the y's are small and
the O's are large.
However,
to go beyond these statements will
require
both comprehensive
calculations
and
more high-quality
data.

8.

10.

Same as Fig.

Same as Fig.

Phase

(deg)

6 except

9 except

contour

for

plot.

380-mV data.
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CRYOGENIC STUDIES OF RF ACCELERATING STRUCTURES, VINTAGE 1978*
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SumMry

losses of the Dewar.
Liquid
neon will
also work in
this
Dewar, but the excessive
cost of this
cryogen
makes its use impractical
in anything
other
than
closed-loop
systems.
The cavity
itself
(Fig.
2) is a demountable,
brazed OFHC assembly with all coupling
ports
attached
A 1.625-in.
drive
line
is provided
with
to the cover.
a coupling
loop radially
oriented.
Penetration
adj,;;;;;:t
under vacuum if permitted
by an external
. An electric
field
probe,
also adjustable,
is provided
in the cover drift-tube
bore.
Finally,
a
vacuum pump-out
and diagnostic
port
is attached
to the
cover at an angle so that x-ray
views off the bottom
drift-tube
nose can be obtained.
The seal between the
cavity
cover and body is an oversized
conflat
that
serves both as an rf and a vacuum seal.
This seal has
proved to be marginal
from room temperature
to LN2
(77 K) and is probably
inadequate
down to LH2 (20 K).

Cryogenically
cooled
rf cavity
studies
were undertaken at Los Alamos in 1978 to test the effectiveness
of reduced
temperature
on the Q-enhancement
of 450~MHz
drift-tube
linac
structures.
A complete
facility
was
set up to do high power tests,
not only at liquid
nitrogen
(LN2) temperature
but with
liquid
hydrogen
(LH2)
as well.
The cavity.
Dewar, klystron
test
stand,
and
a remote outdoor
enclosure
were constructed.
Hydrogen
safety
approval
for the tests
was obtained.
Unfortunately,
the hydrogen
tests
were never done.
However,
the cavity
was tested
at high power in LN2 and a penhancement
of 2.02 was recorded,
compared to 2.7 expected theoretically,
This work is nowcontinuing
with
improved
measuring
techniques
using some of the
same apparatus.
It is the purpose
of this
paper to
report
on the early
work and to reference
its continuation
today.
Description

of

Experiment

Because testing
at LH2 was the object
of the 1978
tests.
a vacuum-walled
fiber-glass
Dewar was constructed to house the cavity,
as shown in Fig. 1.
Liquid
hydrogen
has a relatively
high latent
heat of vaporization.
and a Dewar of this
sort would have been adequate to contain
the boil-off
at high rf power.
Wore
recently,
attempts
to use this
cavity
and Dewar with
liquid
helium
have failed
because of thermal
--

Line

Fig.

Fig. 1.
studies.

*Work

Cryostat

supported

and cavity

by the

for

U. S. Dept.

Demountable

450~MHz test

cavity.

The experiment
was housed in an open enclosure
near the electronic
test
lab building
(ETLE) at LAHPF
where the early
testing
was done.
A 60-m. 3.125-in.
coaxial
drive
line was suspended over a driveway
to
connect
the cavity
to the klystron
test
stand.
Many
safety
precautions
had to be taken because the purpose
of the experiment
was to test
the cavity
in 150 P of
LH2.
The Dewar was sealed and the boil-off
gases were
vented to the atmosphere
above the enclosure
roof
through
relief
valves
sized to handle
rapid boil-off.
The Dewar was supported
2 m above all electrical
contactors
and outlets,
and the enclosure
was well ventilated
to prevent
collection
of an explosive
mixture
of hydrogen
and air.
Hydrogen detectors
were provided
to give warning
well before
explosive
levels
were
reached.

low temperature

of

2.

Energy.
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points
on either
side of resonance.
This limited
the
maximum power that could be delivered
bv the 100~ to
29 kW peak.
The half-power
VSWR was deiermined
from
the following
formula:

Expectations

Despite
the state
of readiness,
the LH2 experlThe
ment was never conducted
because of funding
cuts.
experiment
in 1978 was conducted
before
spaceborne
accelerator
systems that could benefit
from large QLarge Q-gains
were anticenhancement
were defined.
ipated,
however,
as indicated
in Fig..3.
Conservative
estimates
at LH2 predicted
8.3:1
over room temperature at 450 MHz. More recent
results
to be reported
jn a later
paper indicate
that
such a large
Q-gain may
be difficult
to obtain
in real drift-tube
linac
cavities and factors
of roughly
half
the anticipated
value
might be more realistic.

l+so~s~+(l+so)
VSWRl,2

=

9
sO

where

So = VSWR at

resonance.

The unloaded
D is determined
from
ficients
and half-power
points:

the

coupling

coef-

Qo = OL (1 + 6).
where
MAT’L:
COPPER
FREOUENCY:
460
MHZ
1 - ELECTRON
MEAN
FREE
PATH

0

--

-.

6 = So (overcoupled).

_-FliCT0R
8.3
AT

t3 = S;l

0F

(undercoupled)

0~ = wo/Aq/2r
00

A~1/2

i

CLASSICAL

/

I
100

frequency,

= half-power

.

‘PER SEPllER, EC).(2.12). P.1092 LINEAR ACCELERATORS
"Anomalous
skin
from classical

effect."
theory

Deviation
of
at low tempera-

Copper exhibits
behavior
at low temperatures,
The
which benefit
the designer
of rf structures.
anomalous
skin effect
in Fig. 3 gives a considerable,
if not theoretical.
Q-enhancement.
The thermal
conductivity
is improved
(at 450 MHz) by a factor
of
about 25 times.This helps the material
pass the
skin-depth
thermal
energy through
the wall to the
cooling
jacket
more readily.
The coefficient
of thermal expansion
is also reduced by a factor
of about 70
times.
This makes the structure
extremely
stable
in
frequency
over a wide range of power levels
and duty
factors.
Test

spread.

TABLE 1
1978 TEST RESULTS

TEMPERATURE(K)

Fig. 3.
resistivity
tures.

frequency

and

The results
of the tests
are shown in Table 1.
The 29 kW of peak rf power was delivered
in pulses
150 Ps in length
and at 0.6% duty factor.
The Q-gain
was only 2.02 compared to 2.7 theoretical.
Because
the cavity
is demountable
with several
large penetrations
on its end wall,
some Q degradation
is expected.
but the low figure
of 2.02 shows also that the VSWR
technique,
with
its large
frequency
swings,
is not a
good method to use.

THEORY

1
10

= resonant

Test

QL

P

Qo
Undercouple

RoomTemplHipwrpulsed

12445

1.90
(under)

18995

LN2 Temp/Hi pwr pulsed

18500

1.08
(over)

38 425

Q-gain
Overcouple

2.02

Nore recent
test
results
on this
cavity
showed
higher
Q-enhancement.
The modern technique
used an
overcoupled
loop at LN2 and sensed phase changes between incident
and reflected
voltages
as frequency
was
stepped
slightly
(a few kilohertz)
around resonance.
This technique
is also preferred
for measurements
into the anomalous
skin effect
region.

Results

Conclusions

Tests were performed
at LN2 on the 450-MHz demountable
cavity
and compared with
room temperature.
The coupling
coefficient
for the loop was set to I3 =
1.90 undercoupled
at room temperature.
This coupling
changed to 6 = 1.08 overcoupled
as the temperature
was
dropped to LN2.
The technique
used to determine
Qenhancement
utilized
measurements
of the Voltage
Standing
Wave Ratio (VSWR) as frequency
was varied
around resonance.
To use this method accurately,
it
was necessary
to sweep the frequency
to the half-power

The VSWR test method used in 1978 on the cryogenic
cavity
showed a D-enhancement
of only 2.02 at LN2.
Tests were never conducted
at LH2 and the same method
would have been misleading
if they had.
Modern phase
shift
techniques
providing
better
results
are now
being utilized.
This paper has attempted
to describe
the early
history
of this
project
and to indicate
that
it is continuing,
with new results
to be
published
in the future.
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Hayashi
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Tsukaguchi
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l-l,

structure
as PV-2014
except
for
output
waveguide
and
window,
it
has
enough
margine
in
power
handling
capability,
so that
it
can be increased
to 25kW in
Thus,
average
power.
it can be relied
on for 40,000
hours of MTTF and it has the same life-span
(about
10
years)
as linacs.
PV-3030A was developed
for the 2.5
GeV linac
of KEK in Tsukuba.
It
can be used with
either
permanent
magnet
focussing
or
electromagnet
focussing.
a permanent
In order
to use PV-3030A with
magnet
and
to
replace
it
without
magnetic
field
readjustment,
these tubes are required
to operate
in a
same distribution
of
magnetic
field.
Recent
tubes
satisfy
this
requirement
with
technology
our
and
quality
control
i.e.,
improvements
of
assembly
tolerance
in gun and body of the klystron.
PV-3030A
has a single
output
window operating
under high vacuum
conditions
at both
sides
of the window.
The window
consists
of a thin
alumina
disk
coated
with
titanium
on both sides to suppress
multi-pactor
heating.

Sunrmary
Three types of klystrons
for linacs
are currently
produced.
These are the PV-2012
(7MW/lOkW),
PV-2014
(25MW/3OkW),
and PV-3030A (3OMW/12kW),
for the S-band.
Now two types
of klystrons
for new demands are under
development.
These are the PV-3030B
(30MW/30kW)
for
the
S-band
and PV-9002
(2MW/2kW)
for
the
X-band.
Here,
the brief
explanation
of the characteristics
and
improvements
of the production
tubes are given.
Then,
the resonant
ring
test
of the output
window
for PV3030B and design
study of PV-9002 are described.

Introduction
Since
1965, we have supplied
more than 400 high
power
pulsed
klystrons
for
linacs
and radars.
The
characteristics
of five
kinds
of klystrons
for
linacs
described
in this
paper
are summarized
in Table
I.
The reliability
of the S-band
klystrons
for
modern
linacs
is
mainly
related
to
failure
rates
of
the
output
window and electron
gun.
We look
back three
type.8 of
the S-band
klystrons
to see how we could
improve
the reliability
of these klystrons.
Then we
measured
the power handling
capability
of our window
for
PV-3030B
using
the SLAC resonant
ring
which
can
transfe-r
more than 1OOMW (peak)/l08kW
(average).
High
power
pulsed
microwave
sources
in
the
X-band
are
needed for
linacs
of the next generation,
but are not
commercially
available.
To fill
this
need,
we have
started
designing
a 2MW output
X-band pulsed klystron.

Improvements
shows
Table
II
a history
of
the
number
of
delivered
PV-3030A
klystrons,
failure
modes,
and
cumulative
MTTF.
Failures
are mainly
classified
into
two categories:
window puncture
and gun arcing.
Window
puncture
seems
to
be
caused
by
the
following
mechanism.
If
the
disk
surface
of
the
window
in
the
load
side
is
being
contaminated
by
organic
substances
and adsorbed
gas,
local
arcing
occurres
when gases are released
from the disk surface
by microwave
power.
The worst
case result
is a window
punt ture .
Two trials
were tested
by MELCO and KEK,
and both were very
effective.
The first
is to fill
the klystron
output
waveguide
with nitrogen
gas during
storage
and transportation
in order
to keep the load
side window surface
clean.
The second is to carefully
increase
output
power more gradually
in order
to clean
the disk
surface
of the window.
As can be seen in
Table
II,
since
1983 there
has been no window failure
after
these improvement
methods were instituted.

Characteristics
and improvements
of production
tubes
Characteristics
PV-2014
was developed
for
the 300 MeV linac
of
Tohoku University
in Sendai,
Japan.
It has two output
waveguides
with
one each window and pressurization
of
SF6 gas is utilized
in the load side waveguide.
These
structures
enable
stable
operation
at a high average
power of 30kW.
PV-2012 is a 5 cavity
klystron
mainly
used for medical
and industrial
linacs,
and delivers
a
peak
output
power
of
7MW.
As it
has
the
same
Table

I.

Characteristics

The gun arcing
problem
was the most serious
one
for
the
klystron.
The gun arcing
is a discharge
mainly
between
the anode and focus
electrode
in the
vat uum region.
In
operations
at
KEK,
klystrons
occasionally
had heavy
gun arcings.
Once a heavy
arcing
occurred,
gun arcings
tended
to occur
more
of

Klystrons

for

Linac

I
Table
Delivered
Number
Tubes

'79

tubes

in

use

tubes

Failure
1.
2.
3.
4.
5.

Failure

‘FY
of

Failed

II.

Mode and MTTF of
'80

'81

'84

'85

Total

20

20

9

13

13

12

91

0

7

11

4

13

12

12

59

4

13

9

5

0

1

0

32

0
0
0
0

0
0
0

0
0
0
0
0

2
2
10
17
1

‘0
1
6
6
0

MTTF (hrs)

3,902

0

8,306

11,586

tests

of

output

windows

line:

MELCO window,
2002

v)
2
3 1508
.z
3

AL-300
FiELCO
TiO,

+13,909

14,213

14,437

14,437

(1)

Window loss is determined
mainly
by the average
power through
the window.
(2)
There
.
significant
improvement
in
characteriitsicsabetween
AL-300 and AL-995/AD-995.
(3)
The
effect
of
our
TiOx
coating
is
not
remarkably
different
from SLAC TiN2 coating.
(4)
Our
windows
appear
to
have
the
same
characteristics
in the lOOMW/108kW power range as
SLAC windows
which
operate
at more than 30kW in
the SLAC XK-5 klystron.

PV;3030B was originally
planned
for the new linac
at
Tohoku
University.
The tube
can be built
by
redesigning
the PV-3030A
window
and using
other
PVit was necessary
to confirm
the
3030A parts.
Thus,
power
handling
capability
of
the
PV-3030A
window.
With an output
waveguide
pressurized
with
SF6 at the
load
side
of PV-3030B,
multi-pactor
heating
can be
reduced
by
half
compared
with
the
vacuum
output
waveguide.
In order
to verify
window
power handling
capability
under
the most severe
conditions,
we tested

(solid

11,407

1
0

with
both
sides
of
our
windows
them under
vacuum
conditions
using
the SLAC resonant
ring
which
is the
most
powerful
in
the
world.
Figure
1 shows the
characteristics
of three
windows
due to their
alumina
contents:
AL-300
(Alumina
content
is 96X),
AD-995
(99,5X),
and AL-995
(99.5%).
Two windows
were coated
with
TiOx by us and one was coated
with TiN2 by SLAC.
In
the
figure,
the
abscissa
is
power
transmitted
through
window
the
ordinate
is
and
the
power
dissipation
of the window.
Figure
2 shows window loss
due to the coating
conditions
and coating
materials.
Here,
each window
is made from AL-300.
The typical
SLAC windows
coated
with
TiOx and TiN2 are also shown
for
comparison.
Figure
3 shows
window
loss
vs.
average
power
(not
peak power).
Following
are our
conclusions
of the test results.

cases
klystrons
had
to
be
In
these
frequently.
suppress
gun
operated
-at
reduced
beam voltage
to
At
the
worst
case,
some of
their
beam
arcings.
voltages
fell
below
the
allowable
threshold
beam
voltage.
To solve
these problems,
we tried
to improve
the
materials,
structuree,
and
processes,
of
the
electron
guns.
For example,
the vacuum firing
process
efficiency
was
reinforced,
and
heater
power
was
increased
to reduce
the focus
electrode
temperature.
Owing to these improvements,
the number of gun arcings
has been
decreased
and the
fault-rate
at operating
beam voltage
remarkably
reduced.

ring

'83

Mode

cummu .ative

._

'82

1986 March

4

Filament
open/short
Gun insulator
puncture
Output
window puncture
Gun vacuum arcing
RF output
power shortage

Resonant

PV-3030A

dashed line:

SLAC window)

AL-300
6us x 18Opps

MELCO
TiO,
AL-300

,"
2
3 150.

/

s
i'
AD-995

loo-

%'

AD-995

X

"kF
TiN2

50-

18Opps
18Opps
C’
0

Fig.1

50
50

100

100

50
Pav.

Oi

Ppeak

0

Window loss due to
alumina contents

Fig.2

5’0
50

100
100

Pav.

100

Ppeak

Window loss due to coating
materials
and conditions

50

Fig.3

100
Pav.1 .W)
200 Ppeak(MW) 01

100 Ppeak(MW)*r

Window loss vs.
average power
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Design

study

of PV-9002

Conclusions

Accelerator
tubes
of
the X-band
have not
only
compact
size,
but
also
many other
advantages,
like
higher
shunt
impedance
unit
length,
shorter
per
filling
time,
and
a higher
RF breakdown
limit.
Although
they are suitable
for
linacs
of medical
use
and non-destructive
inspection,
there
is no commercial
MW-class
microwave
source
for
the
X-band
linace;
magnetrons
are not tunable,
CFAs are very expensive,
and klystrons
are not commercially
available.
We have
started
some design
studies
of a 2MW klystron
(PV9002) operated
at 93OOMIiz.

(1)
(2)

PV-2012 and PV-2014 are sufficiently
reliable.
The gun arcing
failure
of PV-3030A
has been
solved
by improving
materials,
structures,
and
processes
of the electron
gun.
(3)
The output
window of PV-3030B appeared
to have
about 30kW average
power handling
capability.
(4)
Preliminary
designs
of
PV-9002
have
been
finished.
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KEK for

Figure
5 is a conceptual
drawing
of the klystron
and focussing
magnet,
both
of
which
are
installed
horizontally
in order
to be mounted
on a rotating
pedestal
of a medical
linac.
The klystron
is inserted
into
the solenoid
from collector
and output
waveguide
to
accommodate’the
electron
high
voltage
gun
insulation
dimensions.
The klystron
and the solenoid
can be- separated
from
the modulator
and the
pulse
transformer
tank,
by using
a high voltage
cable of Xapparatus.
In
order
to prevent
high
voltage
ray
breakdown
outside
the electron
gun, the outside
of the
envelope
is pressurized
by SF6 or filled
with
oil.
The output
window
is a pill
box type,
using
a halfwave length
of alumina
disk.
After
some computation
of the alumina
disk dimensions
on ghost mode, we will
finally
determine
the
actual
dimensions
by
experimentation.
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IMPROVING

THE EFFICIENCY

OF MICROWAVE

DOUBLE

OUTPUT

Stanford Linear Accelerator

Double output cavities have been used experimentally
to
increase the efficiency of high-power klystrons’.
We have used
particle-in-cell
simulations with the 2+1/2 dimensional code
MASK to optimize the design of double output cavities for
the lssertron and the 50 MW klystron under development
at SLAC. We discuss design considerations for double output
cavities (e.g., optimum choice of voltages and phases, efficiency,
wall interception, breakdown). We describe how one calculates
the cavity impedance matrix from the gap voltages and
phases. Simulation results are compared to experience with
the 150 MW klystron.
of Double Output

Cavities

Zhao’ has derived relations between the diagonal and offdiagonal terms in the impedance matrix for a coupled double
output cavity. We have described elsewhere’ how we apply his
equations to solve for the impedance matrix using the voltages
and currents from MASK. Without some relation between the
matrix elements the system is underdetermined,
having two
equations with three unknowns. We use Newton’s method to
iteratively find a matrix which is consistent with the voltages
and currents and also satisfies the Zhao constraint.

AC03

supported

by the US Department

- 76SF00515.

of Energy,

contract

DE

Center,

94305

There are a number of factors involved in a realistic cavity
design. Gap sizes must be large enough to withstand the
voltage without breakdown or multipactor.
A rule of thumb
at SLAC is to keep the maximum electric fields anywhere on
the cavity surface to no more than 300 kV/cm at S band. For
typical rf cavities the maximum field strengths are about 1.51.6 times higher than the average field across the gap. Subject
to this constraint, one wishes to make the gaps as narrow as
possible to improve coupling and hence efficiency.

The simulations used the particle-in-cell
code MASK’.
MASK simulates rf cavities by imposing the cavity voltage
The code calculates
and phase as a boundary condition.
Briefly, the
the induced rf current as described by Yu3.
cavity modes are calculated analytically
assuming constant
field across the gaps. The product E-J is computed and
integrated over the volume, and the amplitude and phase at
the fundamental frequency are found by Fourier transform. A
given gap voltage and phase plus the corresponding induced
current determines the effective cavity impedance. For a given
cavity impedance (or, for coupled cavities, for an impedance
matrix),
it is possible to solve iteratively for self-consistent
voltages and phases. For this study we optimized the efficiency
by adjusting the voltages and phases independently and then
solved for the corresponding impedance matrix elements.

Work

T. G. Lee

Design Constraints

For typical high power microwave devices, a single output
gap generally only extracts from 40-50% of the total energy.
Double output cavities have been used successfully in klystrons
To extract the maximum energy
to increase this efficiency’.
from. two gaps, the first gap should have a low enough Q to
extract some of the energy from the bunch, while having a
fairly large inductive detuning so that some further bunching
is done. The first gap extracts energy mainly from the front of
the bunch while improving the bunching at the back. Generally
the cavities are coupled together through a slot and the power
is extracted through a single waveguide.

l
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Not every coupled cavity system is stable. The stability
criterion is that the magnitude of the beam conductance must
be less than the circuit conductance between the cavities. This
condition must be met for the three modes of the coupled cavity
system.

Abstract

Principles

WITH

CAVITY’
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The tube diameter must be large enough to prevent
significant interception before the final output cavity. A rule
of thumb is to make the tube diameter about 30 per cent
larger than the beam size at input.
Some interception is
permissible after the output cavities, but not more than about
500 watts/cm’ average power for copper walls. For the walls
between the two output cavities the requirements are more
stringent, a maximum of about 2 kW average power, because
the presence of the coupling slot impedes the heat transfer.
One wishes to make the tube diameter as small as possible,
consistent with these constraints, to improve the coupling with
the beam and hence the efficiency.
For the mode of operation (pi or two pi, etc.), there is an
optimum distance between cavities, depending on the beam
velocity and the cavity tunings. The separation between the
gaps cannot be too large, or it will be difficult to couple power
through a slot. In practice, the slot should not be much longer
than about a centimeter.
Optimization

of the Lasertron

Cavities

Following the work by Welch6 for a lasertron with a single
output cavity, we used a trapezoidal pulse shape approximating
The average
a Gaussian with FWHM
of about 66 ps.
current was 124 amperes, with beam voltage of 400 kV, for
a microperveance of .49. With a single cavity we obtained a
maximum efficiency of about 63 per cent. This is higher than
that of the 50 MW klystron because the lasertron has better
bunching and lower perveance.
To add a second cavity we extended the solenoid to 15.3 cm.
We used slightly narrower gaps (16 mm) because the voltages
for the two gap system would be lower. This gap width satisfies
the 300 kV/cm limitation for gap voltages around 300 kV.
The cavity parameters were optimized for
efficiency with a two pi mode. The optimal phase
between gap voltages and currents were about
(inductive) for gap 1 and .l radians (capacitative)
The optimum voltages for the 400 kV beam were

maximum
differences
.7 radians
for gap 2.
295 kV on

i

The voltages and currents were:

both gaps. The optimal separation between gap centers was
68 mm. Efficiency was improved by reducing the tube diameter
to 14 m m at the first gap, where the beam is most focused by
the magnetic field. The beam expands afterwards and the tube
was expanded to 15 m m beginning at 20 m m after the end of
the first gap. (See Figure 1.) To improve clearance, the anode
mouth was kept at a radius of 18 m m until within 8 m m of
the first gap. The coil current was also increased slightly to
50000 ampere turns (peak field of 1790 gauss). The efficiency
was then calculated at 76.5%.

Lasertron

Figure 1
Geometry (dimensions

VI = 2.95 x 10’ exp(-.098i)
Vz = 2.96 x 10’ exp(-.356i)
(1)
11 =-172 exp(-.807i)
I2 = 126 exp(-.242i)
Imposing the Zhao conditions, we solved for the impedance
matrix:
211 = 1384 exp(.619i)

in mm)

227, = 1523 exp(.lOdi)

(2)

212 = 1356 exp(.272i)
(Voltages above were defined at the walls. The impedances
are all axis values. The conversion from wall to axis impedance
is made by dividing by the square of the ratio of the voltage
on the wall to the voltage on axis.)
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Construction

of the Actual Cavity System

A double output cavity based on the design above was built
by Terry Lee (see Figure 3). It was not possible to match the
computer optimized values exactly. The beat approximation
achievable in practice was measured to have the following (axis)
impedances:

._
Electron

Figure 2
Position-Space

211 = 1310 exp(.162i)
Distribution

52 = 1760 exp(J54i)
212 = 1517 exp(.154i)

1
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Figure 3
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(3)

We were able to iterate the MASK runs to obtain a set of
voltages and currents consistent with these impedances. The
simulation predicted an efficiency of 73.6% or about 3 points
less than the optimized value.
Application

although the cavities were initially built with the intention to
produce the equal impedance values from the DISK design,
the measured values were closer to the impedances from the
MASK design:

to the 5045 Klystron

Zll = 544

Double output cavities have also been designed for the 5045
klystron.
We began with the klystron geometry designed by
Lee based on one dimensional calculations using the DISK
code. This used the same locations for cavities one through
three as the standard klystron, with tunings 2860, 2865,‘and
2870 MHz respectively.
Cavity four was moved downstream
to a position 40.3 cm from the input cavity, and was tuned
to 2980 MHz, to act effectively like a penultimate cavity in
the single output cavity tube. Cavities five and six were to
be coupled together as the output cavities. Cavity five was
49;2 cm and cavity six was 55.5 cm from the input cavity. Gap
sizes of cavities one to three were standard, cavity four was
1.1 cm, and cavities five and six were 1.62 cm. The impedances
of the two output cavites were all taken to be 800 ohms (defined
on axis) with zero phase. (This means that both cavities would
have equal voltages and phases.)

Zz2 = 881 exp(.l7i)
212 = 692 exp(.l’li)
When the MASK simulations were rerun with these
impedances, an efficiency of 54.5% was found. A tube with
these parameters is currently being designed.
Figure 4
Klystron Electron Position-Space Distribution
(Cavity Gaps Indicated by Slots on Top Boundary)

The DISK calculation showed about 10 percentage points
improvement in efficiency using these values compared to a
single gap, with a saturation drive level of about 2 kW.
The MASK simulation of this configuration
also showed a
saturation requirement of between 1-2 kW, but showed an
improvement of only about 3 points over a singIe cavity.
Therefore we attempted
to improve the efficiency by
adjusting the cavity positions and impedances. Simulations
were run for an input beam of 350 kv at microperveance 1.9.
Initially we tried scaling the values found from the lssertron
simulation.
This corresponded to equal voltages (with rf gap
voltage of about .75 of the dc beam voltage) on both output
cavities with a phase difference of about .7 on cavity 5 and
-.1 on cavity 6. However, this produced only a few points
improvement over a single cavity. Therefore we tried unequal
voltages on the last two cavities. By using fairly low voltages
on cavities 4 and 5 (about 190 kV), a phase shift of about
.8 radians on cavity 5, and voltage of 300 kV on gap 6, we
calculated an efficiency of 55.5% versus about 45% for a single
gap simulation with an output Q of 16.5. The optimum (wall)
voltages and currents were found to be:

z

Conclusions
Simulations indicate that adding a second coupled output
cavity to a high power microwave device can improve its
power output by about 20%. These results are consistent with
observations on the 150 M W klystron. For that tube efficiency
improved from 43% to 51% with the addition of the second
output cavity, i.e., a power improvement of 18.6%.
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Abstract

Host numerical Investigations2
of the TBA have
been limited to one dimension In which gradients in
the transverse direction (x-y) to that of the beam
motion are neglected.
Although computatlonally efficient, effects due to non-zero e-beam emittance and
mode coupling are necessarily ignored. Ve have rectified this limitation
by adapting the LLNL 2-D FEL
simulation code FRED5to TBA design studies.
For
mlcrcuave simulation, the code’s field solver operates
In Cartesian geometry and (in this instance) follc~s
the evolution
of the TEO1, TE21 and TH21, TE41
and Tn41. etc. modes. The electron beam is modeled
by macropartlcles whose betatron motion is followed
In all 3 dimensions. The KHR6 set of PEL wiggle
period-averaged equations together with the paraxlal
wave equation are used to advance the field and
particle quantities.
For purposes of TBA modeling,
the induction units at the end of each wiggler
section are treated as d-functions in the longitudinal direction that induce a By = t 4 for each
beam electron, with no change In particle phase v.
The code follous only one micrcuave frequency and
thus neglects effects such as the Baman instability
(sidebands).

Numerical simulation codes are described which
can be used to study the physical phenomena of
high-current electron beams employed In some novel
accelerator schemes. Examples are given of the study
of transverse effects In the free electron laser part
of a --Beam Accelerator, the study of ion guiding
in a Belativlstlc
Klystron, and a study of the acceleration phase of a Collective Implosion Accelerator.
Introduction
Hany of the novel acceleration schemes which
have been proposed in recent years, and which have
attracted considerable attentlon,
involve using an
intense electron beam. Ve think, for example, of the
Vake-Field Acce1erator.l the Two-Beam Accelerator
(TBA),2 the Belatlvistlc
Klystron 3 and the
Collective Implosion Accelerator. 4
Motivated by the desire to more fully understand
the various acceleration schemes, and realizing that
deep understanding can only be obtained by particle
simulation of the intense beam, we have developed the
tools for such studies.

A linear taper in field strength was used with
+ dropping Prom 4.75 to 4.25 over each two-meter
section.
Veak quadrupolar focusing was used in the
wiggle plane direction
(kq - 0.6 m-l) as compared
with the wiggler field focusing (k -2.6 m-1). The
field equations were modified by t !Ie addition of a
constant loss term to simulate the pouer transferred
from the FEL waveguide to the high gradient accelLongitudinal space charge effects
erating structure.
due to bunching were included by assuming a parabolic
cross-section for the beam profile.

In this conmunlcation ve consider, in turn, three
acceleration schemes, and for each describe some of
the physical phenomenawhich are of issue and included
in our particle simulations.
Then a description is
given of the nwrlcal
code and, finally,
an example
Is given In which we have studied a “standard case.”
Ve have not, yet, made parametric studies of any
scheme (although we believe that that should be done)
and, therefore, It is premature to come to any conclusions regarding the relative merits of various
schemes on the basis of the work to date.

A short (24 m) simulation of the FEL portion of
a TBA was done with FRED. The parameters chosen are
given in Table I. In Fig. 1, we show both the fraction of particles trapped in the ponderomotive well
and the microwave power In the waveguide as a function
of distance down the wiggler.
A particle Is defined
to be untrapped If Its phase 101 In the ponderomotive well exceeds q. One sees that after a
transient phase during which the e-beam becomes
bunched, the FEL achieves steady state with a
trapping fraction close to 0.6. Since no effort was
made to optimize o or the form of the a,,, taper during
the first 10 m of the device, these results are
probably lower limits to the actual trapping fraction
achievable in a mature 2-D TBA design. The waveguide
power also has a transient phase during which the
pouer oscillates
strongly, but by the end of the

Two-BeamAccelerator
The TBA Is a configuration
in which a Preeelectron laser (FEL) converts energy from a high
current, law energy relativistic
electron beam into
high frequency microwaves, which are then used to
power a high gradient accelerating structure.
At the
end of each wiggler module of the FEL, induction
units are used to restore the energy of the high
current beam. Typical parameters for the TBA are
given In Table I.
work performed under contract
#DE-AC03-76SP00515.
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Beam energy is determined by the desire to have
a rlgld beam so that pulse shape is maintained. and
also so that longitudinal
space charge effects are
negligible.
The period of the structure,
i.e., the
distance between re-acceleration
induction units Is
determlned by not having the particles
lose too much
energy. The beam emlttance presently achieved on the
ATA, together with a reasonable ion (focusing) density
permits a beam size much smaller than the beam pipe.

6

A susvsary of the parameters of our example Is
given In Table II.
Sending an intense electron beam through a small
resonant structure will excite unstable transverse
oscillations
due to self-field
or wake effects.
This
instability,
known as beam breakup, must be controlled
for the scheme to be viable.

0

4

6

12
2

16

m

For a coasting beam, the growth of the transverse
displacement is exponential with z:
I I x0 erp(GQz/2kgy)
,

24

Iml

where Cl is the quality factor of the mode, kg Is the
betatron wavenumber, and G is given by
G = (woZl/QLg) (I/IO)
.
24 m the oscillation
amplitude has dropped to less
than +_lOS. Again, a more optimized taper In the
first few wiggler sections and/or a lower input power
(which would produce a more adiabatic initial
bunching of the beam) would strongly reduce the size
of the oscillations.

In this expression, I is the beam current, IO = 17 kA,
Z1 is the transverse shunt impedance of the cavity
multiplied
by 0. L Is the separation of the cavities.
and wg is the anguPar frequency of the dipole mode.

A mode analysis of the FEL pover shows that
> 98% of the vr
Is In the TEOl mode and that
essentially
no competition exists between the fundamental and higher order modes. This result Is
similar to results from the LLNL ELF experiments5
In which significant
pouer appears in higher order
modes only at saturation in an untapered wiggler.

An advantage of laser guiding is Its favorable
scaling with ‘I. Compared with solenoids or an
alternatlng
uadrupole channel where kg Is proportional to y- 9 , a constant density ion channel has a
k8 that is proportional
to r-112. A second advantage
of ion guiding is the anharmonic nature of the
focusing potential;
i.e., the focusing force is
non-linear.

Relativistic

Klystron

A non-linear focusing force can lead to phasemix damping of the beam breakup instability.
If the
non-linearity
Is sufficiently
great, beam breakup
Qualitatively
this must occur
will not grow at all.
when the betatron wavenumber is greater than the
inverse growth length of the instablllty
since phase
mlxlng will lead to a damping length on the order of
several betatron vavelengths.
Quantitatively
beam
breakup will be suppressed when

The relativistic
Klystron consists of a bunched
high current beam of moderate energy (< 100 HeV) going
alternatively
through sections of induction units for
acceleration and cavities for rf power extraction.3
In order to control beam instabilities
and to facllitate beam transport, we propose the use of ion
guiding.
This may be accomplished, for example, by
ionizing a low pressure background gas with a very
low current, low energy e-beam (< 100 eV) confined to
the center of the pipe by a small magnetic guide
field.
Guiding by the low-energy e-beam7 is a
variant of the laser-guiding
presently employed at
ATA, but has the additional potential advantages of
being rep-rateable and free from dlffraction
effects.

where 6 1s the fractional
spread In kB2. This
expression can be rearranged to yield a threshold
beam current below which beam breakup is suppressed.

A relativistic
Klystron has the capability
of
creating very large power. Arbitrarily
we choose
3 GV/m. The wavelength for economic operation of a
collider will probably be less than 5 cm; we choose
3 cm for our studies.
The gap length has to be a
small fraction of a vavelength and the voltage Is
limited by breakdown considerations.
Decoupling of
the cavities determines their separation and also the
Radius of the beam pipe. Together, these considerations determine the beam current.
The cavity Parameter R/Cl Is determined by the
geometry. The cavity frequency shift AU/O and the
quality factor 0 are chosen to give the desired
voltage.
In addition, the particle bunch is placed
600 ahead of the peak voltage so as to give longitudlnal phase focusing.

I < IO (6tg2~/r)/(woZI/Lg)

.

For the parameters given in Table II, the quantity
%ZI/L
1s calculated to b-e 2-9 cm-2 using the method
descr i %ed In Ref. 8. Laser guiding creates a
focusing channel where k82, is only dependent on
For the parameters in Table 11.
the ion denslt
k82y = 1.6 cm-5..
Combining these expressions, we find beam breakup
la suppressed for I < 36 (LA). Thus an 18% spread In
kg will stabilize a 1 LA beam. This level of nonllnearlty
is easily achieved in practice.

1
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Possible sources of beam degradation include
longitudinal
space charge effects, differential
energy
loss to the rf cavities,
non-zero longitudinal

Of these
emlttance, and “beam head erosion.”
processes, we are most concerned vlth the last.
The
beam head erodes due to expansion resulting from the
non-xero transverse temperature, as well as the loss
of beam energy In expelling the secondary electrons.
To model these effects, we have constructed a
simulation code with an envelope description for the
beam, and particle simulation for the secondary
electrons.
The particular
version of-the code
employed is similar to that described In the section
on “The Collective Implosion Accelerator.” vith
specialization
to radial electron dynamics only. The
dynamics of secondary electron expulsion, beam energy
loss, and beam head expansion are self-consistently
followed.
Figures 2a and 2b give the current and
energy waveform after 15 meters of propagation for
the parameters given in Table II.
The dotted lines
in the figures refer to the initial
conditions.
The
loss of the first three pulselets is due to scraping
against the pipe wall as the beam head expands. For
these parameters, non-zero temperature effects
dominate over energy loss. The slmulat&on gives an
erosion rate of 10 ns In half a kilometer of travel.
Reduction of the beam emlttance reduces the erosion
rate.
Current

waveform

Energy

requires optimizing the geanetry of the photoionlzation plasma including effects of loading by the
high energy beam. Ideally the imploding electrons
would neutralize the ion column In such a vay that
their initial
Implosion creates a high Ex value,
vhlle their subsequent repulsion by the high energy
beam would leave the imploded electrons and ions only
vlth thermal velocities,
essentially all the kinetic
energy of the photo-ionization
electrons being
transferred to the high energy beam.
To simulate the dynamics of the imploding plasma
Interacting with the ion column and the ultrahigh
energy electron beam, we have constructed a slmulatlon code in vhlch the plasma electrons are modeled
by a large number of macro-particles
(typically
5,000
- 20,000) described by relativistic
equations of
motion. The electromagnetic fields are computed
self-consistently,
vlth sources from the plasma
electron current (both radial and axial), from the
ions, and from the ultra-high energy electron beam
(beam-loading effects are therefore Included).
We
have used the full set of axlsysvsetrlc !4axuell’s
equations, but the field pattern Is assumed to move
at the speed of light.
Figure 3a shows the imploding plasma electrons.
c is the distance in cm from the back of the psec
laser pulse, which moves from right to left.
In Figs.
3a and 3b there are 5 x 1010 electrons In the ultrahigh energy beam, which has radius 10-3 cm, length
2010-2 cm and Is centered at the center of the negative
Ex spike. The ion column has radius 0.20 cm. The ion
line density is 2.75=1012/cm. while the plasma electron
line density Is 1.33*101l/cm.

variations
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The space charge electric fields occurring in a
medium energy, high current (e.g.. 50 !JeV, 104
amperes) electron accelerator can reach values of
order 106 volts/cm if the electron beam diameter IS
Of order a few millimeters.
A scheme to convert
these strong radial electric fields into an intense
longitudinal
electric field that can accelerate an
ultra-high-energy
electron bunch has recently been
proposed.4

Figure
3b shows the accelerating field gradient
obtained.
This is not an optimum case. The gradient
may be increased by decreasing the ion column radius
and/or increasing the plasma electron line charge
density.
However, violent plasma oscillations
spoil
the sharpness of the E spike and limit the density of
plasma electrons.
Maximally extracting the electrostatic energy of the ion column favors heavy loading
with the ultra-high energy beam. Hovever, increasing
the number of electrons in the high-energy beam
lowers the field gradient.
Clearly, many tradeoffs
are involved and optimization studies are necessary.

Briefly,
the scheme involves an ion-guided high
current charging beam propagatlng in law density
(.Ol - 1 mT) gas. The tall of the charging beam is
abruptly terminated and 1s lnvnedlately followed by a
coaxial high Intensity,
short duration laser pulse.
This ionizes a plasma column whose electrons implode
radially inward to neutralize the ion column. The
radial currents induce a strong axial electric field
(> 100 WV/m) which can then accelerate an ultra-high
energy electron bunch.

Conclusion

The critical
physics issues of this acceleration
scheme are the field gradient obtainable, the maximum
length possible for such an accelerator,
and the effl6lency. The peak Ex spike Is determined by the ion
column line density, its radius, and by the density
of the laser-produced plasma. Brlggsh has shown
that a slgnlflcant
fraction of the beam energy can be
converted lnto potential energy In the ion column.
?laxlmal energy transfer to the high energy beam

We have developed numerical simulation capablllty vhlch can be employed to study various novel
acceleration schemes based upon the use of intense
electron beams. Ve have demonstrated these codes by
studying examples of three schemes; namely the
Two-BeamAccelerator, the Relativistic
Klystron, and
the Collective Implosion Accelerator.
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Although as yet ve have made no parametric
studles of these schemes; we belleve that such
studies will be very useful In mapping out the
acceptable parameter space for any one scheme and,
eventually, allowing one to choose amongst the
varlous schemes.
Table I

Parameters of a Representative

2400 A
40
0.75 cm
200 cm
.
27 cm
4.75 + 4.25
5 x 2 cm
30 GHx
7.5 Gv
.1127 m-l

Beam current I
Inltlal
Beam energy y
Beam radius
Viggler module length
Viggle period
Normalized vector potentlal a,.,
Vavegulde size
Radiation freauencv
Initial
power’
Loss parameter o (electric
fleldl
Table II.

TBA

Parameters of a Relatlvlstlc

Klystron

Power extracted
3 GV/m
Vavelength. L
3 cm
31mn
Gap, d
Voltage per gaps, V
300 kV
Cavltles per period
20
Period of structure
2 meters
Beam pipe radius, rb
5mn
Cavity frequency shift, A&W
0.03
Shunt impedance over quality factor, R/Q 30
Quality factor, Cl
13
Average beam current, I
1 kA
Energy of beam, E
60 ?leV
Beam emlttance (rms). E
1 mlllirad
Beam radius (rms), a
1.0 lmv
Background gas Pressure (501 lonlzed)
lo-4 Torr
Channel radius, a,
1.0 xxx

cm
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A new Alvarez
linac
cavity
was built
Abstract:
and installed
to boost 20 MeV beams to 40 MeV.
Protons
for
more efficient
chargewere replaced
by H- ions
exchange
injection
to the synchrotron.
As the peak
extensive
beam loading
comintensity
reduced
greatly,
pensation
is no longer
needed
and the rf
system
is
modified
so that both the old and new cavities
are fed
by the power amplifiers
which
excited
previously
the
old 20 MeV cavity.
The linac
beam is 8 s 10 mA, 20 Hz
and usually
with pulse duration
of 20 to 50 US. Polarized H beam of 12 uA with 58 X polarization
Is achievThe debuncher
compresses
momentum spread
of 0.7 %
ed.
FWHM to a half
of it in routine
operation.
Introduction
Both users of 12 GeV protons
and 500 MeV ones had
strongly
demanded
Fore
intensities.
The
ring
of
TRISTAN, a 30 GeV e e- collider,
was decided
to pass
through
under
the beam line
which
guided
the 20 MeV
linac
beam to the 500 MeV booster
synchrotron,
and
during
its
construction
the proton
synchrotron
complex
was shut down for more than one year.
The long shutdown offered
a chance of upgrading
the injector
linear
accelerator
and other
equipments.
In May 1985,
the
machine
resume_d the
operation
with
charge-exchange
injection
of H -ions.
It was demonstrated
that
20 MeV
ions were still
effective
provided
the charge-stripping
foil
was thin
enough’.
Obviously,
however,
higher
Injection
energies
are no doubt preferable.
Upgrading
of the injector
linac
had been planned2’3.
A new Alvarez
cavity
was designed
and partly
fabricated
in 1984.
Alnico-9
permanent
quadrupole
magnets were tested
and high
power rf
system was modified4.
After
two month operation
of June and July
in
1985, the synchrotron
complex was shut down again
to
Install
the-new
linac
cavity
which
would
accelerate
protons
or H ions from 20 MeV to 40 MeV.
H- Ion

Source

Two H- ion
sources
are prepared,
ordinary
and
polarized.
It was already
recognized
that
a multicusp
ion
source produced
a very stable
and quiet
H beam

Fig.

1

18 mA H- beam emittance
of the linac.
E = 2.0
n

Fig.

2

Injector
Alvarez
linear
accelerator
seen from the 40 MeV end.

under a condition
of 100 uS and 20 Hz.
It was an urgent problem
that
its
tungsten
filament
cathode
had no
enough
life
for
a high
energy
accelerator
complex.
When new cathodes
were installed,
the cesiated
molybdenum converter
should
be care_fully
commissioned
by
discharge
to yield
sufficient
H ions.
Poly-crystalline
directly
heated LaB6 cathode
was developed
during
the long
shutdown
of the TRISTAN tunnelings.
After
operation
of more than 2600 hours,
a very slight
reduction
in Its
thickness
was observed.
The beam current
was normally
20 mA.
The cathode
temperature
was 1400
‘C.
much lower
than
that
of the tungsten
filament.
This cut down consumption
of ceslum
greatly,
so that
the source,
which was directly
mounted
to the accelerating
column,
could run more than six months with one
charge of 5 ,g cesium without
serious
problem
of breakdown in 750 kV Cockcroft
preaccelerator.
Beam pulse
duration
and repetition
of the source
are fixed
to 150 US and 20 Hz.
Beam to be injected
to
the linac
is regulated
by an electrostatic
chopper
and
a graphite
beam stopper
at the low energy
beam line.
Typical
750 keV H- beam emittance
at the entrance
of

at the entrance
nmm mrad at 90 X.
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field
in the cavity
and to compensate
the beam loading
by modulating
the driving
power to the TH516 amplifier
No beam loading
compensation
Is required
for
(Fig.
5).
Figure
6 shows the field
in the
the polarized
beam.
After
the modification
new cavity
with the beam pulse.

Fig.

3

New Alvarez

cavity

is

being-aligned.

the

linac
is shown in Fig.
1.
As a flash
lamp-pumped
dye lapser was developed6,
source
delivered
the
optically
pumped polarized
H
50 pA beam with
a pulse
duration
of 70, uS at 750 keV.
A train
of 9 pulses zf the polarized
H and that
of 41
accelerated
succespulses
of ordinary
H are sometimes
sively
in the linac
and also in the booster
in one main
ring cycle of 2.5 S.
New Alvarez

Linac

Fig.

Forward
(upper)
and from one rf
50 uS/div.
X:

and reflected
(lower)
rf to
coupler
of the new cavity.

Cavity

The new Alvarez
linac
cavity
is 13 m long with
an
inside
diameter
of 0.9 m.
Its
main parameters
are
already
reported2’3’4.
It is equipped
with
post couplers
and permanent
quadrupole
magnets.
To shorten
the
shutdown
of the proton
synchrotron
complex,
the cavity
was assembled
in a separate
room in advance.
Cold test
of its
rf characteristics
and tuning
of post couplers
and tuners
were completed
there’l.
Then it was divided
to four sections,
moved to the site and assembled
again
as shown in Fig.
2.
The four
sections
were connected
with
Helicoflex
metal
gaskets
for both vacuum seal and
good rf contacts.
The quadrupole
magnets
in the drift
tubes
were
magnetized
according
to beam-optical
calculation
after
all the drift
tubes were aligned.
The cavity
is evacuated by seven 1000 t/s
Ion pumps and the pressure
is
1 x 10 7 Torr during
beam acceleration.
Two tuners
out
of fourteen
ones were equipped
with motors.
Phase difference
of the cavity
field
and the power source
is
detected
and used to drive
the tuners
to adjust
the
resonant
frequency
of the cavity
to 201.07 MHz, that of
the 20 MeV linac
cavity.
RF System

4

Fig.

5

Driving
power of TH516.
build
up and beam loading
50 uS/div.
X:

Modulated
for
compensation.

Modification

Two Thomson TH516 amplifiers
had excited
the 20
MeV single
cavity
Alvarez
llnac
with
two-feed
system.
The excitation
power of the cavity
was about
1 MW.
whereas
the beam power was 2.6 2, 2.8 MU for
proton
beams of 130 Q 140 mA. As the Ii- current
was expected
to be 10 mA, the beam power would
reduce
to 0.2 MN.
Thus the high
power system was modified
so that
one
power amplifier
was separated
from the 20 MeV cavity
and connected
to the new cavity.
The energy
gain of
the new cavity
was determined
to be 20 MeV to avoid
thorough
modification
of
The
the
power
supplies.
two-feed
system is applied
to both cavities,
le,
each
output
rf of about
1.2 MW is divided
by a Tc e power
splitter,
then
each divided
power
passes
through
a
circulator
and is fed to the cavity
with a loop coupler
at l/4 or 314 along
the cavity.
The forward
and reflected
rf powers to and from one coupler
of the new
cavity
is shown in Fig.
4.
The output
power is modulated
twice
in a pulse,
to accelerate
building
up the

Fig.
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6

Cavity
field
and
X:
50 uS/div.

10 mA beam pulse.

fast

Fig.

7

20 MeV (upper)
20 uS/div,
x:

and 40 MeV (lower)
Y:
5 mA/div.

H- beams.

Fig.

8

Momentum spectrum
of 40 MeV H- beam, 0.7 % FwHM
without
debuncher.
16 bins are included
in adjacent
markers
and correspond
to Ap/p = 0.6 X.

of the rf system and its
operation,
anode loss of the
TH5 16 reduced,
but
lives
of
the
5G57P or
ITT1257
thyratrons
in the anode modulators
might be shortened.
Debuncher
A single-cell
re-entrant
cavity
with
nose cones
was made and installed
10 m downstream
the new cavity
as a debuncher.
Its gap length
and beam-hole
diameter
are 12 cm and 7 cm respectively.
It was made by copper
plating
of about 100 urn on steel
vessels
as the process
of the
linac
cavity
fabrication.
Its
Qo is 40,400
without
tuners,
84 X of the calculated
value.
-Qperat ion
On November 1, 1985, the first
40 MeV H- beam was
accelerated
immediately
after
injection
to
the
new
cavity.
Transmission
of the beam is excellent
as shown
in Fig.
7.
The beam pulse duration
can be extended
up
Tunto 100 us-at
the request
of the ring intensities.
ing of H charge-exchange
injection
and other
machine
Fig.
9 Momentum spread is compressed
studies
began on November 6.
Patients
were treated
by
by debuncher
to 0.4 % FWHM.
proton
beam on November 20 and high energy
physicists
received
12 GeV protons
on the next day.
Since then
the accelerator
complex
is running
as before
the long
Acknowledgements
shutdown.
The llnac
beam is ordinarily
8 Q 10 mA for
and 12 uA with
58 %- polarization
at 20 MeV is
The authors
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polarized
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Two rf loop couplers
located
tank are used to deliver
an rf

Summary
An Alvarez
linac
was constructed
to increase
the
The new
output
energy
from 20 MeV to 40 MeV at KEK.
tank was stabilized
by post couplers
and the flatness
of the TM010 field
distribution
was within
x 0.7. X.
Equivalent
circuit
analysis
which
numerically
solves
the loop equations
Including
stem and post currents
in
addition
to tank current
corresponding
to the accelerating
field
explains
rf characteristics
of a postcoupled
structure.

Equivalent

Instead
of protonmultiturn
injection
into
the
Booster
Synchrotron,
H charge-exchange
injection
was
adopted at KEK since June 1985.
For the higher
intensity
of the beam in the Booster,
extension
of the
linac
was planned
to increase
its
output
energy
from
20 MeV to 40 MeV. In 1983. a model tank was built
for
rf
characteristics
of
the
post-stabilized
stud ing
and constructed2.
tank f . Then a new tank was designed
There are two features
in the tank;
one is the application
of permanent
quadrupole
magnets for transverse
focusing2,
and the other
Is the utilization
of post
couplers
for
stabilization
of
the
tank.
In
this
the tuning
of the tank by post couplers
includpaper,
ing .the
analysis
with
an equivalent
circuit
is described.
_Structure
of the tank

Fig.

IIn,

Ih,6l
Ih,4)

1

Equivalent
circuit
coupled
structure.

of

a post-

314 of

the

analysis

V c,n =I(n,2)/2joCl
V c.n -V,
=jo~(i-w02/~2)I(n,l)+joklGl(n+l.l)

(2)

Vn+I-Vc,n=jwL0(l-wG2/~2)I(n
V c,,=joLII(rQ)+joMII(n-1,4)
V c,,=joLlI(n,4)+joM11(n+1,3)

(4)
(5)

(1)

I 1.1) I joklGI(n,l)

V,,,=jwL~1(n.5)+1(n.5)/j~C~+j~A1~1(n-1,8)
I(ni

(3)

(6)
0)
(6)

V,,,=jwL$(n.6)+I(n.6)/j~C~+j~~121(n+1,5)
l.l)=ssd(n,m)

where
and o is a driving
frequency.
If
4 a l/L&o
equations
from (2) to (7) are rearranged
using
equation
(1). and if equation
(3) for the (n-l)-th
circuit
and equation
(2) for
the n-th
circuit
are added together,
it becomes the following
equations
for the nth circuit,

The new tank of 0.9 m in diameter
and 12.844 m in
length
consists
of four sub-tanks
and contains
34 full
drift
tubes and 2 half
drift
tubes at the ends.
Dlameters
of the drift
tubes and the stems are 160 mm and
36 mm. The ratio
of gap to cell
length
changes from
12 frequency
tuners
of 125 mm in
0.2456 to 0.3187.
diameter
are prepared
to shift
the resonant
frequency
and change the axial
field
locally.
They can change
the resonant
frequency
about 340 kHz.
Furthermore
two
frequency
tuners
of 115 mm in diameter
are prepared
to
tune the resonant
frequency
automatically
to that
of
the 20 MeV old tank with
a feedback
circuit.
34 post
couplers
of 30 mm in diameter
are installed
alternately
from both sides
of the tank toward
the center
of
the drift
tube.
Elliptical
tabs of 66 mm in the major
axis,
38 mm in‘ the minor axis and 20 mm in thickness
are attached
to the inner
end of post couplers.
They
turn
180 degrees and move in and out about 160 mm.

lb,51

circuit

and

An equivalent
circuit
used3 is shown in Fig.
1.
Notation
in Fig.
1 follows
reference
(4).
There are
a tank
current
corresponding
to the
six
unknowns,
accelerating
field
I(n,l),
three stem currents
l(n,2),
l(n.3)
and I(n.4)
and two post
currents
I(n,5)
and
I(n.6)
for the n-th
circuit.
Total
number of unknowns
for
a N-coupled
chain
is
6(N-1)
+ 1.
Therefore,
(6~-5)
equations
are
numerically
solved
to obtain
three
kinds
of currents,
that
Is,
Itank
= l(n.1).
Istem
= l(n.2)
+ l(n,3)
+ I(n,4)
and Ipost
=
Using
Kirchhoff’s
law,
the
loop
I(n,5)
+ I(n.6).
equations
for the n-th
circuit
are written
as follows.

Introduction

MP

at l/4
power.

2(1-wG2/02)1(n

l)+( o12/2w2)I(n,2)
-(w12/2w2)Ii,-I.2)+k0i(n-l.l)+kgl(n+l.l)=~
(~8”/2~2)I(n,2)+I(n,3)+klI(n-l,4)~0

(9)
(10)

(~82/2~2)I(n,2)+I(n.4)+klI(n+l,3)=0

(11)

I(n,3)-k~(l-o~2/o2)I(n,5)+klI(n-1,4)-k2I(n-1,6)=0(12)
I(~~,~)-k~(~-w~2/o2)I(~~,6)+kII(n+1,3)-k2I(r~+1.5)=0(13)
I(n+l,l)=~~/(n,m)

(14)

Fig.
2 Calculated
mode of a 35
cell
tank without
post couplers
(TM01 1 like).
Free parameters
are
given as follows.
wo = 210.8 MHz.
= 215.8 MHz, w3 = 93 MHz, k. o”.‘l. k 1 * 0.095.
k4 = 0.71,
w 201.31 MHz.
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Fig.

3

Block
field

diagram of the
measurement.
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4 Calculated
sum of post currents
at the stabilization
when perturbation
is given to the both end cells.

0

Fig.

5

20
10
Cell number

ox =z

Fig.

6

(hlHz)

Measured resonant
of the post-less

Accelerating

field

modes
tank.

of the tank means
is reduced
to the

JEi - have I/N

(15)

the
where E represents
is theifield
averaged
number of cells.

method

225

Frequency

tank is uniform,
the stabilization
that
the distortion
parameter
Dx
minimum with post tuning,

The axial
field
was measured by usual bead perturbation
technique
as shown In Fig.
3.
Some cares
were taken
to increase
the accuracy.
Phase-locked
loop was used for stabilizing
the speed of the bead.
Its
fluctuation
was reduced
to less
than
0.01
X.
Resonant frequency
of the self-excited
circuit
lncludwith
suitable
gain and
ing the tank was stabilized
phase of the feedback amplifiers.
Reference
frequency
producing
the beat
frequency
of 8 kHz was delivered
from a synthesized
oscillator.
Two photo-sensors
were
used to detect
the passing
of the bead.
They determined the location
of the bead in the tank with
the
aid of -10 MHz clock.
The accuracy
of the measurement
of the field
averaged
over a unit
cell
was less than
0.2 %.
W e used another
method of the field
measurement,
which is simple
and useful
when we want to identify
the mode.
If an external
driving
frequency
Is fixed
on a shoulder
of a resonant
curve,
for example,
- 3dB
down from center
of the curve,
a shift
of the resonant
frequency
by the bead purturbation
causes a change of
the amplitude
of the measured rf signal.
Synthesized
network
analyser
with a fixed
driving
frequency
measures the signal
mentioned
above with high accuracy.
Tuning

200

Measured TM010 field
when the
DOSt
couplers
were pulled
out.

where kg = MO/LO, kl = Ml/L],
k2 - M2/Ll,
k4 = Lz/Ll,
UT = l/LoCl,
U$ = l/L2C2 and ~3 = l/LlCl.
Calculated
curients
are so normalized
that
the largest
one among
three kinds
of currents
in-the
tank is assumed to be
1. Figure
2 shows an example of the calculated
mode.
Measurement

30

field
of the
in the tank

without

post

I-th
and

N

cell,
is

E
tof:P

couplers

Figure
5 shows the measured field
of TM010 mode
when post couplers
were pulled
out exceedingly,
that
155 m m away from the drift
tubes.
The field
is.
distribution
over the tank inclines
due to the effect
of stems and post
couplers
and D = 0.14.
In the
design
of the tank,
the average e&ects
of stems and
post
couplers
on the resonant
frequency
were taken
into
acount.
The result
of calculation
using
the
equivalent
circuit
is also shown.
The frequency
perturbation
by stems and post couplers
is given in such
a way that
the deviation
from the resonant
frequency
of a unit
cell varies
at the uniform
rate from 110 kHz
to - 110 kHz in the tank.
Secondly,
14 frequency
tuners
were carefully
inserted
to make a nearly
uniform
field
distribution
and
D became 0.0114.
Then a 10 16 tilt
was given to the
f'ield
distribution
by the frequency
tuners
of No.1 and
No.14.
D was 0.0306.
The above procedure
was useful
to find
tse stabilizing
point
clearly.
The measured
resonant
modes are shown in Fig. 6.

procedures

Tuning

There are two important
problems in the tuning
of
one is the stabilization
of the tank using
the tank;
post
couplers,
and the other
is the tuning
of the
resonant
frequency
to 201.07 MHz, which Is the value
of the old tank.
The latter
Is important
since
the
field
distribution
tuned by frequency
tuners
affects
the amount of excitation
of the post modes when stabilization
Is achieved
as shown in Fig. 4.
As the design of
the field
distribution
over the

with

post

couplers

When the post
couplers
were gradually
inserted
into the tank, TElln modes were strongly
perturbed
and
finally
a number of post modes appeared.
As the post
length,
which means the distance
between post coupler
and drift
tube, decreased,
the frequencies
of the post
modes decreased.
When the post
band edge crossed
TM010 mode, the field
was strongly
perturbed.
Stabilof 74 m m (Fig.
ization
was achieved
at the post length
7) and the field
distribution
became flat
as shown in

230
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Fig.
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Measured resonant
modes at
the stabilization.
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Measured dispersion
at the stabilization.
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10 Measured field
variation
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parameter
IAl=
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(wg).
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and - 10 kHz for
the stabilized
tank provided
that
the changes of the frequency
due to the temperature
and the atmosphere
are - 2.9 kHz/degree
and 62 kHz.

With theaid
of small tab rotation
(within
25
Fig. 8.
degrees)
of five
post couplers,
distortion
parameter
of 0.0029 was achieved
and the field
variation
within
Dispersion
relation
at the
f 0.7 % was obtained.
The mode separation
stabilization
is shown in Fig. 9.
between TM010 and TM011 increased
from 0.3 MHz to 1.57
In addition
to the stem
MHz at the stabilization.
modes ranging
from 73 MHz to 81 MHz, 34 resonant
modes
were observed below TM010 mode probably
corresponding
to the post modes.
Figure
10 shows measured rf amplitude
for TM011
and Post-l
modes with
the bead perturbation
on axis.
Figure
11 shows variation
of the distortion
parameter
Variation
of R/Q is shown in Fig.
12.
during
tuning.

Q values

and transit

time

factor

Q value varied
during
post tuning
as follows,
post-less
tank
64900,
decrease by 12 tuners
- 2500,
decrease by auto-tuners
- 1400,
decrease by post couplers
- 3900,
stabilized
tank
57100,
calculation
without
stems
79100.
Shunt
impedance
of the
stabilized
tank
is

46

Mnfm.
Simulation

using

equivalent

Measured transit
time factors
vary from 0.878 to
0.821, which are larger
than calculated
values by 0.69
% on the average.

circuit

circuit
well explains
the behavior
The equivalent
of the distortion
parameter
during
post
tuning
as
The calculated
three kinds of sums
shown in Fig.
13.
of square of currents
for all
cells
at the stabilization are represented
in Fig.
14.
The calculated
sums
of square of currents
for all
cells
versus
post frequency wg are shown in Fig. 15.

Resonant

frequency

of
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TM010 mode

The model tank study predicted
the deviation
of
the resonant
frequency
from SUEPRFISH calculation
as
follows,
increase
by post couplers
114 kHz,
increase
by stems
330 kHz.
variation
by tuners
2 179 kHz,
decrease by errors
- 253.5 kHz,
In the above, the decrease by errors
is mainly
due to
the mesh size in the SUPERFISH calculation.
Then the
calculated
frequency
of 200.63 MHz was chosen since
the goal was 201.07 MHz and safety
factor
of - 70 kHz
was taken into account.
The deviation
of the resonant
frequencies
from
the estimation
became - 2 kHz for the post-less
tank

References
1.
2.
3.

4.

121

S. Machida et al.,
IEEE Trans. Nucl. Sci. NS-32,
3259 (1985).
S. Fukumoto et al.,
Proc. 1984 Linear
Accelerator
Conf.,
135, 1984.
T. Nishikawa,
'A note on the dispersion
relation
of the Los Alamos structure
for the drift
tube
linac'.
1967, unpublished.
G. D(ime, Linear
Accelerators
edited
by P.M.
Lapostolle
and A.L. Septier,
Amsterdam,
1970,
C.l.le,
p.706.

’ I
RF-SOURCES POB PROTON LINACS
G. FAILLON - D.T.

MO343

TRAN

THOMSON-CSF Division
Tubes Electroniques
38 rue Vauthier
BP 305
92102 BOULOGNE-BILLANCOURT CEDEX, France
Introduction
In existing
proton
linacs,
the choice
of the RF
frequency
used at the beginning
of the accelerator
is
the result
of a difficult
compromise
between the
of the elecinjection
energy
(that
is, the dimensions
trostatic
injector),
and the diameter
of the accelerating structure
(chosen In such a way as to allow
the
first
quadrupole
lens to be contained
in the first
drift
tube).
With few exceptions,
the RF frequency
used
is 200 MHz. At this
frequency,
triodes
can supply
a few
M W of peak power, but only with a duty cycle of a few
percent
or less.
Klystrons
would be able to improve
this
situation,
but at this
frequency
the problem of
klystron
dimensions
is encountered.
_

The first
jump in frequency
by a factor
of three
brings
us to about 1.3 GHz, for which very highperformance
klystrons
have been developed
for electron
accelerators.
Another
jump by a factor
of two brings
us
to 2.6 GHz, for which high-power,
long-pulse
klystrons
have also been developed
for certain
military
applications.
-Klystrons
can thus cover the entire
frequency
range necessary
for m,ltl-GeV
proton
accelerators.
This
article
discusses
the present-day
possibilities
and
describes
improvements
which can be anticipated
in the
near future.
Klystrons

Roughly
speaking,
below 200 MHz tetrodes
are used
as RF generators,
whereas klystrons
are used above
(Table
I).
The state-of-the-art
is shown in Figure
1 on
a power/frequency
plot
for CW and pulsed klystrons.
Television
bands IV and V extend from 470 to
860 MHz. Very large TV transmitters
of several
tens or
even hundreds
of kW output
power, use klystrons
putting
out 10 to 50 kW per klystron.
However TV klystrons
are
not perfectly
adapted
for high peak power operation
at
a fixed
frequency,
because the cavities
incorporate
a
sophisticated
internal
or external
tuning
system.
In
the last few years,
certain
techniques
have been explored in an effort
to improve
these tubes.
One seemingly
attractive
possibility
is the incorporation
of a video
modulation
grid,
however the increase
in efficiency
thus obtained
is at the expense of increased
transmitter complexity
and decreased
reliability.

2 shows the
a number of

calculated
klystrons

and measured
as a function

(higher
at
at higher
perveance

Figure
3 shows some characteristics
of the TH 2089
and TH 2105. The high voltage
was chosen on the order
of 80-90 kV. The large size of these tubes is partly
due to the relatively
low frequency,
but also due to
the chosen operating
voltages.
In the “non-underground”
version,
the vertical
or horizontal
TH 2089 measures
4.75 m and weights
2 tons,
including
the lead shielding,
and the TH 2105 measures 4 m for 1.8 tons.
Both
tubes can dissipate
the entire
beam power (1.8 M W CW)
on the collector
without
danger.
Numerous other versions
of this
tube are possible,
for example anode pulsing
with a cathode voltage
of
112 kV DC would allow
to almost double
the output
power
to 2 M W peak with a 30-40 X duty cycle ; the F 2055
(see table)
operates
in this manner. By pulsing
both
the anode and the cathode,
even higher
peak power could
be obtained,
depending
on the pulse duration.
Figure
4 shows the variation
of the peak output
power with pulse duration
for a 1.3 GHz klystron.
The
main limitation
comes from breakdown
voltages
in the
electron
gun, between the beam-focusing
electrode
and
the anode, and along the ceramic
insulator.
In the case
of an insulated
anode, the situation
is further
complicated by doubling
the insulation
and the fact that one
of the ceramics
must withstand
the entire
DC voltage.
Also,
any resonances
in the supply
circuits
and cables
can reduce the high voltage
capability
of the electron
gun even further.
The problems
of RF breakdowns
in the output
gap
and the window are easier
to avoid,
especially
in view
of the relatively
low frequencies.
This would not be
the case in other
bands : X, C, or even S-band.

In the frequency
range of 300-600 MHz, klystrons
have been generally
developed
for electron
synchrotron
or storage
rings.
4 to 5 M W CW klystrons
are feasible
(fig.
l),
but so far no concrete
demand has arisen
for
unit
power levels
exceeding
1 to 1.2 MW. The TH 2089
(352 MHz) and TH 2105 (508 MHz) are two examples of
such klystrons.
Figure
ciencies
of

A trade-off
between better
efficiency
lower perveance)
and cathode voltage
(lower
perveance)
results
in the choice of typical
values
between 0.6 and 0.8 uperv.

Extremely
high DC voltages
are to be avoided
for
numerous reasons,
including:
the cost and bulk of power
supplies
and cables,
which vary exponentially
with the
and external
breakdowns,
aggravated
voltage
; internal
by inevitable
resonances
In the external
circuits
; increasing
difficulties
in protecting
the tube and all
electronics
in the surrounding
environment
(radiation,
ground loops,
electromagnetic
disturbances,
etc.).

Recent developments
of RFQ technology
allow
to
overcome some of these difficulties
by forming
a bridge
between the injector
(which
thus can operate
at a few
tens of kV) and the beginning
of the accelerator
(which
then use an RF frequency
at least
twice as high).
Klystrons
are now perfectly
adapted
for operation
in
this
frequency
range (350-500
MHz) thanks
to
recent
progress
motivated
by new demands (PEP, LEP,
TRISTAN, etc.).

Conventional

beam perveance.
The good agreement
of the two curves
results
from increasingly
accurate
calculation
codes,
but also from a better
technical
mastery,
of certain
important
parameters,
including
the shape and size of
the cathode,
insulating
ceramics,
output
windows,
output waveguide,
and collector
(water-cooled
or vaporcoled).

MB-Klystron
Low-frequency
klystrons
can be rather
bulky,
especially
If they have to deliver
high power levels
and
high efficiency,
resulting
from the very principle
of
the velocity
modulation.
In spite
of this
lnconvenience,
klystrons
are sometimes
preferred
to grid tubes
for their
well-known
qualities
: high-power
capability
(peak and average),
ruggedness,
llfetime.
high gain,
etc.

effiof the
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For a given frequency,
the length
of a klystron
is
determined
by the HV. Thus in order
to reduce klystron
size,
one possibility
would be the use of a higha hollow
beam. Past efforts
perveance
beam, especially
along these lines
have been disappointing
; in partithe efficiency
obtained
was less than that precular,
dicted
by theoretical
considerations.
Two reasons
are
advanced
for this discrepancy.
Firstly,
it is difficult
to obtain
a perfectly
hollow
beam over a long distance,
as such a configuration
is metastable
around the beam
axis.
Secondly,
it is practically
impossible
to avoid
beam scallops
arising
from confinement
magnetic
field
imperfections.
This effect
defeats
the purpose
of using
a hollow
beam, which must be as close to the drift-tube
edge as possible
in order
to obtain
the maximum benefit.
Thus we are led to consider
the principle
of the
multiple-beam
(MB) klystron.
As far as we know, the
idea was first
proposed
by J.BERNIERl,
who also built
a
prototype2.
Another
prototype
was built
by BOYD 6 a1.3.

where e and L represent
the equivalent
inductances
of
each drift
tube and cavity,
respectively
; jn is the
beam current
going through
the nth drift
tube ; and
Q = Lw/r.
We observe
that if one of the beams disappears,
the remaining
beams see the same field,
diminished by l/N in relative
value,
with a general
phase
shift
of l/Q with respect
to the initial
field.
We have
the same situation
as in a single-beam
klystron
which
suffers
a drop in beam current
of l/N.
In the case
where the beam currents
are not exactly
the same, it
can be shown that each beam sees a field
phase-shifted
by (~j/jo)/Q
with respect
to the average
phase, where
Aj/jo
is the intensity
fluctuation
with respect
to the
average
value jo. Thus the variations
are seen to be
quite
small.
For the RF Cavities,
the mode TM01 can be chosen
which will
result
in an accelerating
field
which varies
along the diameter
as shown in Figure
7 (solid
curve)
:
there are two maxima located
in the interaction
spaces,
and a minimum of the same sign in between.
The mode
TM02 could also be chosen5,
resulting
in the variation depicted
by the dotted
curve with a minimum of opposite
sign.
The TM01 mode is preferred
for lowfrequency
MB-klystrons
whereas the TM02 is preferred
for high-frequency
MB-klystrons.

In a MB klystron4,
N beams emitted
from N separate
cathodes
travel
through
N drift
tubes arranged
equidistant
on a circle
in .between the klystron
cavities
(fig.
5). As in the case of a hollow
beam, the
space-charge
effect
is reduced by division
of the beam
into
N identical
beams, however each beam is treated
here as in a standard
single-beam
klystron,
for the
beam confinement
as well as for the coupling
with the
electromagnetic
field.
In other words,
the MB klystron
in a parallel
configuracan be modeled as N klystrons
tion.
The relation

follows

Typical
characteristics
of a one MW, 6-beam
klystron
operating
at 425 MHz could be a beam voltage
of 42 kV for 6 beams of 5.7 A (overall
length
= 2.5 m).
The same concept
can also be applied
to a lasertron.

:
Conclusion

V = U’TOT 1 T-I p W2f5
where

We have shown that the range of frequency
and
power needed for multi-GeV
proton
linacs
can be covered
by feasible
if not existing
klystrons.
The concept
of
MB-klystrons
or MB-lasertrons
could allow major
pro-gress
in the near future
towards
increasing
power
and frequency.

: beam voltage,
V
same for all N beams
power of MB-klystron
PTOT : .output
: efficiency
of a single
beam
n
-p
: perveance
of a single
beam
N
: number of beams.

:

Using this
formula,
we can see that for a given
output
power, a MB-klystron
with six beams requires
only about half
the HV of a single-beam
klystron
(62/5 = 2) and thus would be shorter
by a factor
of a.
Of course these advantages
can only be obtained
at the
expense of greater
complexity
of the electron
gun and
the beam-confinement
electromagnets
which must generate
a homogeneous field
in the neighborhood
of each beam.
In order
to imagine what would happen if one of
the beams disappears,
or if they don’t
all have the
same current,
we use the lumped circuit
(fig.
6) as a
model of a cavity.
We deduce the RF current
Ii induced
into each drift
tube :
Ii

= (1 +e/m)

I(1

+ JQ) N-l

TH 2089
F 2055
TH
-TH
TH
TH

2105
2086A
2095
2104

Frequency
(MHz)
352
500
508
1300
1300
1300

Operating
mode

Output
peak

1.

French

2.

R. WARNECKE and P. GUENARD ; “Les tubes electroniques B commande par zmdulation
de vitesse”,
Ed. Gauthier-Villars,
Paris,
1951, pp. 728-729.

3.

M.R. BOYD, et
May 1962.

4.

French

5.

y In - jil,
n-l

TABLE I - Tbouon-CSF
Klystron
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Pulsed
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1.1 MW
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80 kW
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cw

TH 2054

2450

CW or
pulsed
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VACUUM SYSTEM DESIGN CONSI DERATIONS OF THE LOS ALAMOS ACCELERATOR TEST STAND (ATS)*

Los Alamos

N. 6. Wilson,
AT-Z, MS HB18
National
Laboratory,
Los Alamos,

NM

87545

Sumnary
The accelerator
test
stand (ATS).
in operation
at the Los Alamos National
Laboratory,
includes
a
hydrogen
ion source,
low- and high-energy
beamtransport
sections,
and a 425~MHz radio-frequency
quadrupole
(RFQ) linear
accelerator.
A 425~MHz
drift-tube
linac
(DTL) and a powered "buncher"
matching
section
have been constructed
and will
be
installed
on the ATS.
The vacuum systems required
for the various
sections
of the ATS are designed
to provide
(1) high
gas-load
capability,
as required
in the ion source,
and-(Z)
high-vacuum
capability
in the hi-gh-power,
radio-frequency
accelerator
sections
(where fast
vacuum-system
response
time is of importance)
through
the use of distributed,
differential
pumping as a
principal
vacuum-system
feature.
This paper describes
properties
of accelerator
materials,
vacuum-systems
engineering
and analysis,
vacuum equipment
used, and
ATS vacuum-system
performance.

START w
I-Rim

ION SOURCE

Introduction

Material

Condensable

Pump Speeds
Roots blower
Ten-inch cryop~mps

Radio-frequency-driven
particle
accelerators
are
of increasing
interest
in many areas of particle
physics.
This paper briefly
discusses
the vacuum system
of an existing
425~MHz linear
accelerator,
that
is,
the ion source/injector,
an RFQ linac
with buncher,
and a DTL.
-Each major section
was analyzed
during
design
to
ensure that the required
vacuum conditions
would be
achieved
in operation.
The analysis
provided
residual
gas pressures
expected
in the various
zones of each
section,
for no-beam and with-beam
conditions.
Response
times (i/c)
for the
RFQ and DTL were also
calculated
from the effective
pump speeds and volumes.
The low-energy
beam-transport
region
is not specifically
analyzed
because it is integral
to the ionsource section.
The high-energy
beam-transport
region
is
not analyzed
because it
is frequently
changed,
according
to experimental/diagnostic
arrangements,
and
is provided
with
its own stand-alone
vacuum system.

CHARACTERISTICS
Hydrogen
140 ets

140 P/s

9000

Effective Pump Speeds
(calculated)
Ion source ktart up)
Ion source high vaccum

3000 e/s

e/s

37 e/s
4700 e/s

10 e/s
2600 US

Gas Sources
(Hz) z 1 t.orrMs
6.5 I 10e2torr Ifs
3 x 10e4torrMs
Standby

;z-up

Pressures
Start-up (Roots blower)
Run (high vacuum)
Standby

Calculated
-0.1 torr
-1.4~1O-~torr
-1.2 x 10-7torr

Observed
0.1 - 0.2 torr
7-8~10-~tor~
2 x 10m7torr

auge indication, corrected for hydrod auge uncertainty > i 50%.

Characteristics

The accelerator
components
exposed to the vacuum
environment
are clean (degreased)
polished
OFHC copper. plated
copper
(UBAC'),
stainless
steel,
and
VITONZ elastomer
O-rings.
Dynamic outgassing
rates
were measured for typical
samples of OFHC and plated
copper;
characteristic
unbaked outgassing
rates
after
24 hours under vacuum were 4 X lo-10
torr
P/s/cm2.
Similar
measurements
for unbaked stainless
steel
were
5 X lo-11
torr/P/s/cm2.
Ion

Fig.

1.

Ion

source

section.

In the ATS, the evacuation
of the start-up
gas is
performed
by a Roots blower
vacuum system providing
-50 It/s pump speed (hydrogen)
at the ion source.
During ~-HZ, lo-ms pulse-length
pulsed operation,
the
average
gas source is reduced to 6.5 X 10-2 torr
n/s.
The pumping speed necessary
to produce
the required
operating
condition
of less than 5 X 10-5 torr
is
produced
by two lo-in.-diam
cryogenic
pumps of
9 000 n/s (condensable)
speed operated
in parallel,
connected
to the source through
the injector
accelerating
column.
The effective
hydrogen
speed at the
accelerating
column entrance
is 1.1 X lo4 n/s..
A
pressure
of about 6 X 10-6 torr
is predicted;
operation
at lo-Hz pulse rate has been initiated
with a
pressure
of about 1.2 X 10e5 torr
predicted.
Standby conditions
in the ion source are provided
by either
of the two pumping systems,
that
is, the
Roots blower
start-up
system or the dual lo-in.-diam
cryogenic
high-vacuum
pump system.
The Roots blower
system provides
a thermoelectrically
cooled baffled
pressure
of less than 1 X 10e3 tort-;
whereas,
the

Source

The ion-source
operation
involves
three
functional
phases:
(1) start-up/conditioning,
(2) run
(pulsed)
operation,
(3) standby.
(Figure
1 schematically
shows the ion source system arrangement
and
vacuum-system
parameters.)
During
start-up,
gas flows
of 11 torr
n/s are
used with source pressures
of 1 to 5 X 10-l torr.
*Work performed
under the auspices
of the U.S. Dept.
of Energy and supported
by the U.S. Army Strategic
Defense Command.
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cryogenic
pumps produce a standby
pressure
of less
than 1 X 10-7 torr.
Selection
of these pump systems,
either
of which has been shown to be satisfactory
for
retention
of operating
characteristics,
depends princ ipally
on the operational
schedule
and/or
the degree
of hydrogen
"loading"
of the cryogenic
pumps.
Instability
of the cryogenic
pumps as they become saturated
with hydrogen
has resulted
in the necessity
for regeneration
after
approximately
30 hours of source operation
(or 12 standard
liters
of HZ).
ATS R F Q

-

The R F Q operated
on the ATS requires
a vacuum
environment
in the accelerating
cavity
to (1) allow
beam transport
through
the structure
without
degradation
from residual
gases,
(2) provide
a gas density
that will
not produce electrical
breakdown with
rf
excitation
of twice
the Kilpatricka
criterion
and,
(3) provide
a residual
gas density
low enough to prevent recontamination
of the accelerator
structures
after
rf conditioning;
a pressure
of less than 2 X
10-6 torr
is expected
to provide
these conditions.
The R F Q pumping systems should also provide
adequate
speed for rapid-volume
c leanup
response time to allow
recovery
from gas bursts
resulting
from intermittent
rf discharges
and sparks.
Figure
2 schematically
shows the R F Q system and a summary of the vacuumsystem parameters.
The pumping systems of the RFQ, based on the use
of two lo-in.-diam
cryogenic
vacuum pumps, produce a
calculated
effective
speed in the accelerating
cavity
of 930 n/s (condensable)
and 2240 E/s (hydrogen).
The
calculated
pressures
in the cavity
are (1) without
an
ion beam, about 3.0 X 10-B tort-,
and (2) with an ion
beam, 8.0 X lo-.8_torr.
The availability
of two pumps,
either
of which has the performance
required
to operate the RFQ, permits
regeneration
of either
pump while
continuing
operation.
The R F Q manifold
end caps, equipped
with C-in.diam cryogenic
pumps, are used to provide
an evacuated
zone where eight
water-cooling
c ircuits
and four rf
pick-up
cables are connected
to vacuum feedthroughs
without
adversely
affecting
the R F Q accelerating
cavity.
The low-energy
end cap also provides
a guard
vacuum zone at the R F Q entrance
to minimize
effects
of streaming
hydrogen
gas on the R F Q acceleratingcavity
entrance.
The high-energy
end cap also prov ides pumping for the beam-matching
rf buncher cavity,
which will
be installed
between the R F Q and the DTL.
Drift-Tube

R F Q CHARACTERISTICS
DESIGN
Pump Speed
Ten-inch cryopump
Six-inch cryopump

PARAMETERS
Condensable
9000 ek
3000 e/s

Hydrogen
3000 e/s
1000 e/s

1610
930

e/s
ek

2;::

;i

3130
2240 Us
ek
2390 ek
606 e/s

CaFlctesd E.e.sctive
D D
2:
::
Zone D
Zone E
Calculated G a s Loads
4.2 x
2.8 x
Es: ii
1.2 I
Zone C
3.8 x
Zone C
6.0 x
Zone D
4.1 x
Zone E

10-5~rr ek
10-5t.0m ek
10w6torr e/s
10m5torr Q /s
IO-~~OIT e/s
10m5torr P/s

1.5
1.5
1.5
8.3
7.5
8.3

x
x
x
x
x
x

10-4 torr
1W4 torr
lo-4tol-r
10-S torr
10e5torr
10e3torr

ClS
eh
P/S
ek
ek
e/s

Calculated Resoonse Time (i/c )
0.11 s (Cond)/O.OGs (Hz)
0.07 s (Cond)/0.03 s (Hz)
Et: t
SYSTEM
Zone A
Zone B

Linac

The DTL requires
an operating
vacuum condition
of less than 2 X 10-6 torr,
which is s imilar
to that
of the RFQ. The vacuum system planned
for the DTL
will
use a pumping system s imilar
to that
of the R F Q
to provide
commonality
of equipment,
controls,
and
operating
parameters.
Figure
3 schematically
describes
this
system as well
as the typical
calculated
operating
conditions.
In this
system, two lo-in.-diam
cryogenic
pumps of 9000 K/s speed (condensable)
will
be ducted to the DTL tank as was done in the RFQ. A
pumping speed of 6000 k/s in the tank and an operating
pressure
of about 4.5 X 10Vg torr
was calculated
for
this
system.
The c leanup
response time calculated
for
this
pump arrangement
is 0.07 s.
Because either
pump
can produce the required
operating
conditions,
regeneration
of alternate
pumps can be accomplished
without
shutdown of the DTL.

Zone D
ZoneE

PRESSURES

Calculated
w/o H, - 2.6 x 10-a torr
w/H, - 7.6 x lo-* torr
w/o H, - 3.0 x lo-* torr
w/H, - 8.0 x IO ** torr

Observed

w/o H, - 2.6 x lo-* torr

w/H, - 4.9 x 10-8 torr

1-3 x lo-8 terra
7.7 x 10-8 tmr a, b

wloH2-7.1x
10.*torr
w/-H, - 1.1 x 10-e torr

8.0 x lo-* torr a
1.9 x 10-e torr a, b

aAs indicated on ion gauge -N,
bration uncertainty > *50%.
bH2 sensitiv ity - 0.5 N,.

Fig.

2.

calibration.

Cali-

R F Q section.
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DTL CHARACTERISTICS

v

Condensable
9000 P/s

cryopump

Calculated Effective
Pump Speeds
zone A
Zone B
CtteuTted

175oe/s

2.7

Calculated Pressure
Zone A
Zone B

x 10-S torr Q/s

1.5 x 10-B torr
x 10-g torr

4.4

Calculated Response TLrn22eg(ik
)
._
Fig.

3.

%$i?E

3100 e/s

Gas Load

DTL Section.

Conclusion

The vacuum systems provided
for the accelerator
test
stand have been used on the RFQ and on the ion
source in its present
configuration
since 1983.
The
operating
conditions
in both zones have closely
approached
those calculated
for the arrangements
used.
Of particular
utility
has been the ability
to
regenerate
one cryogenic
pump while
its mate is used
to continue
operation.
The reliability
of the pumps
has been gratifying,
with only minor maintenance
requirements
in nearly
30 000 hours of operation
for
two of the lo-in.-diam
pumps and 9 000 hours operation
for the other
two lo-in.-diam
and two 6-in.-diam
pumps.
The fast
response
time of the RFQ pumping
system has been a significant
advantage
during
rf
conditioning
and recovery
from rf discharges/sparks
in operation;
it is expected
that the DTL will
benefit
similarly.
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Summary

fabricated;
the preaccelerator
(45 cavities) is being
fabricated in 1986, with a large Stage II microtron
accelerator to follow later.
Another side-coupled electron linac built at Los
Alamos is a 20-MeV 1300-MHz accelerator for the Los
Alamosfree-electron
laser (FEL) project. The FEL accelerator consists of two brazed copper assemblies, a
13-cavity tank and a 1 S-cavity tank. Because of the
relativeiy large size, the FEL accelerator is constructed like
the 805-MHz LAMPF accelerator with seoarate. brazed-on
cells. Instead of alternatiig
the ioupling
side-couplin
cells from si 8 e to side, the FEL coupling cavities are successively rotated so that the coupling slots appear at
spirally ad-vancing positions around the beamline. This
rotation minimizes the effects of spurious beam-steering
modes that may appear when extremely intense electron
micro-pulses traverse the acceleratinq cells sliqhtly off
center: The tuning techniques used on the RTM structures
were aoolied to the laraer FEL cavities. The FEL accelerator is in’operation
at L& Alamos and has, at four times
the design beam current, produced a beam of excellent
quality.

Beginnin
in 1979, Los Alamos entered into a collaboration with t R e National Bureau of Standards (NBS1 to
develop an advanced cw microtron accelerator.
The
accelerating structures (one 0.9-m-Ion
one 2.7-m-long,
and two 4.0-m-Ion
) containing
a tota ? of 184 acceletating cavities have 1 een fabricated and tuned to the
2380-MHz operating frequency.
New methods simplified
the fabrication
of these structures and eliminated several
furnace-brazing
steps. These fabrication
methods, lathemounted tuning fixtures, and streamlined tuning techniques were developed to allow efficient production
of
side-coupled structures. These techniques are now being
applied to the 2450-MHz racetrack microtron accelerator
structures being fabricated.at
Los Alamds for the Nuclear
Physics De artment of the University of Illinois. Refinements oft PIe described techniques will allow future accelerators of this type to be fabricated by private industry.
Introduction
Refinement of previously-developed
techniques, and
development
of new approaches to fabrication
and
tuning techniques for side-coupled electron accelerator
structures began with the joint project of the National
Bureau of Standards (NBS) and Los Alamos to build a
racetrack microtron (RTM) accelerator system for NBS.1
Constructed at Los Alamos, the NBS RTM accelerators are
all room- temperature,
2380-MHz, side-coupled,
standingwave, cw structures. The 0.9-m-long capture accelerator
has 15 accelerating cavities, and the similar 2.7-m-long
preaccelerator
has 43 accelerating cavities. The main
microtron accelerator (Fig. 1) consists of two accelerator
tanks (each 4.0 m long with 63 accelerating cavities) with
an rf iris in the center of each. All of the accelerating
structures have been installed at NBS.

Desiqn, Fabrication,

was by tungsten
machining-

sections.

Success with the NBS RTM led to Los Alamos efforts on
two other side-coupled electron-linacstructures.
One is
an RTM accelerator system for the Nuclear Physics De artment of the University of Illinois. It is very similar tot 1 e
NBS RTM with a slightly higher operating frequency
(2450 MHz), and fabrication
is essentially the same as the
NBS RTM accelerators. The Stage I microtron and the
capture accelerators (each with 17 cavities) have been
work
performed
under the aurp~er of the U 5 Debt
U 5 Army Strategfic Defense Command

of Energy

and supported

and Tunina

Requirements

Because of the RTM’s higher frequency, the small
structure size allows great simplification
of fabrication
methods used on thdLAMPF-style
structures. The major
desian innovation
is in the RTM cell structure (Fia. 2).
whi<h has half an accelerating cell, half a coupling &II
and the cooling channels all machined into the same
blank, minimizing the number of brazing operations.
A
high-flow-rate
(lg.4 kg/s) water system removes the large
heat deoosition (25 MW/m of accelerator structure). and it
controljthe
average cavity temperature
to within onehalf degree Celciusdespite
relatively low thermal mass of
the accelerator structure (139 kg/m). The largest pressure
channels within the accelerator
drop occurs in the coolin
channels
(Fig. 3). Careful design o 9 these parallel-path
minimizes the pressure drop, consistent with maintaining
vacuum integrity and cavity shape.
Tuning and fabrication
are intimately related. A
precisely shaped and tuned accelerator structure is
required to produce the field for a high-quality
beam.
Side-coupled accelerators are machined from annealed
a hardOFHC copper, which is very abrasive, requirin
surfaced cutting tool. Fixturing parts for mat z. ming is
difficult because the extremely soft copper easily deforms
when clamped. Because of the relatively large ohmic

,#$,x*

Fig. 1. NBS RTM main microtron
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carbide, the material
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Matcnal
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(standard

Table I
TECHNIQUE ON CAVITY PERFORMANCE
&eed

from)
625
2000
625
2000
625
1120
2000

Carbide
CarbIde
Synthew
diamond
Synthetic diamond
Natural diamond
Natural dmmond
Natural diamond
dcviatmn)

used ior all cavity

-p

% of SUPERFISH Q

17630
17550
17550
17600
17510
17600
17600

99 1
98 7
98 7
99.0
98 5
99 0
99.0

17577 (36)

989(02)

Fig. 2. Side-coupled

structure.

The annealed, rough-machined,
half-cell bodies are
finish machined except for the accelerating-cells’
nose tips
and the post tops in the coupling cells. Next, preliminary
tuning of the accelerating cells is performed
using a tracer
lathe. The tuning method used for the accelerating cells is
to progressively machine down the nose contours of each
half-cell (material removed with an accuracy of 0.0003 in.)
raising the frequency to the desired value. Depth of each
succeeding tunin
cut isdetermined
by measuring the rf
frequency of the il alf-cell; based on previous data, an
estimate is made of how much more nose material must
be removed to raise the frequency to the required value.
Several tunin
cuts are required on each nose. Similarly,
the coupling ft alf-cells are tuned by slowly removing
material from the cell center post. This preliminary tuning
also provides the finish-machined
nose contour in both
the accelerating cells and coupling cells.
Following preliminary tuning, the complete couplingcell assemblies are formed by brazing together sets of the
tuned half-cells (the first, or half-cell braze). These fullcell assembliesconsist
of one complete couplin
cell and
two half-accelerating
cells. Holes are then mat R.med into
these assemblies for various connectors, which are brazed
into the full-cell assemblies (the second, or nipple braze).
The full-cell assemblies are then stacked to form a multicell assembly on which several rf checks are performed.
A
bead pull is performed to check field uniformity,
and the
accelerating cell frequencies are measured. Cell frequency out of tolerance is corrected by retuning the fullcell assembly in the tracer lathe. Nonuniform
fields are
corrected by adjusting the length of the coupling slots
between the accelerating cells and coupling cells.
A stack of full-cell assemblies making up a se ment of
the accelerator can then be brazed together in tR e
manner shown in Fig. 4 (the third, or half-stack braze). If
the accelerator is long, an accelerator segment may have
flanges on one or both ends. If a segment contains the rf
waveguide adapter, the cell with the waveguide adapter
is assembled (not brazed) and the iris is machined. The iris
size determines the waveguide coupling coefficient to the

Fig. 3. RTM accelerator half-cell showing the
OFHCcoooer billet, the rouah machined
cavity, and both sides of thefinal machined
cavity.
Fabrication

RTM accelerator

and Tuning

The accelerator structure is an arrangement
of
furnace-brazed
copper assemblies. Brazing accelerator
structures is a complex procedure requiring special
hydrogen-atmosphere
furnaces, and the tuning and
vacuum integrity of the accelerators highly depend on the
* skills of the brazing personnel.
Fabrication begins with an
anneal of the OFHC copper billets in a hydrogen brazing
furnace to the highest temperature
anticipated for brazing; this ensures that the billets will resi;t damage in succeeding furnace heats. The billets are rough machined;
one-half an accelerating cell is machined into one side of
each billet, and one-half a coupling cell and the cooling
water passages are machined into the other side. The
rough-machined
half-cell bodies are annealed to remove
residual stresses before finish machining.
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Fig. 5. Tuning an RTM half-cell on a lathe using
electronic measurement
methods.

Fig. 4. RTM stack and iris section arranged

required frequency. The design frequency
normally
could be reached in three tuning cuts. When complete,
each half-cell was removed from the lathe fixture. This
innovation
allowed accurate and repeatable tuning, with
four-to-tenfold
reduction in tuning time.

for the braze.

Alternative

Tuninq

Technique

After the FEL accelerator had been fully assembled and
tuned, circumstances required that the accelerator frequency be lowered. No technique to do this existed,
although a method had been developed during the
construction
of the large 805-MHz LAMPF side-coupled
accelerator.
A special tool inserted down the accelerator
bore scraped off part of the outside of the cavity nose
when the tool was rotated. While the tool was in place,
the cavity frequency could not be measured. Therefore,
the procedure was to make a small cut, withdraw the tool,
measure the cavity frequency, and repeat as requireddifficult, time-consuming,
with inconsistant results.
Furthermore,
adaption of this technique to the smaller
FEL cavity bore was impossible.
A special tool was developed that, when inserted
down the bore of the assembled accelerator, mechanically
deforms the accelerating cavity nose outward, lowering
the frequency by flaring the nose. Results from this
tuning technique were exceptionally
gratifying.
The
cavity frequency can be measured while the tool is in
place and being used, allowing each cavity to be quickly
and accurate1 retuned. The entire FEL accelerator was
retuned in 2 J ays using this technique, and some individual cells were also adjusted on the NBS RTM accelerator.

accelerator. The coupling coefficient is measured, and the
iris size is adjusted. This se ment is then brazed together,
usually in combination
wit4 another braze. If the iris
segment is to be an integral part of the accelerator (the
case in Fig. 4), it will brazed in between the two half-stack
assemblies (the fourth, or stack braze). Finally the rf
waveguide flange with a tapered copper transition is
brazed to the iris segment (the last braze).
Final accelerator tuning is done by first measuring the
frequency of each cell. The accelerating cells can then
tuned by raising the frequency of each cell an appropriate
amount by deforming
the outer cavity wall. In an RTMstyle cavity, this deformation
is accomplished by denting
the copper at the bottom of a hole to a depth near the
interior surface of the cavity. The coupling-cavity
frequency is tuned by squeezing the center posts closer
the center
together to lower the frequency, or by pushin
posts apart with a special tool inserted throug ?I the vacuum port to raise the frequency.
The accelerator assembly tune is checked and readjusted as required.
Mumetal magnetic shields are installed to enclose the
entire beamline because the electron beam will be deflected by the earth’s magnetic field. A final accelerator
test is to measure the center-line magnetic field with the
magnet shield installed.
The tuning procedure used on the NBS RTM accelerators evolved through several iterations.
The original
method
enerally used the procedure described above;
after eat 3, tuning cut, the half-cell was removed from the
lathe fixture. The completed half-cells were then stacked
together and the stack frequency was measured. Based
on these measurements,
each half-cell was replaced in the
lathe machining fixture, and additional
nose material was
removed as indicated by the stack measurements.
Because of inherent inaccuracies in replacing the half-cells in
the lathe machining fixture, this procedure was very slow
and not always repeatable.
To make the tuning procedure less time-consuming,
several tunin
innovations were made. The most significant was 3 evelopment
of appropriate
tuning fixtures
and procedures that allowed the half-cells to be electrically measured while still in the machining fixture.
Using the lathe-mounted
tuning fixture (Fig. 5) and prior
data, an accurate calculation was made to estimate how
much more nose material to remove to achieve the

Conclusions
Major strides have been made to make the fabrication
of side-coupled structures a commercial process. The
University of Illinois preaccelerator
will be fabricated in a
commercial machine shop, with only liaison, final tuning,
and brazing provided by Los Alamos. Refinement of
tuning techniques have significantly
reduced the
fabrication
difficulty, and the new tuning technique for
assembled acceler-ators (the nose-flaring
method) has
significant impli-cations.
For the first time, a technique
now exists to quickly correct the frequency of sidecoupled accelerators after fabrication.
These developments have signifi-cant implications for the
commercialization
of high-frequency,
side-coupled,
electron accelerators.
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ABSTRACT:
The BNL 200 MeV Linac normally
accelerates
H’ ions
During
selected
during
its operating
schedule.
typically
of six to ten weeks duration,
periods,
Since Linac Hpolarized
H- ions are accelerated.
longer 7835 tube lives have been recommissioning,
corded and after initial
operating
bugs were eliminHardpreinjector
reliability
has improved.
ated,
ware components in the Preinjector,
rf system,
and
ion source have been replaced or upgraded, and plans
are being implemented for future system improvements.
BLIP operations
were initially
curtailed
during polarized beam running and a pulsed magnet has been installed
in LEBT to restore BLIP running time to original levels.

The Preinjection
2.9% in FY03.
cludes polarized

failure
rate
The Preinjector
H- operations.

0
K

was 0.49% in FY82 and
data for FY85 in-

BNL LINAC PERFORMANCF

-

I

loo

INTRODUCTION:
The BNL 200 MeV Linear’ Accelerator
(LINAC) was converted to H--acceleration
in the Fall of 1982 and
polarized
H- operating
periods were first
scheduled
during fiscal
year 1984 (FYB4).2
The polarized
Hbeam is accelerated
to 750 keV by an RFQ Linac operating 201.25 MHz.
Typical
H- beam current
at 200 MeV is 25-30 mA peak
with a maximum width of 470 microseconds
at a pulse
rate of 5 Hz.
The ion source current at the preinjector
terminal
is typically
50mA.
Polarized
Hbeam current
at 200 MeV is typically
between 7 and
14 UA and the width is 500 ks at 0.5 Hz.
The polarized
source current
delivered
to the RFQ
The measured polarizahad peak values near 20uA.
During FY86,
tion at 200 MeV was greater than 60%.
polarized
beam operations
were scheduled
for 1600
hours out of approximately
6000 Linac
operating
hours.
A new beam line has been constructed
in the Brookhaven Linad Isotope
Production
facility
(BLIP)
tunnel
to supply 200 MeV H- beam to the DOD Radiation Effects
Facility
and the planned Neutral
Particle
Beam Facilityj.
These new installations
will use a small percentage
of the beam pulses that normally go to the BLIP facility.

FISCALYEAR

Figure

1

LINAC Reliability

Figure
2 plots the down time for the major contributors to Linac failures.
Improvements
have been implemented
in most Linac systems over the years with
recent and planned efforts
being focused on the RF
and the Preinjectors.

1

BNL LINAC SYSTEMPERFORMANCE

OPERATIONALPERFORMANCE:

Figure
1 summarizes
the Linac performance
for the
best year was FY82
past five fiscal
years.
The
(96.2%) and the worst was FYS3 (93.2%).
Since its original
commissioning
in 1971, the Linac
reliability
improved from 86% to 95% in FY76 when
the repetition
rate was reduced from 10 to 5 Hz4.
The dip in reliability
in FY83 is due to the early
operating
experience of the H- source and its ancillary equipment.
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FISCALYEAR
Figure

2

LINAC Major

Systems Performance

T:. 754. CODY

PREINJECTOR:
In order to reduce the risk
of fire,
we are in the
process of replacing
the selenium
rectifiers
with
controlled
avalanche
silicon
rectifiers
imbedded in
The rectifier
used here was
a cast epoxy assembly.
first
tried
at Fermi National Laboratory’s
Preinjectors with excellent
results.

The original
pulsed quadrupole doublet located adjacent to the H- ion source in the vacuum space of the
750 kV accelerating
column failed
several
times
These magnets were consince H- commissioning.
structed
from laminated
copper-strips
that were
soldered at their connecting points.
The quadrupoles
in both Preaccelerators
have been
replaced with a conventional
doublet shown in Figure
The magnet parameters are:
3.
Operating Current (Pulsed)
Resistance
Inductance
Gradient at Operating Current

40 Amps
ohms
mH
400 G/cm

0.130
2.5

T-he pole profile
for these magnets has been adapted
from the LESB II 12Q12 quadrupoles(an AGS beam
transport
quadrupole)
and from Brookhaven
“narrow
The coil
slot
dimension
has
quadrupole” studies5.
been chosen such that the integral
effect
of the
(6e/2e)
is neglifirst
harmonic of the quadrupole
gibly
small.
Field harmonics have been measured at
75% of the pole tip radius
and are
(0.1% except
for the 108128 term which is 0.6% and agrees with
the scaling prediction.
Significant
down time has occurred because of support rope failures
at the HV end of the 750 kV accelThis Dacron rope has been replaced
erating
column.
with a “Hi Lite”
insulator
string
manufactured
by
Ohio Brass6.
The installed
insulator
is shown in
Figure 4. Its BIL rating
is 1520 kV and the rms 60
Hz wet flashover
is 780 kV.
oil
A fire in preinjector
I1 , caused by a defective
filled
selenium
rectifier,
destroyed 20 rectifiers,
and blackened
the Preinjector
several capacitors,
enclosure
before
it was put out by the CO2 extinguishing system.
An extensive
repair
and clean-up
effort
over several
weeks was required
before the

Figure

II

“Hi Lite”

RF SYSTEM:
One
tion
the
with

of the beneficial
effects
expected from H- operawas longer power amplifier
tube life because of
reduced filament
operating
currents
permitted
the lower beam power requirements,
(typically
3.7
M W peak compared to 5.3 M W peakj4.
The following is a summary of the tube life
records
to date
(emission failures
only).

7835 Tube Failures

Figure

3

Quadrupole

Doublet

Due to Low Emission

If the trend indicated
by the data is real, a significant
cost savings can be realized
since our present 7835 rebuild
cost is averaging over $75.000 per
tube.
For the 78 failures
that have occurred
since 1971
the average time to failure
for all causes is 11,500
hours and low emission accounts for 55% of the failures.
Development
work has been completed on an SCR primary control
regulator
for the 7835 power amplifier
This modification
will eliminate
the
anode supply.
series pass tube used to charge the 40nF capacitor
bank and save 1,507 M W hours per year for 5 Hz operation.

Assembly

Preinjector
was operational.
Fortunately,
tor 12 was brought on line within
a shift
all laboratory
operations
were minimally

Installation

Preinjecand overaffected.
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BLIP/POLARIZED H- OPERATION:
During scheduled
polarized
Hfacility
is unable to operate
A switching
magnet
intensity.
ing supply have been built
and

operation,
the
because of low
(Figure 5) and
tested
in the

BLIP
beam
pulsLEBT

An amplitude
control
system9 using the RCA 4616
screen modulator has been developed to regulate
the
accelerating
gradient
in the RFQ. The system regulates to better than -05%.
FUTURE PLANS:

transport
system to permit
injection
of H- beam
pulses from Preinjector
bl between polarized
H- beam
The power supply uses resonant
discharge
pulses.
techniques,
to produce a 5ms magnet current
flat
top
A possible
with
a stability
of f .05 per cent.
safety hazard in the AGS experimental
area has to be
If several
resolved
before this system can be used.
failures
occur simultaneously
it might be possible
to have a high intensity
beam in a personnel area.

A new RFQ, to be designed
Berkeley Laboratory
will be
existing
Preaccelerators.
is under development at BNL
ties of the RFQ and improve

and built
by the Lawrence
installed
to replace
the
A new symmetrical
source
to enhance the ca ab 11 iP0911.
LINAC reliability
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Polarized
H- ions are acceleratd
from 20 keV to 750
operating
at 201.25
MHz,
KeV by an RFQ Linac7,
Three
before
injection
into the 200 MeV linac.
201.25 MHz bunching cavities
are located
along the
5.8 meter transport
line
between the RFQ and the
Linac to preserve the bunch structure,
assuring
that
all the beam captured
by the RFQ is injected
within
Measurethe longitudinal
acceptance of the Linac.
ments before
and after
the Linac indicate
that at
least
90% of the injected
beam is accelerated
to
full energy.
RF drive power of approximately
120 kW peak is provided by a power -amplifier
which uses an RCA 4616 tetrode in the final
stage.
This unit is identical
to
driver
stages
for the Linac
7835 power amplifiers.
Power is coupled
to the RFQ via a one-into-eight
coaxial manifold system8 that distributes
the power
into two ports
in each quadrant.
The advantages of
this drive method are:
1) the intrinsic
field
flatness of the quadrupolar
symmetric structure
is preserved; 2) the unwanted TElll
modes are suppressed
by more than 25 dB below the operating
TE211 mode;
3) the peak power at each input drive
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15 KW.
Total
accumulated
running
time of the RFQ is now
dver 3200 hours,
comprised
almost entirely
of two
polarized
H- runs in 1984 and 1985. The next anticipated running period is early 1987.
In the interim,
off-line
studies
are planned to investigate
the
effects
of beam loading
and determine
the maximum
beam current usable with this structure.
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PONI-1

,.

Th.

Sluyters

Performance

The source output
is 25-40 uA, with an average
The normalized
emittance
is
polarization
of 70-75X.
approximately
0.02 v cm-mrad.
There is typically
75%
transmission
through
the RFQ, and the intensity
at
200 MeV is about 50% of the source output.

now proThe AGS polarized
H- source (PONI-1)
duces currents
of 25-40 uA, and has operated
reliably
during
polarized
physics
runs.
A new polarized
having
as its goal mA's of fi , is now under
source,
An atomic hydrogen
beam has been cooled
development.
to about 20 K with a forward
flux of -101'
atoms/s/
A superconducting
solenoid
having a calculated
sr..
acceptance
angle of 0.1 sr for the co1d.H'
beam, is
An ionizer
for the resulting
now being built.
polarized
Ho beam based on resonant
charge exchange
500 uA of H- have
of Ho with D-, is being tested.
been produced
by ionizing
an unpolarized
Ha beam
using this
Ionizer.
Introduction
The AGS has run a physics
program with polarized
PONI-1 produces
25protons
for the past two years.
40 UA of fi in 500 us pulses.
This source injects
beam at 20 keV into an RFQ accelerator,
and the 750
keV output
beam is then injected
into
the 200 MeV
linac.
While the reliability
of PONI-1 has been
the intensity
is three orders
of magnitude
excellent,
below our normal-H
intensities.
Therefore,
there is
presently
an effort
to develop
a new polarized
Hsource producing
currents
at the milliampere
level.
In thenextsection
the present
polarized
source will
be describe
Following
this,
the plan for the m A
Three separate
development
source will
be given.
efforts
are now in progress
to test individual
features
of the new source.

ELECT.

auspices

NEUTRALIZER

Cr

BEAN

STEERING
ELECTRODES

Cs E”lTTER

In this
source,
hydrogen
atoms are polarized
in
a ground state
atomic beam source,
and then ionized
via the reaction
cs" + ito + cs+ + ii.
The koand Cs' beams are both pulsed.
The source Is shown schematically
in Fig.
1. Ho
atoms are produced
in an rf dissociator,
cooled to
90 K, and electron
spin selected
by four
10 c m long
sextupolee.
Two rf transition
units,
energized
on
alternate
AGS pulses,
produce
nuclear
polarized
Ho
with spins parallel
or antiparallel
to % on a pulseto-pulse
basis.
The beam then enters
the strong
field
ionization
region.
At the opposite
end, a
50 keV Cs+ beam is produced
by surface
ionization
of
Cs vapor on hot porous tungsten.
After
extraction,
It is neutralized
by passage through
Cs vapor.
The
Cs" beam then passes into
the ionization
regio
overlapping
the %' beam over a 35 c m length.
8 ions
produced
by charge exchange are extracted
at 20 keV,
travel
through
a 90" electrostatic
mirror,
and are
transported
to the RFQ, which is located
approximately 4 meters downstream.
Following
the RFQ, the
beam makes two 60' bends and enters
the 200 MeV
linac.
More details
of this
source can be found in
reference
1.
*Work performed
under the
Department
of Energy.
**On leave from CERN.

Cr

Cs G W

PONI-1

DEFLECTW

of

the

Fig.

1.

Layout

of

the

AGS 8-

source.

The source
reliability
has been very good.
Durthe source normally
operates
ing AGS physics
runs,
unattended,
with call-ins
due to problems
being relaThe only routine
maintenance
Is the
tively
rare.
changing
of the porous tungsten
ionizer
at 2-3 week
intervals
during
continuous
operation.
During
this
period,
the Cs beam intensity
drops to about 213 of
its original
value,
caused, we believe,
by a slow
contamination
of the tungsten
surface.
The total
downtime to change the ionizer
and restart
the source
is 6-8 hours.
High

Current

i!-Source

Development

As mentioned
previously,
the PONI-1 source produces three orders
of magnitude
less current
than is
With inused for the normal AGS physics
program.
creased
polarized
intensities,
new polarized
experiments, as well as concurrent
running
of polarized
and
unpolarized
physics
experiments,
would be possible.
We are presently
testing
three improvements,
which,
when combined in a new polarized
source,
should lead
Improvements
will
be
to fi currents
in the m A range.
made to the i%' beam intensity
by better
cooling
the
atoms, to the spin selection
by the use of a superconducting
solenoid,
and to the 8" + A- ionization

U.S.
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Fig.

2.

Layout

of

the

proposed

The planned
source
through
charge exchange with D-.
is shown schematically
in Fig. 2, and the new features
are described
below.
Cold

Atomic

Beam

Figure
3 is a schematic
of the apparatus
we have
used to study various
aspects
of the production
of
Hp molecules
are dissociated
in
very cold Ho beams.
The Ho atoms pass
a conventional
RF dissociator.
through
two 2 cm long x 3 m m dia.
channels
in adjaThe teflon
section
is
cent teflon
and copper blocks.
kept above 100 K.
The copper block
(accommodator)
is
attached
to the base of a LHe cryostat
and its temperature
can be stabilized
between 5 K and 30 K. The
two blocks
are separated
by a 0.3 m m gap so there
is
no physical
surface
in the 100-30 K temperature
(This is typically
a temperature
range where
range.
the recombination
of Ho on surfaces
is usually
high.)
Below 20 K, a frozen
H2 surface
forms,
and recombination of 8" on it is negligible.
The gap between the
two blocks
must-be
kept as small as possible,
since
the gas flow in the channels
is in the slip
regime,
and the beam would rapidly
lose its collimation
because of the high collisionality
within
it.
The density
of the atomic beam is measured with
a calibrated
residual
gas analyzer
(RGA) about 70 cm
downstream
from the accommodator.
Beam temperature
is obtained
from the velocity
distribution
which is
measured using a conventional
time-of-flight
(TOF)
set-up.
Our investigations
so far include:

2.
3.
4.

milliampere

G- source.

from existing
diesociatore.
The most probable
velocity was 680 m/s for the 5.8 K case, and 980 m/s at 26
The distribution
was much narrower
than Maxwellian
at
5.8 K, which is favorable
for good Ho beam optics.
These are very encouraging
results,
demonstrating
that we can cool the atomic beam while
maintaining
the high fluxes
required
for a polarized
ion source.
Presently,
work is continuing
on the optimization
of
the accommodator
geometry.
These experiments
are
described
in more detail
in Ref. 2.

cold Ho
The decision
to construct
an intense
source was based on the fact that the acceptance
solid
angle of the spin selection
magnet depends
inversely
on the kinetic
energy
(kT) of the atoms.
In addition,
the ionization
efficiency
improves
as
the velocity
of the atoms is lowered.

1.

RF TRANSITION
UNITS
(NUCLEAR POLARIZERS)

EXB’
MASS FILTER
k SPIN
PROCESSOR

Fig. 3.
RF dissociator
and accommodator
mounted to the base of the LHe cryostat.
(not shown) is to the right.
Superconducting

of the disStudy of beam density
as a function
sociator
orifice
diameter
The variation
of density
and velocity
with accommodator temperature
Focusing
of the beam with a conventional
sextupole magnet
Ream density
and velocity
for different
diameters of the accommodator.

shown
The RGA

Solenoid

Existing
polarized
atomic beam sources
use sextupole
magnets to electron-spin
polarize
the Ho beam.
The magnet focuses
the m = +1/2 component of the
component.
The acbeam while
defocusing
th 4 -l/2
ceptance
solid
angle of a sextupole
magnet is n =
2u,B,/kT
(for
an Ho source at the magnet entrance).
B, is the pole-tip
field
and T is defined
by Vmp is the most probable
velocity
in
J(PkT/m)
where V
the beam.
For aEPaccommodator
temperature
of 5.5 K,
V
Since a practical
was 680 m/s and T - 28 K.
c%ventional
sextupole
magnet has Bo < 1 T, s-i < .05
sr.
In an actual
source,
where the nozzle
of the

We have obtained
Ho fluxes
of 9.4 x lOl* and 1.1 x
1O1' atoms/s/sr
at accommodator
temperatures
of 5.8K
These are comparable
to fluxes
and 26K respectively.
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Ring

be at leas
several
centimeters
source woul
atom1
away c as required
B or practica
f reasons). . the acceptance
angle would typically
be smaller
than given
above by approximately
a factor
of 2.
The use of a superconducting
solenoid
in place
of the sextupole
magnet has been suggested
because
radients
are obtainable
over
higher
magnetic
field
f
Using the computer
program
much larger
apertures.
POISSON, field
maps were generated
for several
soleTo increase
noid geometries
and exciting
currents.
the focusing
field
gradient,
the solenoid
is made up
with the current
in the middle
co11
of three
coils,
flowing
opposite
to the outer
two.
A second program
tracked
Ho atoms through
these fields.
The result
of
a track
tracing
calculation
is shown in Fig. 4.
The
large
size of the beam after
the solenoid
will
require
a redesign
of the RF transition
units.
A 5 T solenoid,
10 cm long and 9.5 cm i.d.,
is

I

I

I

t- IOwn+

“eloc,;y

Output of the track-tracing
Fig. 4.
m 5T and R - 5.cm at the mid-plane

of

EXTRAOR

Ionizer

With this
ionizer,
3' is converted
to k by
charge exchange with 200 eV D-, rather
than with
50 keV Cs" as is done on PONI-1.
(D- is used rather
than H- so that subsequent
mass analysis
can separate
the polarized
H- from the unpolarized
ionizing
ions.)
A schematic
of a prototype
ionizer
now being tested
is shown in Fig. 5.
The cathode
is the outer and the
D- ions
anode the inner
of two concentric
cylinders.
are produced
on the low work function
cathode,
accelerated
by the -200 V cathode
voltage,
and pass
through
slits
in the anode and into
the center
of the
ring.
The polarized
Ho passes axially
through
the
ring and is ionized
by charge exchange with D-.
Polarization
is preservsd
during
ionization
by a 1 kG
axial
magnetic
field.
H- ions are then extracted
and
mass analyzed
to eliminate
any D- component.
One advantage
of this approach
is the large
resonant
charge exchange cross section
with D-.
In
limited
by the geometry
ami
addition,
the Cs' current,
the fact
that one must accelerate
and neutralize
the
beam, is much less than the large
"self-extracted"
D'- current
one can obtain
from a surface-plasma
source.
Finally,
this
ionizer
has a length
of only 2
cm, compared to the 35 cm ionization
length
on PONI-1
This gives the ionizer
a larger
with the Cs beam.
acceptance
for the polarized
Ho beam.
Self-extracted
D- currents
of up to 0.7 A have
been detected
in the center
of the magnetron.
On a
the ionizer
was placed after
a dissocitest
stand,
ator and unpolarized
Ho was injected
into
the center
of the ring.
H- was extracted
at 2-3 kV and mass
analyzed.
With an estimated
Ho density
in the ionof 500 uA was proizer of 1012/cm3,
an H- current
duced by resonant
charge exchange.
This is approximately
a factor
of four improvement
in ionization
over the Cs ionizer
on PONI-1,
but is still
2-3 times
below what we eventually
hope to achieve.
More
details
of the source geometry
and initial
experiments can be found in reference
4.
The magnetron
ionizer
has now been mounted after
Operathe atomic beam stage of a polarized
source.
tion is with 20 keV extraction,
followed
by an einzel
lens and an ExB mass filter
(which also precesses
the
The beam then
spin into
the proper
direction).
enters
a polarimeter
developed
at Yale University,5
with which we will
measure the R polarization
at 20
keV.
These experiments
are in the initial
stages,
and SO far only very small A currents
have been
detected.
The problem
appears
to be a loss of Ho
flux
into
the ionizer
due to the large
gas load from
the magnetron.
We hope to improve
the situation
by
improved
differential
pumping in the ionizer
section.

= 617 m/s (23 K)

program for B,
the solenoid.

being constructed.
The calculated
solid
angle
ceptance
for this
solenoid
is 0.1 sr.
Coupling
solenoid
with the cold atomic beam, we estimate
we can get a flux of 2.7 x 1017 atoms/s
within
radius
at the ionizer,
with an average
density
x 1012 atoms/cm
.

Magnetron

acthis
that
a 1 cm
of 1.3

ffl

Summary
The performance
of the AGS polariaed
H- source
While its intensity
has exceeded
has been very good.
initial
expections,
we now feel that an improved
source can be built,
delivering
fi- currents
in the mA
range.
The cold Ho test
stand is operating
at levels
considerably
improved
over the PONI-1 atomic beam.
A
large
acceptance
superconducting
solenoid
for spin
selection
is now being built,
and will
be tested
with
the cold atomic beam.
The ring magnetron
D- charge
exchange ionizer
is now operating
on a separate
test
stand with a room temperature
polarized
Ho beam,
where we will
try to optimize
the ionization
efficiency
and test to make sure polarization
is preserved during
ionization.
Following
these tests,
the
ionizer
will
be combined with the cold beam and solenoid to test
the overall
performance
of the prototype
source.

I

I

MAGNET

POLES
em

b
Fig.

5.

Schematic

’
of

;
the

’ 6.
ring-magnetron

ionizer.
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FACTORS AFFECTING H-BEAM PERFORMANCE IN THE FFEMILAB LINAC
C. D. Curtis,
C. W. Owen and C. W. Schmidt
Fermi National
Accelerator
Laboratory*
P.O. Box 500, Batavia,
IL. 60510
Summary

system.
For over a year the
system persisted
even though
the good, bad and test bench

Addition
of an independently
controlled
heater
and
a grooved cathode
to the magnetron
ion source has
signigicantly
improved
source
lifetime
and consistency
of performance
at the SO-mA beam level.
Emittance.
measurements
at 750 keV and 200 MeV are shown with
comparisons
between flat
and grooved
cathode
sources
and for variations
of other
conditions.
The dramatic
effect
of beam space charge is shown in comparison
with
neutralized
beams.
Some variation
of linac
emittance
with linac
quadrupole
tuning
is explored.

The cause of the source
failures
was suspected
to
be a contaminant
in the vacuum system which poisoned
the source surfaces
after
several
hours of operation.
Investigations
of optical
spectra
of the plasma
emissions,
surface
analysis
of the source and system,
and residual
gas analysis
produced
no definitive
results.
The vacuum system was thoroughly
dismantled
and cleaned but still
the failure
persisted.
During
this period,
Witkover,
at Brookhaven
experienced
a similar
problem5,
possibly
due to
and at the suggestion
of Sluytersq
different
causes,
grooved
the source cathode
as a possible
solution.
The
grooved
cathode not only solved
the problem but gave
superior
performance
over earlier
source operation.
Meanwhile
at Argonne,
Stipp
also used a grooved
cathode
to achieve
improved
source performance7.
Following
these successes
a grooved
cathode was
installed
in the Fermilab
problem
source.
In addition
to the grooved
cathode,a
resistive
heater
was placed
Both Brookhaven
and
around the source body (fig.
1).
Argonne maintained
the temperature
necessary
for
proper
cesium condition
by increasing
the arc duty
factor
to compensate
for the lower arc current
used
with
the grooved
cathode.
At Brookhaven
the pulse
length
was increased
while
at Argonne the repetition
rate was increased
to meet the needs of each facility.
At Fermilab
the resistive
heater
proved very useful
in
maintaining
the source
temperature
without
having
to
With the independent
heater
change the duty factor.
the source can be started
more quickly,
the source
temperature
can be optimized
independently
of the arc
parameters,
the plasma condition
can be changed to
give different
ion currents
without
significantly
changing
the source operation,
and the lifetime
can be
maximized
by keeping
a low duty factor.

Introduction
The Fermilab
200-MeV linac
was converted
to Hoperation
in early
1978 with
the installation
of a
second 750-keV preaccelerator
and an H- ion source.
The reasons
for this
conversion
were to provide
charge-exchange
injection
into
the booster
accelerator
and to accommodate the cancer therapy
facility
and
electron
cooling
ring on a time-sharing
basis.
With
the overall
success of H- ion versus proton
operation
the original
proton
preaccelerator
was also converted
to H- operation.
Initial
operation
of the linac
with
H- ions required
little
change and stable
operation
of
thelinac
occurred
in a matter
of hours.
The H- magnetron
source is now in use at several
laboratories
so.that
considerable
experience
and
several
improvements
have occurred.
With these
improvements
the source lifetime,
stability
and
performance
have improved
dramatically.
Changes in the linac
recently.
Studies
of the
initiated.

Ion

problem
in the 'bad'
magnetron
assemblies
from
systems were interchanged.

performance
were observed
problem
areas have been

Source

The H- magnetron
ion source as originally
used at
Fermilab
was described
in 1979l and 19802.
Operation
and improvements
of the source at other
laboratories
have been reported
recently3s4.
In 1981 a-problem
developed
with one of the two
Fermilab
sources which prevented
its normal operation
after
8 to 12 hours from start-up.
Normally
in a good
source,
once cesium has entered,
the source starts
in a
low plasma-current
(few amps), high plasma-voltage
(>200 V) mode.
After
several
hours the current
rises
to 140 Amps while
the voltage
decreases
to 140-150
Volts
as the cesium reaches
optimum condition,
the
cathode becomes hot (400-500
C.) and the source
hydrogen
pressure
is adjusted
(decreased).
A good
source operates
~2 months at this
level
producing
4050 mA of H- ions after
12-24 hours of conditioning
and
careful
adjustment
of the source parameters.
In the
problem
system the high current,
low voltage
mode would
bccur but soon after
revert
to a high voltage
condition
with a very unstable
plasma.
Maintaining
even unstable
operation
required
high gas pressure
and resulted
in
very erratic
low-current
H- ion beams making the source
unusable.
Fortunately,
during
this period
sources
continued
to work well
in the second preaccelerator

*Operated
by Universities
under contract
with
the

-..
Fig.

1.

The heated
successfully
in
source are given
from the column
source has been
previous
source
slight
decrease

Research Association,
Inc.,
U.S. Department
of Energy.
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:i i

H- magnetron
source showing resistive
heating
A grooved
element
around source body (anode).
cathode
from within
the source is in front.
Cathode electrical
connection
and thermocouple
are on left
side and anode beam aperture
is on
top.
and grooved
cathode
source is now used
The parameters
for this
both systems.
in table
I and a 54-mA H--beam pulse
at 750 keV is shown in figure
2.
This
operating
smoothly
for six months.
The
operated
eight
months before
showing a
in beam.

Table

I.

Ion

source

parameters

Repetition
rate
Arc width
Arc voltage
Arc current
Source magnetic
field
Cathode temperature
Anode temperature
Cesium boiler
temperature
Cesium valve and
feedtube
temperature
Source chamber pressure
Extraction
voltage

Beam Transport
15
85
140-150
35
l-l.5
400-500
250-300
130-140
a250
3 x.10-5

18

and Linac

Following
switchover
to the new micro-processor
control
system in 1982, the linac
was without
a beamemittance
measuring
facility
until
D. Bogert
and
R. Goodwin reconstructed
the required
computer
programs
in September
of 1985.
Emittance
measurements
after
this
date showed the 200~MeV emittance
to be higher
than the best running
values
of the 1978-82 period
by
approximately
50%.
During
the next several
months
occasional
attempts
to understand
this
difference
were
made at times when adjustment
of linac
and source
parameters
would not disturb
the programs
of the
booster,
antiproton
source and cancer therapy
facility.

Hz
psec
V
A
kG
OC
OC
OC
OC
Torr
kV

To test/their
effect
on beam emittance,
several
changes were tried.
These included
different
quadrupole
strength
distributions
in the first
linac
tank and in the two preaccelerator
750-keV transport
lines
(4 meters and 10 meters in length)8,
variation
of
the ion source parameters
and use of both grooved and
flat
cathode
sources.
Some of these changes (excluding
ion source changes)
independently
lowered
the 200-MeV
emittance
to values
25% over the 1978 values
in the
current
range of 30-35 mA. Combining
these beneficial
changes gave no further
improvement.

Fig.

2.

Typical
column.

H- beam pulse from
Vert:
10 mA/Div.,

Table II shows some of the better
operating
emittance
values
throughout
the linac
for the two time
One notes the rather
typical
emittance
growth
periods.
of roughly
a factor
of two in the 750-keV transport
line and in tank 1 of linac.g
Exceptional
cases have
shown growth in the remainder
of the linac.

750-kV accelerating
Horz:
10 nsec/Div.

The notable
changes in the source parameters
which
have led to the improved
performance
and lifetime
are
the lower arc current
(150 down to 35 Amps) which has
reduced sputtering
and erosion
of the cathode,
and the
lower cesium boiler
temperature
which results
in a
lower consumption
and deposit
of cesium outside
the
source.
The beam pulse is stable
to a few mA for many
months with noise variations
being less than a few
Careful
comparison
between the grooved and
percent.
previously
flat
cathode
sources
has shown little
if any
change in the emittance
following
the 750-kV column.
The normalized
emittance
for 90% of a SO-mA H- beam
from the preaccelerator
at 750 keV, as measured by a
slit
scanner,
is:
E
= 1.0 rmm-mrad,
Env = 1.5 nmm-mrad.
nh

When the grooved
cathode
source was used the
transport
line pressure
decreased
due to lower source
gas consumption
while
the beam typically
exceeded
Under these conditions,
possibly
combined with
50 mA.
the line
tuning,
severe distortions
of the emittance
area at the linac
entrance
has been observed
for both
lines
due to space charge forces.
Raising
the hydrogen
background
pressure
from 2 to 15 microtorr
(equivalent
nitrogen
pressure)
by throttling
the pumps at the
beginning
of each line
increases
the neutralization
by
background
ions and the distortions
are significantly
reduced or eliminated
(fig.
3).
The higher
pressure
causes a small loss in intensity
(2-S%) but appreciably

I BE&M-53.44

I BEQM-50.2d
AREFI=
14.11

AREA=
% BEkM

21.02
96.6

% BEAR 93.25

SUM=
THRESH

45.12
.03

FUHrl=
.5
CG= -.0749
sun39.01
THRESH .03

Fig.

3.

Emittance

plots

at

2 X 10v6 Torr
linac
entrance

for

(2 X 2 10e6)
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and high

(1.5

A

A

1.5 X 10m5 Torr
X 10W5 Torr)
pressure.

I
reduces
the effective
emittance
and under favorable
conditions
has reduced
the linac
output
emittance
by
has made a detailed
study of beam
20%. Allison
neutralization
in a background
gaslo.
Table

II.

ENERGY
CURRENT

Emittances

for

Resolution
of the emittance
problem
is not yet
Our belief
is that
the enlarged
linac
complete.
emittance
is real and that it can be lowered
to its
former value through
a combination
of selecting
appropriate
quadrupole
fields
in tanks 1 and 2, and
careful
adjustment
of the 750-keV line.
Operation
with
improved
quad settings
has
not been possible
because
of insufficient
time to reestablish
the match to the
66-MeV cancer therapy
line.
Additional
time will
be
required
to fine
tune the 750-keV line
to minimize
emittance
growth
and reduce the effective
area
presented
to the linac.

H- beams.

PREACC
OUT

LINAC
IN

750 keV
%50 Ill.4

750 keV
Q50 mA

TANK1
OUT

LINAC
OUT

10 Mev
s35 mA

200 Mev
%35 UA

1978-1982:
=

.9-l.O*

=
E
nv

1.5n

E

nh

1985-1986:
=
E
nh
=
E
nv

+

3.7-4.2n

2.3-2.6~

3.9-4.6n

.
l.O*

1.8-2.3n

5.0n

5.0n

1.5n

2.3-2.6n

5.3n

5.3n

En

= (90% AREA) X 8y

+t

+*

St +
+
it
be* -I+

mm-mrad.

The quad settings
in tank 1 which gave less
emittance
growth had a relatively
smoother
distribution
of gradients
(both high and low) than the present
operating
quads.
The higher
gradient
settings
from the
years 1969 and 1980 gave somewhat more improvement
than
the lower gradient
settings
of 1971.

‘t

:+k
-+

+
et+
+:

l
.
. .

.
l

90 z

.

CONTOUR

OE%
+ cY

Further
changes reduced
the accelerated
beam
current
through
the linac.
These included
reduction
of
ion source beam current,
reduction
of tank 1 ar buncher
gradient,
change of buncher
phase and even mistuning
of
the transport
line
and reduction
of preaccelerator
beam
energy.
The emittance
at 200 MeV as a function
of beam
current
is shown in figure
4 for all these maneuvers.
Although
not labeled
on the plot,
the trend of reduced
emittance
at lower current
is still
true for those
cases when full
source
current
(and full
emittance)
enter
the linac
but beam capture
is reduced by rf
adjustments
to the buncher
and the first
linac
tank.
The beam property
common to all methods of beam
reduction
is less space charge in the linace
(at least
after
the first
few cells)
and therefore
the
opportunity
for weaker non-linear
forces.
In addition,
in several
but not all cases there
is less longitudinal
emittance
area created
by the bunching
rf fields
with
the attendant
potential
for coupling
with the
transverse
motion.

CURRENT

Fig.

4.

200-MeV
current

linac
output
for various

@A)

emittance
versus
tuning
conditions.

beam
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Investigations
are presently
underway
in another
area which should have only minor connection
with
the
emittance
problem.
The linac
has not been realigned
Beam position
analysis
since its installation
in 1970.
shows evidence
for misalignment
of the 200~MeV
beam-diagnostic
line with
the linac
and some further
misalignment
of tanks and a few individual
quads as
Measurements
of beam position
changes at
well.
scanning
wires
in the 200~MeV line
as each quad or pair
of quads is excited
to 20% over nominal
gives a picture
o-f coherent
betatron
oscillations
of varying
amplitude
The
and sudden phase shift
throughout
the linac.
motion
is more pronounced
in the horizontal
than the
Recent optical
surveys
have shown
vertical
plane.
tilts
in some of the tanks and offsets
of a few quads
by 20.025 in, which are in the process
of being
corrected.
Possible
tank movements have yet to be
decided.
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Abstract
The design
of a compact
proton
linac
for use in
positron
emission
tomography
(PET) has been completed,
This
and a prototype
is presently
under. construction.
linac
is based on technology
demonstrated
at Los Alamos
National
Laboratory
under the PIGMI program
funded by
The design
presented
the National
Cancer
Institute.
here combines
that
technology
with recent
developments
and new rf power sources
to produce
a practical
and
economical
radioisotope
production
accelerator
for PET.

94566

This syste
Westinghouse
for naval
shipboard
radar.4
cavity. T
has also been used to drive
a high-Q
resonant
The cost
of the present
amplifier
modules
prohibits
their
use as an rf power source
for commercial
linac
New amplifiers
utilizing
a high power
applications.
ransistor
developed
by Microwave
Modules
and
silicon
reduce
the present
system cost and inDevices t will
crease
output
power while
keeping
the system
at a
a lower cost rf power system can
modest size.
However,
be obtained
by using solid-state
modules as drivers
for
a parallel
grounded-grid
planar
triode
amplifier
being
developed
at Los Alamos.

Introduction
nology
developed
at Los Alamos
in
The linac
te
3 coupled
with
this
rf source
techthe PIGMI program,
a cost-effective
alternology
makes the compact linac
native
to the cyclotron
for radioisotope
production.
We have designed
such a linac
for PET isotope
production which will
be superior
to a cyclotron-based
system
reliability,
and ease of operation.
in size,
weight,

PET imaging
is primarily
a medical
At present,
research
tool
but it shows great
promise
as a routine
clinical
diagnostic
procedure.
In contrast
with
computed x-ray
tomography,
PET uses radiation
emitted
from
within
the body to provide
detailed
physiological
In-vivo
processes
can be imaged
using
information.
physiologically
participative
radiopharmaceuticals,
enabling
for instance,
the diagnosis
of diseases
of
two soft
tissue
areas
where
and heart,
the brain
v not always
accompany
phystructural
abnormalities
Magnetic
resonance
imaging
siological
deficiencies.
(MRI) is the only
other
imaging
technique
available
that -offers
the possibility
of physiological
information,
but even this
technique
will
be complementary
to
PET since
each utilizes
different
elemental
isotopes.
PET has greater
potential
utility
in this
role
because
of the ability
to synthesize
compounds
used by the
body, such as glucose,
from the short-lived
positron
emitting
isotopes
of carbon,
nitrogen,
and oxygen.

--PET Linac

System

The PET linac
system described
here was designed
under
a Phase I Small
Business
Innovative
Research
grant
from the National
Cancer Institute
utilizing
the
Los Alamos PIGMI linac
technology
obtained
through
the
laboratory’s
technology
transfer
policy
and other
adPhase II has been
vances
that
have since
occurred.
awarded
and a prototype
unit
is being
fabricated
and
assembled
for testing.
A significant
accomplishment
of the Phase I design
was the incorporation
of proven
linac
technology
from
laboratories
around the world.
The vane co pling
rings
B
invented
at Lawrence
Berkeley
Laboratory
and the Cin the White Horse project
at
seal
rf joi ts developed
B
Los Alamos
have been incorporated
into
the radioTpg stem rf
frequency
quadrupole
(RFQ) accelerator.
seals used by Chalk River
Nuclear
Laboratory
l?fdh;;E
drift
tube alignment
joint
developed
at CERN
been integrated
into
the drift
tube linac
(DTL) design.
The support
structure
and control
system designs
are
tron
modeled
after
those
of the
Racetrack
Mic
fS
The
Accelerator
at the National
Bureau of Standards.
vacuum pumps have been chosen because of their
successful
use in several
linacs
at Los Alamos.
The addition
of these innovations
to the basic
PIGMI linac
concept
makes the PET linac
more reliable
and inexpensive.

The cost
of a facility
to produce
the desired
short-lived
isotopes
will
be a critical
factor
in determining
the success
of PET in the clinical
marketThe cost of a PET scanner
can be reduced
by
place.
advances
in electronics,
data processing,
and detector
none of which is dependent
solely
on the
technologies,
radioisotope
production
is unique
However,
PET market.
to nuclear
medicine
and the cost of such a facility
is
National
as evidenced
by a recent
a major
concern,
Cancer Institute
contract
offering
for the development
of a compact cyclotron
for PET isotopes
stressing
autoand minimum
cost,
mation,
siz
ease of operation,
5*
space and shielding
requirements.
PET scanners
and small
cyclotrons
are available
commercially.
Several
manufacturers
even offer
compact
cyclotrons
dedicated
to PET isotope
production,
and
most have programs
to further
simplify
and automate
these machines.
The major simplification
is acceleration of only
protons,
since
useful
yields
of PET isotopes can be obtained
by proton
reactions
on isotopicall
enriched
targets
at energies
on the order
of 10
MeV. 3 However,
the high beam current,
compactness
and
ease of operation
required
in a clinical
environment
make a proton
linac
attractive
for this application.

A layout
of the linac
is presented
in Fig.
1. The
entire
system,
including
the injector,
will
be mounted
This enables
and aligned
on a box-like
support
frame.
and tested
during
assembly
and then
it to be aligned
A key feature
shipped
under vacuum as a complete
unit.
The injector
operates
of the design
is its simplicity.
at a very
manageable
30 kV, with
all
high
voltage
The small
ion
components
shielded
by lucite
covers.
source and single-electrode
extra
Yiio;
;;;,;‘,‘,;f;::iI
cal to that of the PIGMI injector.
static
einzel
lens is used to focus
the beam into
the
RFQ. The low energy transport
region
has a valve
which
isolate
the ion source for maintenance
and has remotely
insertable
beam diagnostic
probes.

One of the major obstacles
to practical
ion linacs
has been the cost,
size,
and complexity
of rf power
sources.
Advances in solid-state
rf amplifiers
have
resulted
in compact units
for high power pulsed
radar
applications,
with a 250 kW system being available
from
-__---_~---_~*This
work supported
by PHS Grants
lR43CA37512-01
and
7R44CA43915-01
awarded
bt
the
National
Cancer
Institute,
DHHS.

The 425 MHz RFQ can focus,
bunch,
and accelerate
the 30 keV beam from the injector
to 2.0 MeV in 1.59 m.
It is a conventional
resonant
cavity
RFQ with
four
copper-plated
vanes mounted in a cylindrical
rf cavity.
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Fig.

1. Layout

of

PET Isotope

Production

Linac.

This cavity
is housed in a simple
vacuum container
that
allows
easy access for inputs
and monitoring,
as shown
in Fig.
2.
The DTL is the
familiar
post-coupled
Alvarez
structure
used in most ion linacs
today,
scaled
to operate
at 425 MHz. This structure
accelerates
the 2
MeV beam from the RFQ to -10 MeV in 2.81 m, using
38
drift
tubes containing
commercially
built
permanent
The tank and drift
tubes are
magnet quadrupole
lenses.
fabricated
from copper-plated
steel.
A cross section
of
the DTL is shown in Fig. 3. This system should
be very
reliable,
requiring
minimal
control
and monitoring
during
operation.

Fig.

3.

Cross

Section

of

the

DTL Tank.

overall
control
system design
has incorporated
many
features
of current
medical
electron
linacs,
including
a computer-independent
hard-wired
interlock
system.

Fig.

2.

RFQ Accelerator

Cross

The calculated
operational
parameters
for
the
linac
design
of Fig.
1 are listed
in Table
I.
The
operation
of the linac
with
a 34 usec pulse
at 120
pulses/set
is a compromise between rf system
efficiency
and target
window capability.
A short intense
pulse at
a rapid
rate allows
the window to cool more uniformly,
but
is less
efficient
since more rf power is wasted
during
the accelerator
cavity
fill
time. Measurements
will
be made to study the operation
of
the linac
with
a longer
beam pulse.
Increasing
the beam pulse
width
and average
current
are however,
limited
by the maximum
rf pulse and duty factor
available
from the rf system.
The proposed planar
triode
amplifier
units will
operate
with a pulse
width
up to 100 usec at s duty factor
of
about 1X, so a beam pulse of 74 usec is possible.

Section.

The rf power is supplied
by 250 kW tuned
cavity
the
RFQ and three
for
the DTL.
amplifiers,
one for
Each unit
is attached
to the
accelerator
with
a
3.125
inch coaxial
cable.
All
of the units
are driven
by a master oscillator,
but
each
one has independent
phase and amplitude
control.
The final
stage of each
amplifier
has eighteen
grounded-grid
planar
triode
tubes
on a tuned
output
cavity,
so that
a unit
can
operate
at slightly
reduced power if one tube fails,
as
long as the failure
mode is not a short.

Table
The entire
accelerator
vacuum is maintained
by
four
commercial
cyrogenic
pumps which are extremely
reliable
and rugged.
These units
require
periodic
regeneration,
but can be valved
off from the accelerator
for maintenance.
The cooling
water
system is a
commercial
unit
sized for this application.

I.

PET Linac

Operating

Parameter
------------------------------------------------------Input
Energy (MeV)
Input
Beam Current
(mA)
Output
Energy
(MeV)
Bore Radius (mm)
Length
(m)
Maximum Acceleration
Field
(MV/m)
Final
Synchronous
Phase (deg)
Nominal
Current
Limit
(mA)
Nominal
Acceptance
(rem-,mrad)
Input
Emittance
(rcm-mrad)
Output
Emittance
(ncm-mrad)
Output
Beam Current
(mA)
Beam Transmission
(I)
Peak RF Power v/ Beam (kW)

A modest microprocessor
control
system based on
the secondary
station
designed
for the NBS Racetrack
Microtron”
will
be used for control
and diagnostics
of
the linac.
This system will
control
the injector
operthe
rf system,
ation,
and the high
energy
transport
system,
in addition
to monitoring
the beam and interlock system status.
There are very few active
control
parameters
since
the design
has incorporated
many reliable
components
which do not require
control
beyond
their
initial
adjustments
during
fabrication.
The
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Parameters
RFQ
0.03
28.0
2.0
2.6-l .6
1.59
3.268
-30.0
63.0
0.116
0.04
0.057
25.0
90.0
165.0

DTL
2.0
25.0
10.0
4.5-5.0
2.81
3.694
-25.0
325.0
9.0
0.057
0.059
25.0
100.0
670.0

The efficiency
of the rf system and the low duty
factor
of the accelerator
will
also
minimize
the required
input
ac power. The projected
power consumption
for the complete
accelerator
system is 25 kW. Most of
this
(15 kW) is required
to power the accelerator
and
injector,
with
the balance
divided
between
the vacuum
and cooling
systems.

The 10 Mev proton
beam from the DTL is transported
to the shielded
target
system
for isotope
production
via a beam transport
system
using conventional
electromagnet
quadrupole
lenses
as shown in Fig. 4.
This
system
expands
the beam to reduce
the target
window
power density
and beam divergence.
The calculated
operating
range of the system
is given
in the figure.
The three
quadrupole
lenses
are 15.24 cm long with
an
inner
magnet
bore
of 6.0 cm, so that
a 2 inch
outer
diameter
beam pipe
can easily
be accomodated.
The
window
total
beam line
length
of 1.65 m to the target
from the DTL allows
adequate
room for shielding
the
accelerator
from the target
area.

TARGET

WlNDDW\

Summary
The Phase I design
study has clearly
demonstrated
the technical
feasibility
of combining
the PIGMI technology
with other
recent
advances
to produce a compact
proton
linac
for the generation
of short-lived
radioisotopes
for PET imaging.
There is little
doubt
that
the linac
will
operate
almost
exactly
as predicted.
The technology
used for the control
and rf systems
is
also proven
and will
only have to be tailored
to this
particular
application.
During
the fabrication,
assembly,
and testing
of the prototype,
the major
effort
will
be to optimize
the fabrication
techniques
and
mechanical
parts
of the system in order
to reduce
the
construction
cost
of production
units.
The main
objective
of the prototype
project
is thus to successfully
implement
the technology
in a cost-effective
commercial
system.
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The model PET facility
shown in Fig. 5 illustrates
the desirable
features
of the PET linac.
The accelerator system,
includ$ng
target
cell
and shielding,
occupies
about
250 ft
and weighs
around
3000 lbs.
The
actual
layout
will
be determined
by the particular
medical
complex
in which it is located.
The placement
of the linac
in-the
basement
of an existing
building
could
be accomplished
by the
addition
of earthen
embankments
or backfill.
The accelerator
and target
system could
even be located
remotely
from the radioisotope
processing
and PET scanning
facility
by installing
a transport
system to the hot cells.
Although
the beam simulations
have shown 100%
transmission
of beam from the RFQ through
the DTL, in
practice
there may be a small
(less
than 1%) beam loss
in the DTL at energies
greater
than 2 MeV,
but the
radiation
at angles
greater
than 45’ to the beam is
down by an order
of magnitude
from that of the forward
direction.
The shielding
shown in Fig. 5 is based on
calculations
of the worst
case beam spill
and is substantially
less than that
required
for a small
cyclotron
facility.14
Hence,
some
medical
centers
could
house the linac
in an existing
facility
with
the addition of stackable
concrete
blocks
for shielding.

Fig.

5.

Model

PET Facility

-I

Layout.

143

.

I

THE SLAC LOW EMITTANCE
ACCELERATOR
TEST FACILITY*
G. A. LOEW, R. H. M~LER AND C. K. SINCLAIR
Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

The plan is to design, build and install the ATF in about
two years. The location of the facility will be inside End Station B at SLAC. The layout will be flexible so that future
experiments other than the laser tests can be incorporated at
a later date.

Summary
SLAC is proposing to build a new Accelerator Test Facility (ATF) capable of producing a 50 MeV electron beam
with
an extremely
low geometric -transverse
emittance
(1.5 x lo-lo radem) for the purpose of testing new methods
of acceleration. The low emittance will be achieved by assembling a linear accelerator using one standard SLAC three-meter
section and a 400 kV electron gun with a very small phob
cathode (40 microns in diameter). The photocathode will be
illuminated from the back by short bursts (on the order of 6 ps)
of visible laser light which will produce bunches of about 10
electrons. Higher currents could be obtained by illuminating
the cathode from the front. The gun will be mounted directly
against the accelerator section. Calculations show that in the
absence of an RF buncher, injection of these 400 keV small
radius electron bunches roughly 30’ ahead of crest produces
negligible transverse emittance growth due to radial RF forces.
Acceleration of the electrons up to 50 MeV followed by collimation, energy slits and focusing will provide a 3.2 m m long
waist of under 1.5 pm in diameter where laser acceleration and
other techniques can be tested.

Design

and Technical

0 r. = (epp

Description

(1)

eo = (e/p*)‘12

SLAC proposes to build an Accelerator Test Facility (ATF)
to provide the high energy accelerator community with a beam
of unique quality that can be used to teat promising new techniques for future accelerators. The ATF will consist of a 50 MeV
linear electron accelerator and a transport system to guide the
beam to the location of the experiments. One of the main characteristics of the accelerator will be its very low transverse geometric emittance beam. This low emittance (1.5x 10-l’ radam)
is required for the first major experiment planned for the ATF:
acceleration and possibly focusing by laser techniques. This experiment has been proposed by a group headed by Dr. Robert
Palmer from Brookhaven National Laboratory, which will be
responsible for building and testing the experimental equip
ment. It will use a grating illuminated by a high-power CO2
laser built at the Los Alamos National Laboratory.
The interaction space of the low emittance beam with the laser field
along the grating will be approximately 3 m m long and 1.5 pm
in diameter. The effects of this method of acceleration will be
measured in a special spectrometer located downstream of the
interaction space. The light pulses of the photocathode laser
and the COz laser will be synchronized with the RF for the
50 MeV linear accelerator.
Other potential experiments that might be done in the future were discussed at a workshop held at SLAC on December 10 and 11, 1985. The workshop was attended by about
‘forty scientists from many different laboratories and universities. The techniques that were considered included acceleration
schemes using plasma or conventional wakefields, two-beams,
and switched power radial transmission lines.

of Energy,

Requirement6

The initial design of the ATF is driven by the needs of the
COz (X = lO@m) laser acceleration experiment. For proper interaction with the laser, this experiment requires that in the
region where the acceleration is to take place, the beam must
be contained within a 3.2 m m long cylinder of diameter no
greater than 1.5 pm. These dimensions define the geometrical
emittance t that is required in combination with the focusing strength @* at the interaction point. The three relevant
equations for a cylindrically symmetric beam of radius u, and
angular divergence 8 around a symmetrical waist are:

Introduction

‘Work supported by the Department
DE-AC0376SFOO515.

MOS-43

where the subscript 0 designates the coordinate at the waist.
For minimum effort (i.e., maximum compatible t and p*), one
makes /3’ = z = 1.6 x 10m3 m and the required transverse geometric emittance is then c = ur,, 00 = 1.76 x lo-lo rad-m. A
design geometric emittance of 1.5 x lo-r0 rad-m has been chosen. Working backwards from here, the invariant transverse
emittance, z,, = yc (i.e., plu, in units mcc-m) that is needed is
determined by what a practical accelerator can produce. The
solution we have chosen is that of a 50 MeV (7 - 100) beam
which can readily be obtained with a single 3 m long SLAC
section and an XK-5 klystron (36 M W peak power). The re
quired en is then 1.5 x lo-smcc-m.
Assuming negligible emittance growth between the cathode and the end of the accelerator (see discussion below), the value of cs then defines the
allowable radius of the cathode if one knows the transverse
momentum imparted to electrons at the edge of the cathode.
Assuming a number on the order of 0.1 eV (6.26 x lo-’ WC),
one obtains a cathode radius of 2 x loss m (20pm).
The principal characteridtics of the ATF are summarized in
Table 1 and a schematic diagram is shown in Fig. 1. The boxes
which are cross-hatched designate those systems for which the
first experimenters (the group headed by R. Palmer from BNL)
are responsible.
All other systems are the responsibility of
SLAC except for the beam transport system for which the responsibility is joint.
The main sub-systems consist of the 400 kV low-emittance
gun, the 50 MeV linac with its associated microwave system,
the beam transport system with emittance and momentum selection, and an overall instrumentation
and control system.
The additional sub-systems not shown in Fig. 1 are support
and alignment, water cooling, vacuum, power and shielding. A
description of the main sub-systems and a discussion of factors
affecting emittance growth are presented below.

contract
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Table 1.

ATF Accelerator

Specifications
400 kV
6 psec
- 0.5 pm
2 x 10ms m
6.26 x lo-’ W C
(- 0.1 eV)
1.25 x 10-s~c-m
200 A/cm’
- lose50MeV
.

Photocathode gun voltage
Photocathode gun pulse length
Photocathode laser wavelength
Cathode radius
Transverse momentum at cathode
Invariant emittance out of gun cn
Cathode current density
Charge per 6 psec bunch
Traveling-wave accelerator energy
(SLAC 3 m section)
XK-5 klystron peak power (2.5 wet)
Klystron pulse repetition rate
Relative electron energy spread AEIE
Geometric transverse emittance
at experiment

SCHEMATlC
Power supply
-

Fig. 1.
A.

ACCELERATOR

olAGR*M
TEST

For applications other than laser acceleration, bunches of
more than lo5 electrons will probably be desirable. In these
cases, it will be possible to use a photocathode with a larger
diameter hole for greater illumination
from the back, or to
illuminate it from the front. Arrangements will be made in the
original gun design to allow for these alternatives.

36 M W
5 180 pps
il%
1.5 x 1O-1o rad-m

B.

OF

Low-emittance

The gun together with the linac and the beamline equipment following it will have to be supported carefully to minimize the effect of vibrations. The vacuum system will include
enough pumps to ensure reliable operation of the gun and the
system as a whole. A special water-cooling system will be installed to keep the mechanical system from undergoing shortterm expansions and contractions. Note that in order to obtain
time stability on the order of 1 psec, one needs mechanical stability on the order of 0.3 mm.

Test Facility.

Electron

50 MeV Linac

The 50 MeV linac will consist of a single SLAC three-meter
accelerator section. A spare section of this type will be selected,
inspected, cleaned and baked for this application.
In order
to avoid the possibility of contamination from the rectangular
waveguide and load attached to it, windows will be installed as
shown in Fig. 1. The klystron (a SLAC XK-5 36 M W tube), the
modulator and most of the microwaveequipment
are already in
existence in End Station B as part of an RF separator system,
and only small modifications and additions will be needed to
refurbish the equipment and extend the rectangular waveguide
to the location of the ATF. The system will be capable of
running at a repetition rate of up to 180 ppe but the laser
repetition rate will at first be only a few pps.

FACILITY

Schematic diagram of Accelerator

400 kV Photoemission

for the gun envelope. The laser pulse (- 6 ps) will be made
available by the experimenters.
Its frequency will be close to
photoemission threshold (X u 0.5pm) to minimize the amount
of energy available for transverse emittance.
The pulse, together with the high power COz laser pulse, will be synchro
nized with the 476 MHz RF source. This will make it possible
to control the injection angle of the 6 pe bunch with respect to
the 2856 MHz wave in the accelerator section.

Gun

The gun is designed to deliver a very high-current density
(200 A/cm2) from a very small cathode area (40 pm diameter) for a very short time (6 ps) at a voltage of 400 kV. The
photocathode will probably use cesium antimonide (Gas S5) as
a photoemitter.
This material has been demonstrated to deliver the required current density’ and it can be deposited on a
nichrome substrate with the required area.l The field strength
at the photoemitter
is 10 MV/m, the same as chosen for the
lasertron guns and very comparable to the cathode field in the
200 kV SLC polarized gun’ which hss reliably operated at full
voltage.

C.

Transverse Emittance

Growth

and Energy Spectrum

The ATF differs from other practical linacs in that most
of the bunching is done directly at the photocathode by the
short laser pulse (6 psec). By using a relatively small number
of electrons, the effect of space charge forces can be neglected.
Then, by eliminating the usual RF bunching elements (prebuncher and up < c buncher) and most importantly, by using
a small cathode, the effect of the transverse RF forces is minimized. The bunching and capture process in the travelingwave (vP = c) three-meter accelerator section is illustrated in
Fig. 2(a) in the presence of the E, and B# fields These fields
produce time-dependent radial focusing of the beam which can
cause emittance growth. Since the radial forces increase linearly with beam radius r, the emittance growth is proportional
to r2. The magnitude of the effect is roughly the same for
traveling-wave structures and standing-wave structures illustrated simply in Fig. 2(b). The effect of these radial fields
is shown in Fig. 3 where the distribution
in transverse phase
space of a beam is shown after 10.5 cm of acceleration. For this
figure, a zero emittance beam (rays parallel to the axis) waz
injected with particles at 5 radii from & = 0 to & = 20pm
and six different initial phases from 50” to 65’. A 16 psec

Even though cesium antimonide iz more tolerant to imperfect vacuum conditions than other photoemitters
used at
SLAC, a very good vacuum will be needed in the gun area.
The gun will be mounted directly at the entrance of the accelerating structure but will be separated from it by a very small
hole (- 2 m m in diameter and 1 cm long) with a low conductance (- O.lL/s), one order of magnitude lower than the
‘conductance of the accelerator section. The accelerator section
itself will be baked very carefully before use. A residual gas
analyzer (RGA) with two heads will be included for monitoring and diagnostics. The gun will use a commercially available
400 kV power supply of the air-insulated type. A ceramic insulator, either single-piece or graded, will be procured
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of the ATF beam as a function of charge per bunch. The injected electrons were randomly distributed in time, radius, and
transverse momentum.
The distributions
in time and transverse momentum were Gaussian, while the distribution
in radius was uniform out to the radius required for the designated
charge per bunch, assuming 200 A/cm’ emission. The RF effects dominate above several times lo-” Coulomb/bunch.
The
measured brightness of the SLC injector is plotted in Fig. 4 as a
reference point. It is disappointing to find that the laser driven
accelerator would be no brighter at high currents than the SLC
injector. It is important to point out that these calculations
do not include space charge forces, since they are negligible in
the region of primary interest for the ATF. The calculations
were run into the region above lo-lo Coulomb/bunch
where
neglecting space forces is not valid, in order to display the effect
of the time varying radial forces on brightness.

(- 15O) bunch length was used to represent a 6 psec pulse
which may jitter by f5 psec relative to the RF fields. Particles entering at a particular phase remain on a straight line
(i.e., zero emittance) but the particlea entering at a different
phase lie along a different line. Thus the projection into the
transverse phase plane in Fig. 3 has a finite area. This area
is essentially constant from this point to the end of the threemeter accelerator. For thii small (20 pm radius) cathode, short
pulse (16 psec) and high gun voltage (400 kV), the emittance
due to the RF fields is an order of magnitude smaller than the
emittance of the beam leaving the cathode.
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Fig. 4. Calculated brightness versus charge per bunch for
ATF-type laser-driven gun as cathode radius is increased to
yield greater charge per bunch.
The longitudinal orbits of various electron slices within a
16 psec Gaussian bunch are shown in Fig. 5. Figures 6(a) and
(b) respectively show the radial motion of the same slices in
the absence and presence of the space harmonics. Note that
the space harmonics have a net focusing effect as they should.
The difference in the emittance between the two calculations is
negligible. In both Fig. 6(a) and (b) the input fringing of the
RF field has been suppressed in order to illustrate the space
harmonic field effects more clearly.
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Fig. 3. Transverse phase space after 10.5 cm of acceleration
for electrons with initial zero transverse momentum at initial
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Since we assume that the cathode is emission limited at
200 A/cm2, * if we wanted more current we would have to illuminate a larger area of the cathode. Since the emittance of the
beam leaving the cathode is proportional to the cathode radius,
-but the emittance due to the RF lens effect is proportional to
r2, the RF effect will dominate above some current. This is
demonstrated in Fig. 4 which gives the calculated brightness
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Fig. 5.

Actual carrent density limit may be much higher.
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The beamline includes available quadrupoles, new dipoles,
steering correctors, slits, collimators, a stopper and a few standard diagnostic instruments. These standard instruments could
be used in preliminary tuneup with a higher intensity gun. It
is assumed that the ultimate instruments to measure the properties of the beam at the experiment will be furnished by the
experimenters.
All support and alignment tolerances, vibrational stability and power supply regulation of the equipment
in the line that have been estimated are assumed to be of atandards comparable to those practiced on the SLC at SLAC.

In the longitudinal direction, it is calculated that the energy spectrum will be well within 1% if one includes the effects
of bunch length and time jitter. This corresponds to a AE of
less than 0.5 MeV at 50 MeV. Even if one did not perform an
energy selection at the output of the accelerator, this value of
AE would be acceptable as compared to the effects of laser
acceleration of a few MeV over 3.2 m m which one wants to
measure downstream.

E.

Location

and Shielding

After a careful search, it was determined that End Station B at SLAC would be a good location for the ATF. End
Station B is a well-shielded 150 ft long by 80 ft wide building.
Of the 80 ft width, a strip at least 25 ft wide and 150 ft long
can be made available for the ATF, the beamline, the lasers
and the experimental area. There is enough room for future
expansion when new experiments for other methods of acceleration are added. For the first experiment, it is assumed that
a special area will be built for the lasers inside the end station
to shield them from the radiation area and make them accessible from the outside while the equipment is operating inside.
Shielding will be added to separate the ATF from the other
beamlines operating inside End Station B.
F.
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5414A4

Fig. 6. a) Radial motion with space harmonics
b) Radial motion with space harmonics included.
D. Beam Line for Emittance
Final Focusing

and Momentum

Instrumentation

and Control

The instrumentation
and control system that has been
planned for this facility will use a microvax computer with
interface, CAMAC modules and standard SLAC instrumentation of design taken directly from the SLC systems. The system
will be independent of the central SLAC control system but will
be connectable to it for transfer and use of existing programs.
The microvax will have enough capacity to accept the required
signals from the experiments and the lasers. An existing trailer
outside of End Station B is available as a control room for the
facility.

suppressed.
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Field distributions
of drift
tu& linac (ML) with
poet couplers were measured in three models.
lbey have
three different
ratios
of drift-tube-to-wall
spacing to
one-quarter
wave-length
(,l,/4).
As the ratio
becmes
the limited
rsnge ofpostcouplerlengthmkes
large,
difficult
to stabilize
the field.
Dut the ratios
of
post coupler length to U/4 at stabilization
were almost
same in each model. The equivalent
circuit
model of IYfL
with postcouplerswerecaqxuedwith-uresmmts.
For another stabilization
idea,
strip
line
uas
installed
in the tank and the field
stabilization
was
observed.
Introduction
I

To
higher
shunt
impedance
for
higher
get
accelerating
efficiency,
small
drift
tube diameter
and/or
large tank inner diameter are desirable
in ML.
The recent developnents
of strong pe rw3nent~t.s
enable to niake drift
tubes very small.
The I&IO mode,
accelerating
mode
of
DIL,
is
susceptible
to
perturbation
particularly
in long tank,
so the on-axis
electric
fields
are easily distorted.
Post couplers
have been used to stabilize
the accelerating
field
distribution.
For the higher
shunt
impedance
the
drift-tube-to-wall
spacing increases more than U;, and
it
becuks more difficult
to stabilize
the field
with
post couplers.'
Three models-with
post couplers were examined for
different
drift
tube diameters.
The differences
of
field
distributions
and changes of excited
mde
frequencies
were investigated.
Field

.
Fig.1

Table1
Gift

I

I

I

Drift-tube-to-wall

I

I

Spacing/One-quarter

Distortion
parameter,
Dx,
ratio of drift-tube-to-wall

Wave Length

as a fumtion
of the
apacing to A/4

Circuit'

The ratios
of post coupler
length
to U4 at
minirmnn Dx in each model were almost
sam.
The
resonsnce
of post coupler itself
seem3 more important
and
than the resonance due to post coupler inductance
caImcitanw
between apostcouplersndadrift
tube.
of post coupler itself
is due to the
The resonance
inductance
of a post
coupler
and the capacitance
between a post couplerandatank
inner
wall.
The
equivalent
circuit
of DI'L with post couplers is shown
in Fig.2.
LO, LI sod LZ are inductances
of a half drift
tube,a half stem and a half post coupler
respectively.
CO, CI,CZ and Ca are capacitances
between adjacent half
ahalfdrifttubeamdatsnkwall,ahalf
drift
tubes,
drift
tube and a half post coupler,
a half post coupler
ani a tank wall respectively.
MO,
MI and Ml are mutual
inductances
betueenhalfdrifttubes,
half stems and
half post couplers respectively.
Because post couplers
UNtusl
we neglect
the
alternate
side
to side,
inductance
betweenadjacentpostcouplersandconsider
onebetweennext
ad&centpostcouplers.

I+-ll/Af

MO
Lo y----y
Lo Go
T?m---it----o
---ll----mT---(---

in n-th cell
Em,, is the
unperturbed
average
of

CO

modeltanksparameters

tube diameter

frequencr

stem and post coupler diameter
tank inner diameter
tank length
cell length
cell nunber
drift-tube-to-wall
spacing
/one-quarterwavelengt.h

(cd
C&i

(cm)

10

6

4

440

440

500

1.5

1.5

1.0

44
54
6

I:;
(-1
1.0

9
1.11

,

1.0

Eouivalent

Distribution

where I&.,. is the maximm field amplitude
perturbed
by fhf as described above,
snd
maximm
field amplit&
in n-th cell
for
case.
Em,= snd Em,1 are normalized by the

I

rdcklle three cell data,
4th,
5th and 6th. Fig.lshows
distortion
paremeters
as a function
of the ratio
of
post coupler length to U4. As the ratio of drift-tubeto-wall
spacing to u4 increases,
the range of field
This meam that
field
stabilization
becomes narrower.
stabilization
with post coupler becomzs difficult.

Three models had different
ratios
of drift-tubeto-wall
spacing to u4,
1.0, 1.11 a& 1.33. Fkrameters
of each model are shmn in Table 1. Everymodelhada
post coupler opposite every other drift
tube,
and post
couplers alternated
side to side.
Field
stabilisations
with
post couplers
are
measured as follows.
Achange of thehalfdrift
tube
length on an end plate causes a frequency shift
Af frao
the original
cavity rescmantfrequencyfo.
tie
then
adjuststheoppositehalfdrifttubelengthtoca~an
opposite
frequency
shift
-Af,
restoring
the cavity
frequency
f0.‘
The standard
bead-pull
tzchnique
determines
the on-axis electric
field.
As distortion
which
indicates
the effectiveness
of
parameter,
h
field
stabilization,
is defined ss follows*
Dx=q

I

0.5

1.33
Fig.2
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Equivalent

circuit

of DIL with

post coupler

As phase shift
is 0 in this
dispersion
relation
is as follows,

equivalent

circuit,

where
, kl =Mc /L
ke=l%/L
, k=&&
, w1*=1/LC1
, wne=1/IQCn
w oe=m9G

, wa*=l/LpCa
* are constant al-d WI*, 0~' vary as a function
Wecalculate
the dispersion
Z 'pot:
coupler length.
curves changing the postcouplerlength
and investigate
the field
stabilization.
Lo,Co,Mo and Cl are calculated
fmn 0, x/2 and L
SUPWFISH
frequencies
and stored
energy of
mode
La arecalculatedasinductzanoes
of a
results.
Ll
bar, andM1,ila
asmutualinductancesbetweenpara~el
We calculate
the frequencies
oftbe
lmdel
of
bars.
Fig.3
(a) with SUpERFISH to evaluate C; and Ca on the
base of the equivalent
circuit
of Fig.3 (b).
We define
the stabilization
paremeter,
which
of field
stabilization
for
indicates
effectiveness
dispersion
curve, as follows'
1

S =

(&!L)

*

A8

e=o

Drift-tube-to-wall
Fig.4

Spacing/

Inverse
of stabilization
function
of the ratio
sving
to u4 for lOczn,
diaauzter respectivelyfmnthe

A/4

parameter,
l/S,
aa a
of
drift-tube-to-wall
6unand 4cmdrifttube
top

1
WI’-Wee

where 0. isaccelerating
frequencysndoc
is coupling
frequency.
A
larger
S is required
for
field
stabilization.
--Fig.4
shows l/S as a function
of the
ratio
of post coupler length to U/4 for
each model.
Each figure
shows minimun of l/S at the length
of
almost
0.8
This
agrees
with
the
tilnes
u/4.
measurements.
Post
Fig.5

Coupler

Changes of resonant
circuit
for 6an drift
Freauencies

-Fig.3

(a)

(b)

(cm>

frequent ies of
tube dismeter

equivalent

of Males

resonant
relation
four
Fran
the
dispersion
frequencies
are calculated
for certain
post coupler
length.
Fig.5 shows the calculated
resonance frequency
as a function
of the post coupler length of 6~0 drifttube diameter
model.The
shorterpost
coupler
makes
frequencies
of the modes of post coupler
much higher
than that
ofacceleratingmode.
As thepost
coupler
length
becomes longer,the
frequencies
of post coupler
modes decrease sndcouple
with accelerating
mode at a
The field
will
be
post coupler
length.
proper
stabilized
at this point.
of various
Fig.6
shows the measured frequencies
modes in the model cavity with 6an diameter drift
tube
as a function
of post coupler length.
In the figure
E// and El
represent
the mode of electric
field
parallel
and perpendicular
to stem respectively.
As the
post coupler length becaoes longer,
the frequency
of
arm3 a rode mixes with a certain
each mcdegoesdown,
mode snd exchanges and separates.
For example,
the
frequency
of 'lt+ol~ UK& is -6'75MHz at first
and seems
to go down drastically
above the post coupler length of
mode mixes with TEll;z// mode caning down and
6a11. RIolr
‘lT40la
mode (well defined)
exchsnges with TE:I:~N maie.
y of -68ObBIz and the frequency
reappearsatthefrequenc
of TEalr~// mode goes down.
There exists
aseverelydistorted
range before
stabilization
with increasing
the post coupler
length.

Axis of Symmetry
6)

Length

L

Modeltocalculate
thecapscitancesbetween
a post coupler and a drift
tube,
a post
couplerandatankwall.Adrifttubeatxla
tank are representedbyinner
and outer
spheres for simplification.
Equivalent
circuit
of the rodel.
L is
inductance
of outer
sphere,
and C is
capacitance
inner
betand
cuter
spheres.
aa in
C¶, ca andLlareecrpe
Fig.2.
149

0
o

I:

2
Y
id

z

i 0
22
TMOII

Fig.8

TMoll
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Post'coupler
Fig.6

Frequency
shifts
model cavity
as
leneth

Strip

A schematic

view of strip

and frequency
spacing

strip
lines which are shifted
stabilize
the field distribution

U4

as

a

each
of a

As the drift-tube-to-wall
spacing
increases,
it
becaues more difficult
to stabilize
the field with post
But at the point of stabilization
the ratios
ypl-.
post coupler
length
tc A/4 83‘e almost
same
regardless
of the drift-tube-to-wall
swing.
And frcm
the de
spectrmwecanobtaintheuseful
data
for
stabilization
and distortion
of the field
with
post
coupler.
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Line'

In the nude1 of 4am drift
tube diameter,
the field
stabilization
range of post coupler length was limited
and it was difficult
to stabilize
the field with
post
couplers.
So we tried to get stabilization
with strip
line instead of post couplers.
The Y2 mde strip
line
as Fig.7 ma installed
in ML. The length of strip
line
wsa slightly
shorter than u2 andthe
gapbetween
the
tuner
and strip
line
was variable,
so that
the
resonance
of strip
line was adjustable
aromd
the
accelerating
frequency.
At first
field distrilmtions
were immured
with
15nm height
strip
line.
Fig.8 shows the distortion
pramebr
Dx. Dx was a little
fmaller
than Dx of no
strip
line.
15m height strip
line was thought to be
low that the coupling wouldbe weak. lben 3Omm height
strip
line was installed.
Thealmostwmeminimrm
Dx
was obtained aa in the case of post couplers,
and there
was enough adjustable
range.
Butthewdeltsnkwasso
short that only U/z strip
line could be installed.
The

Fig.7

3b
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Cmclusions

of 6cm drift
tube diameter
a function
of post coupler

with

b
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20
Spacing

prremeter,
Dx,
of stripline-to-tuner
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(cm)

lbia
is explained
as follows.
lM0ll mode mixes with
TEz~~E,, mode and reappears at higher
frequency
than
that
of sex-o post coupler
length.
The going
down
frequencyofRl0~~
modes&es
themode spacing
between
and the field distribution
has
nlo10 and mo11 -,
a tilt.
After
that,
the lM0l1 mde
sepamtes
frao
to achieve the stabilization.
Fmm this
mode
TEZllE
spectrunpointofview,
there is no explanation
to the
unstabilized
situation
for the post ccupler length
of
more than
15cm. (Although the mode spacing is still
large.)
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Two sets
of large radius DAW -test
cavity
with
biperiodic
4-T stem was studied for the T-stem
effect
to Q-value degradation
and coupling mode frequency.
Tm
shapes ofT stemweretested.
The frequencywas
13OOt+ls
and B1.0.
The .overlapping
problem
and 238OMHz,
CoMecting
with
the large
radius
for
high
shunt
solved
by the biperiodic
4-T
stem
impedancewas
The cavity radius was 0.767k ard 0.786k. lbe
g-try.
Q
value
degrsdation
introduced
by the stem
was
evaluatedbyccsnpering
with the non-stemgeaeetrywhich
was achieved by nylon string hanging.
The ooupling and
nethod
was
accelerating
mode frequency cmpensation
also investigated
to cancel the biperiodic
perturbation
to-electric
field distribution
along the sxis.

The disk-snd-washer(DAW)
structure
has outstanding
features of high efficiency,
high stability,
and good
The high efficiency
is desirable
vacuun conductance.
for
converting
rf
power into beam power.
The high
stability
is resulted
by the high coupling
constant,
and
reduces
structure
sensitivity
tc tuning
and
beam loading effects
and transients.
assembly
errors,
The
high coupling
constsnt
and the good
vacum
conductivity
tune from the very open structure."

Fig.1

Because of higher orderpassbsnds
( in particular
the RIll-like
l%sstxmd) overlapping
the region of the
DAWs~tureshavenotbeen
operating-mode
frequency,
in contrast
to an early
acceptad
for
nxmyprojects,
enthusiasm
baaed on structure
attributes.
There are
solutions
to the mode overlapping
situation.'-"
(he of
them
is bipericdic
4-T stem configuration.*'
The
advantages
of this configuration
is availability
of
large
cavity radius connecting
to high efficiency
and
coupling
constant
without mode overlapping.
Another
advantage is theleaatperturbationof
the stem to the
To the coupling mode, however, the
accelerating
mode.
perturbation
of the stem is not small and the frequency
is pushed up about 5% of the designed value
in our
case.
To close the stopbend and make the confluence,
the coupling
frequencyshouldbecaspensated
to its
Also theovalueis
important
factor
designed
value.
for
fabrication.
In this paper,
Q-value
degradation
introduced
by-the stem,
andthe
coupling
frequency
compensation are reported.

Structure
assembly for accelerating
(right)
and
coupling
(left)
mde termination
with "T@' stems
for 13OOMHscavity.

Fig.2 "Y" stem of 238OMHs cavity(most
of 13OOMHz cavity(middle),and
"T"
cavity(right).

left),
stem

of

"Y" stem
13OOMHz

Table 1
DAWTESTCAVITYPARAMFTERS
(M)
FreqwncY
Wavelength
1:;
Half cell length
Cavity radius
I:;
Disk radius
Half disk thickness
(an)
Washer radius
(cm)
Halfwasher
thickness(m)
Nose angle
(da)
Nose radius
Bore radius
Iz;
Half gap length
(-1
k/k
ZT'
u%vm)

TEST CAVITY
Two sets
of El alueinun alloy (5052)
DAW test
cavities
were used for mesaurement..softheQvalueand
coupling frequency.
Fig. 1 shows the structure
assembly
for
accelerating
wde(right)
and coupling
mode(left)
The geometry
is given in table
1. The
termination.
nmber
of cells was restricted
by the number of parta
available.
one of twohaa f requemzy of 23801rMz and
cavity
rsdius
(Rc) of 0.767k.
Another
hss that
of
-13OOMHz amd Rc of 0.7861 which is 2.6% larger
than
fomer one. All of the washer support geanetry were the
biperiodic
T, where pairs ofwaahers
are supported
by
Ts. The shape of T stem for 238Ot+ls model was just like
"Y" shape rather than "T",
and that for 13OOMHsmodel
was not only
"Y" but also
"T",
which
is canplete
electric
field perpendicular
shape (fig.2).
There wss
little
difference
in shape between "Y" stem for 238Ot+is
cavity
and that for 13Ow
cavity.
For comparison,

2380
12.596
3.149
9.667
8.582
1.503
4.947
0.222
30
0.14
0.616
1.832
0.767
121

1300
23.077
5.765
18.14
16.2(15.2)
2.752
9.024
0.324
30
0.25
1.128
3.26(3.16)
0.786
91

non-support
g-try
were also measured which
achieved by nylon string hsnging of the washers.

wm

The 238ON& cavity was not coupling mode frequency
snd had about 1OOMHzhigher coupling mde
compensate&
frequency.
The accelerating
mode was also
slightly
higher than the designed one (about 0.5%).
The 13OOMHz
model was designedtohaveampensated
frequency
of
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both coupling andaccelerating
mode as followinp.
The
disk
radiusRdwas
reducedtop~shback
the coupling
frequency down, and the gap length ms slightly
reduced
tc pIsh back theaccelerating
frequency.
In early
stage,
both ccmpensations was biperiodically
performed
at the cell
with
stem, because of the localized
Itwasfollndthatthe
canpensation
and its simplicity.
alternate
coupling
strength
between cells
mule the
Recently
the
electric
field distribution
untalauce.
cunpemation
was modified
to be uniform,
and the
accelerating
frequency will be cmpensatedbyimrease
of washer radius, keeping the originalgapleogth.
I

l/6

v4

l/Z

v3
l/NO.

Fig.3
Q valuewasmeasuredwith
for
the elimination
of the
reciprocal
of unloadedQvalue
given as follows;
1
-=-,
m

various nmber of cells
endplate
losses.
The
of n-cell
cavity Qo is

z--t-,1 i
nQe

the

9.

power loss on the cavity
adthe
storedenergyin
is smof
thepowerloss
power loss
in one cell
by the cell nunber n.
1
l/s

Pe+nPc
onWc
P-e
noWc

of

8.
7.

where m,
0, and Wn are the
wall,
the aw3h.r
frequency,
the cavity,
respectively.
m
on the endplates Pe snd the
without
endplate
I+c multiplied
Then we get;

=

of the reciprocal
238OMls test cavity.

1/Qx1G5

Pm
ok

-=1
m

l/Q as a function
nurtber of cells for

v
of W A S H E R S

24

l/2

va
l/NO.

Fig.4
PC
+ok
1
Q-2

l/l
d WASHERS

l/Q as a function
of the reciprocal
of
nunber of cells for 13OOMlz test
cavity.
disk
radius
was bipericdically
reduced
caopematethecouplingwdefrequemy.

the
The
to

VQ x105

where QesdQ2
are theQvaluea
of the endplates
sod
that
of a cell without endplate
respectively.
Qc is
Fl
to the Q value of an infinitely
long structure
For a cavity with stems,
PC and Wc are averages
b&een
cells with stem and a cell with
non-stem,
if
the stemperturbationis
small.Wnis
the stored
energy
in one cell multiplied
by the number of cell n. Figs.
3-5 shows the reciprocal
of Q value as a function
of
the reciprocal
of the number of cella.Qis given
at
the y intercept.

a

o no-Tstem

1
I

238oMMz MXEL

I

Q of 238OMHz cavity with 4-T stem was 70% of that
with n&-stem as shown in fig 3. because the stems were
made of brass andhad rather rough surface,
two-cell-Q
value was measuredwith
polished stemsmlQ
increased
to 77X(
assuningthe
ssme alopeasbefore~.Iberewas
between Q value
frau
SUPERFISH
B-Jd
-t
calculation
and measured Q of the cavity
with
nonusing conversion
fact&
fran Al alloy (5052)
to
s-9
cu. The Al alloy corSluctivity(35X
of that of Cu) was
taken fmm data sheet.
13oOMH!zMODEL
Fig.4-5
shcws the case of 13OOMHzmodel with
Al
"7" stem. The slope for biperiodically
compensated case
is easier than no-T case (Fig.4).
'Ibis meam that
the
endplate
loss
l/Qe was smaller than non-stem
case,
which is completely
sxiaynmetric
case.
It was thaupht
that
the biperiodic
redmtion
of Rd mxle the field
in
cell with stein larger thsn that with non-stem, and the
current
distribution
on the wall wes changed.
Fig.5
shows the mcdifiedcaupensationcasewhich
was even
reduction
of Rd at Rd=15.4ua.
The gap length was still
biperiodically
reduced at cell with
stem.
The field

Fig.5

II6 $4 l/s
/2
l/NO. of ‘WASHERS

l/1

l/Q as a function
of the reciprocal
of the
rubber
of cells for 13OOMHztest
cavity.
The
disk
radius was evenly reduced
to compensate
tbecouplingmode
frequency.

strength mbalance betcells was about -4% at cells
with
atem ( minus means weaker field at cell with stem
than that with non-stem).
Qvaluewas
improvedto
76%
of no stem. Thevalue
76% seems fairly
good,
of
Q
consi;fering
the screw clamped stem contact.
With
SUPERPISH calculation,
Qvaluewith
stemloss
can be
evaluated,
asauning that the stemperturbationis
small
enough for theadditionallosa
tobe calculatedonlyss
eddicurremtloss
on the stem. With stemof
landismeter
thevalue
was
at root and 0.8 as diameter at brsnch,
81.3% of original
value.
'Ibe washerscanbetumedoverand,
the reduced
gap-length
cell
can be at no-stem
position.
The
unbalance
increased
to -14XaodtheQ
decreased
to
73%. Instead of the gap length,
the fie'fd unlxlance can
be adjusted
bywvingthestem-attaching
radius
Ps.
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Redwing
the Rs by lm increases the field about
3%.
Synmetric
washers
were also
tested
ad
WenlY
cunpensated
geanetrywithabout2lmreduxd
Rs eeepB
preferable.
The perturbation
of -Y" shaped stem ma
larger than that of "T",
andQaDwasabout70Xof
that
with no stem.

‘Y” stem
6 washers
1500

awFwNGlTazmNm

fc

>
I
1
I

TE21
E,y

1300

Because of the cavityteminatimandthe
stem
periodicity,
theidealcoupli.ngmodewasdifficult
to
be achieved in finite
length cavity,
The coupling ti
frequency
fc with incunplete
periodicity
is shown in
fig.6
as a fmction
of ratio r., of nuober of cells
with
stem to that
with
no Stan.
Because of the
termination,
the periodicity
for ratio of "l/2"
(which
mews one cellwithatemin
twocelle
) is;
atem,
stem, non-stem, non-stem, stem, stem, andsoon,
mmely
SSNNSSNN.... That for ratio r,. of "2/4" ( which mane
two cells with stem in 4 cells
) is; me**.
The-coupling
mode frequency of "2/4" was slightly
lower
than that of "l/2".
Rd required
for camplete
coupling
mode f requency compensation seem3 slightly
larger than
15.5an for this geanetry including
stem. Tentative
mde
ape&run is shown in Fig.
7. The mode overlapping
on
the accelerating
mxie was solved.

-.3L
I*-

/O

*2_.

T M II

0
/ TMOI

1000

MHz

500

135c
130(
125(
120(

0
no stem
Fig.6

Coupling

5
Fig.7

h

cavity
Tentative
mode spectrum
of 13m
Thecoupling
mode
with 4T stem configuration.
compematedwithin15t+Lzbyeven
freqwncy
nose was not
reduction
of Rd. The maher
symetric
.

A. Swenson for his supports.
l'heauthors
t.hankD.
They also thank R. A. Jameson, and S. 0. Schriber in
L.osAlsmos National Lab.

53

3-5

all item
1.

frequem ywitbvaricueconfiguration.
DImION

not
the shunt
impedanoe
Measurement of
thought
to be neededtoevaluate
the stemwaseffect,
because the perturketion
to field distribution
was much
than radial
stem which lies
parallel
to
samller
electric
field.

2.

If
the coolingendmechenical
situation
pexmits
the use of smaller radiue steam, the Q degradation
will
For a low duty factor application
or a low
be reduced.
frequencybandapplication,
the coolinglimitaticnwill
not be series.
Forsmallrediuaatem,
t.hinatainle~.s
steel pipe with copper-plating
will be suitable.

4.

3.

5.

Because of the large radius of the cavity,
the
mode densityaroutxithe
operating
frequency
is high.
Further
beam cavity interaction
St&y*'
is required
particularly
for application
to recirculating
mchim.
The s uaxseive
work is going on
power tank for electron
acceleration.

to

fabricate

6.

a
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MULTIPLE-NEASUREHENT

BEAM PROBE*

J. D. Gilpatrick
and D. L. Grant,
AT-8, MS ii821
Los Alamos National
Laboratory,
Los Alamos.
New Nexico

Sum

ry

of volume within
the drift
tube that the probe and its
signal-carrying
transmission
line must fit
into.
For
the present
set of accelerators
being designed
at Los
Alamos,
this
volume has a cylindrical
shape of approximately
6-cm o.d.
by 2-cm i.d.
by 0.5 to 2.5 cm long.

Particle
accelerators
are becoming
smaller
and
are producing
more intense
beams; therefore,
it is
critical
that
beam-diagnostic
instrumentation
provide
accelerator
operators
and automated
control
systems'
with a complete
set of beam information.
Traditionally,
these beam data were collected
and processed
using limited-bandwidth
interceptive
techniques.
For
the new-generation
accelerators,
we are developing
a
multiple-measurement
microstrip
probe to obtain
broadband beam data from inside
a drift
tube without
perturbing
the beam.
The cylindrical
probe's
dimensions
are-6-cm
o.d.
by 1.0 cm long,
and the probe is mounted
inside
a drift
tube.
The probe (and its associated
electronics)
monitors
bunched-beam
current,
energy,
and transverse
position
by sensing
the beam's electromagnetic
fields
through
the annular
opening
in the
drift
tube.
The electrical
impedance
is tightly
controlled
through
the full
length
of the probe and
transmission
lines
to maintain
beam-induced
signal
fidelity.
The probe's
small,
cylindrical
structure
is matched to beam-bunch
characteristics
at specific
beamline
locations
so that
signal-to-noise
ratios
are
optimized.
Surrounding
the probe,
a mechanical
structure attaches
to the drift-tube
interior
and the quadrupole
magnets;
thus,
the entire
assembly's
mechanical
and electrical
centers
can be aligned
and calibrated
with respect
to the rest of the linac.
Probe

and Environment

87545

Microstrip-Probe

and Transmission-Line

Description

The probe consists
of a cylinder
of polyimide
material
whose inside
diameter
is slightly
larger
than
the expected
bore of the drift
tube.
The probe's
length
corresponds
to between two and four standard
deviations
of the phase distribution
of the bunched
beam.
In the bore of the probe are four (or eight)
copper strips
whose azimuthal
widths
are selected
so
as to minimize
the electromagnetic
coupling
between
both neighboring
and cross-bore
microstrips.
In the
case for the first
operational
probes,
the widths
of
the four strips
subtended
45O of the bore diameter
with gaps of the same width
between them.
On the
downstream
side of the cylinder
are four (or eight)
chip-resistor
arrays
whose values
are selected
to
match the characteristic
impedance
of
the
probe
(50 Q).
On the upstream
side of the probe,
a stripline,
transmission
line
is connected
to the probe's
microstrips.
These transmission
lines
carry
the signals out to coaxial
SMA connectors.
Figure
1 shows a conceptual
model of this
probe
(with
a slightly
different
shaped probe bore) and the
first
bench test
of the 50-a strip-line
transmission
line.
The outside
diameter
of the polyimide
cylinder
is covered
with a layer
of copper to provide
a ground
plane for the beam-induced
signals
on the copper microstrips.
The copper on the polyimide
cylinder
was ionbeam, vapor deposited
to a thickness
of at least
three
times the skin depth at the fundamental
rf frequency.
The azimuthal-width/polyimide-thickness
(w/h) microstrip
ratios
were selected
to match electrical
impedances of the connecting
transmission
lines.
Given
that
the
polyimide
dielectric
constant
is
3.55,
Edwards1
suggested
a w/h = 1.6
for 50-Q impedances.
Outside
the probe's
ground plane is another
insulating
material
that attaches
the probe to the permanent,
split-quadrupoles
magnets.
This mechanical
structure provides
accurate
alignment
of the microstrip
probe and electrically
isolates
the probe's
ground
plane from beamline
ground.

Constraints

Accelerator
operators
and automated
control
systems require
more timely
beam information
as demands
for increased
particle-beam
brightness
occur.
Also,
as increased
beam energy
is required,
traditional
linac
structures
become longer
and demand broad-band
beam information
from within
the accelerator
so that
beam malfunctions
can be precisely
diagnosed
or so
that
rapid
automated
corrections
can be implemented.
One possible
area for noninterceptive
beam-probe
placement
is inside
a drift
tube that has an annular
portion
of the bore removed.
This geometry
gives the
probe clear
access to the beam but restricts
both
probe materials
and geometries.
The measured beam
parameters
for initial
acceleration
operation
are
current,
energy,
and transverse
position.
After
stable
accelerator
operation
has been obtained,
second-moment
and phase-space
information
for all
three
Cartesian
coordinates
is required.
All of these qualifications
can be supplied
by
using a style
of strip-line
probe we call
a microstrip
electromagnetic
probe.
It is very similar
to the
classic
50-Q
strip-line
probe being used in many
other
accelerator
facilities
except
that
it is much
smaller
and is loaded with an appropriate
dielectric.
The probe must be able to sense beams of 6 > 0.046.
J,,
z 5.0 mA/cm2. longitudinal
bunch widths
(five
standard
deviations)
of one-sixth
an rf period,
and N
(number of ions)
z 5 x 106 singly
charged
particles.
Because the probe is open to the evacuated
beam tube,
the outgas
rate must be small and the probe material
must be insensitive
to various,
ionizing-radiation
sources
(especially
at the high-energy
end of the
linac).
The most stringent
restriction
is the amount

-

Fig.
1.
The microstrip
probe
model (shown at top)
depicts
the polyimide
cylinder
attached
to the stripline
transmission
line.
The lower device
is the first
bench-test
version
of the strip-line
transmission
line.

Figure
2 shows a cross section
of the layers
the strip-line
cable with an SHA connector
being
placed
in the cable.
The copper strips
sandwiched

*Work performed
under the auspices
of the U.S. Dept.
of Energy and supported
by the U.S. Army Strategic
Defense ComMnd.
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SMA

CONNECTOR

PROTECTIVE

-

POLYIMIDE

GROUND

PLANE

0.25-mm

POLYIMIDE

i
,.

MICROSTRIP
0.25-mm
GROUND
PROTECTIVE

CIRClJjT
POLYIMIDE
PLANE
POLYIMIDE

Fig. 2.
The SHA connector
(pictured
above)
penetrates
one of the polyimide
dielectric
layers
and is soldered
to the microstrip
layer.

between the 0.25~mm layers
of sheet polyimide
are
0.20 m n wide (calculated
width).
The full
thickness
of the transmission
line is approximately
0.64 nun.
The thin
insulative
polyimide
layer on the outside
of the cable isolates
the signal's
ground plane from
beamline
ground.
The isolation
is necessary
because
there
is always noise--usually
the accelerator-drive
frequency
is the largest
component--on
beamline
ground
near intense,
rf-driven
accelerators.
Figure
3 shows
the first
manufactured
test cable and its middle
strip-line
layer.
The two sets of patterns
etched
on the middle
layer are one single
line progressing
through
five
increasing
discrete
widths
and four
0.2~mn-thick
lines with 0.76,
1.5, and 2.29 tnn
between-each
line.
These patterns
allowed
us to
check transmission-line
impedance and crosstalk.

Fig. 4.
The proposed electrical
the microstrip
probe includes
and opposite
microstrip
coupling
(CN and CO).

The transfer

“0

-Jj4

function

for

the

probe

model of
neighboring
capacitances

is

= Z.

IW

where

cnz

R

0

L fiR

z.

Lp =
Fig. 3.
The first
strip-line
transmission
line and
its microstrip
layer,
manufactured
at Los Alamos.

Electrical

(3)

(4)

9

and
c is the
constant,

Model

speed of light,
tR is
and RT = 20 = 50 R.
Signal

Figure 4 depicts
an electrical
model for the
microstrip
probe.
The solid
lines
show a simplified,
lumped-circuit
model of each microstrip
(components
LP and CP); RS is the measured dc resistance
of the
flat
strip-line
cable and RT is the terminating
resist*nce.
The broken lines
represent
the coupling
capacitances
between neighboring
(CN) and opposite
(CC,)
strips;
Iw* is the beam's image current
on each microstrip.
This image current,
Eq. (1).
is an adaptation
to Eq. (27) in Ref. 3.
Here L is the length
of the
microstrips,
and B. is the azimuthal
angle subtended
by each microstrip:
,+&+

C

*

the

relative

dielectric

Processing

Using SMA coaxial
vacuum feedthroughs.
the four
signal
transmission
lines
penetrate
the vacuum wall
of the beamline
and are brought
out a short distance
(<3 m) to a passive
preprocessing
circuit.
The
signal
information
from these four coax cables is
then processed
and unfolded
into ten separate
signals.
These output
signals
include
the following:
(1)
Broad-band
signal
composed of four added
microstrip
signals
for integrated
beamcurrent
measurement
(2)
Narrow-filtered
signal
composed of four
added microstrip-signals
for a time-offlight
beam-energy
measurement

.

IW*
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(3)

Four separate
signals
whose phase differences represent
signal
amplitude
difference
of opposite
microstrips
(4)
Two separate
signals
that
represent
the amplitude
sum of opposite
microstrip
signals
(5)
Two separate
signals
that
represent
the amplitude
difference
between opposite
microstrip
signals
Signals,
as described
in Item 3 above, will
be
used for detecting
beam position
using ratios
of opposite microstrip
signals:
Other signals
(Items
1, 4,
and 5 above) will
provide
second moments in all three
Cartesian
coordinates.S*C
All four of the input
cables
to
the
preprocessing
circuitry
are
phase
matched so that
errors
in length
do not result
in
phase errors
in the position
measurement.
The postprocessing
active
circuitry
(which
is currently
being
designed)
will
reside
outside
the accelerator
vault
in crates
and racks,
which will
give personnel
easy
access to rf-signal
sources
and electronics.
Transmission-Line

connected
a 425-MHz, +lO dBm signal
source to one of
the four 0.20-1~s terminated
lines
and measured the
These data were
signal
power on the adjacent
line.
then compared to several
RG-178 coax cables
under the
same signal-source
conditions
whose grounds were common.
From the smallest
to the largest
spacing
between
lines,
the coupled -signal
strengths
were -36.2,
-41.
-47 dBm as compared to the -47-dBm signal
power from
These crosstalk
data demonstrate
the coax cables.
that we can put at least
four broad-band
transmission
lines
within
the 1.27-cm maximum cable width
required
for the specific,
drift-tube
application.
Conclusion
We have introduced
a variation
to the standard,
strip-line
noninterceptive
probe for charged-particle
This probe's
attraction
is its small
beam detection.
volume,
well-defined
electrical
impedance,
and flexWe have discussed
ible
strip-line
transmission
line.
the strip-line
transmission
line and have proved its
In the future,
we intend
to
electrical
feasibility.
send several
versions
of the probe assembly
to
Argonne National
Laboratory
for measurement
of the
probe's
frequency
response.7

Data

Figure
5 shows a time-domain-reflectometer
measurement of the stepped-width
line
in the transmission
line of Fig. 3.
The trace
shows a 50-Q impedance
(far
right
in Fig. 5). dropping
from the SMA connector
to
a 0.305~I~I
strip-line
width
and traveling
through
(and
to the left,
Fig. 5) five
distinct
steps to a 0.102-1~1
strip-line
width.
The 0.23~mn strip-line
impedance
(Fig.
5.) near horizontal
center
is close to the
0.20~urn calculated
width
for a 504 impedance.
We
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Fig. 5.
A 'time-domain
reflectometer
response
to the
stepped-width
line
in the stripline
transmission
line shows the ~O-Q impedance
line width
of approximately
0.23 mn.

believe
that
the epoxy adhesives
used to bond the layered cable altered
the bulk dielectric
constant
and
increased
the cable impedance.
The series
resistance
of the four 0.20~m-thick
lines
was 2.1 R.
The crosssectional
area for the final
cable design
should be
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15% larger;
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the series
dc resistance
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1.8 R.
This resistance
will
give a VSWR of 1.07:1,
which is more than adequate
for
frequencies
below 4.0 Ghz.
To measure crosstalk,
we
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results
in severe longitudinal
charge bunching.
The
oscillation
of the virtual
cathode
excites
the longitudinal
electric
field
that drives
the transverse
magnetic
waveguide
modes in a cylindrical
waveguide.
As
the ratio
of the beam current
to the space-charge
limiting
current
increases,'
the microwave
output
frequency in an oscillating
virtual
cathode
varies
between the plasma frequency
9 and JZi I+, where

Sumnary
An oscillating
virtual
cathode
produced
by a multikiloampere
relativistic
electron
beam can generate
microwave
power at levels
from several-hundred
mega:
watts to one gigawatt.
This type of source can operate from 500 MHz to 40 GHz. To become useful
as an
accelerator
driver,
it is essential
that we control
the frequency
and phase of the microwave
radiation.
To accomplish
this,
it may be possible
to use the
resonant
interaction
between the oscillating
virtual
cathode
and a microwave
cavity
that
is pumped with a
klystron-injected
signal
to produce a microwave
source
capable
of very high power, narrow
bandwidth,
narrowband frequency
tunability,
a.nd phase controllability.
Dvnamics

of

the

Virtual

Cathode

0'

17(

2/3

SC1 = 1 + 2 In

Oscillator

_ 1 3/2
(in

rw/rb

kiloamperes)

,

where y is the relativistic
factor
of the electron
beam, rw is the radius
of the waveguide.
and rb
is the electron
beam's outer
radius.

TRANSMITTED
ELECTRONS

ELECT&N

P

( >*
4rne2
Ym

1'2

In this
expression,
n is the electron
density
and m
is the electron
mass.
The second mechanism for microwave
production
involves the electrons
that are trapped
in the potential
well between the real cathode
and the virtual
cathode.
The electrons
reflexing
in this
potential
well can also
generate
broadband
microwave
power at a higher
frequency than in the case of the oscillating
virtual
cathode.
The frequency
is higher
because the individual
reflexing electrons
can travel
at near the speed of light;
whereas,
the frequency
of the virtual
cathode
oscillations
is determined
by the plasma frequency
up of the
electron
beam.
cathode oscillator
is not a wellThe virtual
behaved microwave
source.
It has a broad microwave
spectrum with peaks in a variety
of waveguide
modes.
Mainly,
two factors
contribute
to this
characteristic.
The microwave
radiation
is generated
by a combination
the oscillating
virtual
cathode
of the two processes:
and the reflexing
electrons.
Also,
frequency
chirping
occurs during
the pulse,
caused by diode voltage
and
current-density
variations.
Consequently,
one has a
very unstable
free-running
oscillator.
A number of researchers
have reported
microwave
generation
at the gigawatt
level
using virtual
cathodes formed by high-current
relativistic
electron
beams.6
Operating
frequencies
range from 500 MHz to
40 GHz. Efficiencies
up to 5% are reported
by U.S.
researchers
and up to 40-50X by the Soviets
(Didenko).'
Didenko has also reported
pulsed microwave
radiation
for half a microsecond
at 3 GHz and 500 MW. In spite
of these achievements,
there
has not been much effort
toward developing
these devices
as reliable,
efficient,
very high power, microwave
sources.
The ability
of an oscillating
virtual
cathode
to
produce very high levels
of peak power leads one to
consider
it as a candidate
for an accelerator
driver.
To become viable
in this
role,
it is essential
that
the device
be made to operate
predominately
at a sinThere should also be some means to
gle frequency.
control
the device's
output
phase.

A virtual
cathode
is formed when the electron
current
from an electron-beam
diode,
greater
than the
space-charge
limiting
current.1
is injected
into a
cylindrical
waveguide.
as shown in Fig. 1.
A propagating
electron
beam produces
a negative
potential
because of its own space charge,
and when the beam
enters
the waveguide.
the space-charge
potential
energy increases.
At high current
levels,
the potential
barrier
produced
by the beam space charge exceeds the
beam's kinetic
energy.
and electrons
in the beam are
reflected
back to the anode.
This current
level
is
called
the space-charge
limiting
current.
The potential
barrier
is called
a virtual
cathode
and is formed
at the position
where the kinetic
energy approaches
zero.
For the case of a mildly
relativistic
electron
beam, an interpolative
formula2
for the space-charge
(I,,-.)
in a cylindrical
waveguide
limiting
current
that has good experimental
agreement
is
I
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It may be feasible
to produce a frequency-locked
oscillating
virtual
cathode
by surrounding
the oscillating
virtual
cathode
with a resonant
microwave
A microwave
cavity
resonator
has several
structure.
properties
of particular
use to us in this application.
First,
it is frequency
selective.
The cavity
supports
a number of well-defined
modes t>f oscillation,
and
each mode occurs over a very narrow bandwidth.
Secondly,
microwave
energy can be effectively
coupled
out of a cavity
resonator
using the same techniques
employed for coupling
energy into rf accelerating
structures.
Examples of microwave
generation
by passing
an
electron
beam through
a resonant
structure
are the

h\\\\\\\

I
REFLEXING
VIRTUAL
CATHODE

Typical

virtual

/
VACUUM
WINDOW

cathode

oscillator

source.

i

Currently
there are two models for microwave
production.
The first
is the oscillating
virtual
cathode
in which the virtual
cathode
oscillates
in space and
time with a well-defined
period.a.4
This oscillation
*Work

supported

by U.S.

Dept.

of

and Phase Locking

Energy.
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cavity
klystron
and the magnetron.
A series
of microwave cavities
are used first
to bunch the dc electron
beam and then to extract
the power from it at the
microwave
frequency.
The dynamics
of the oscillating
virtual
cathode
is much more complicated
and less
understood
than the previous
examples.
However,
there
is no reason to believe
that a resonant
cavity
surrounding
the oscillating
virtual
cathode
would not
also affect
its dynamics.
If one can-tune
the oscillating
virtual
cathode
by varying
the beam-current
density
so that
its dominant
free-running
oscillation
frequency
is near the passband of a microwave-cavity
resonator
surrounding
the oscillating
virtual
cathode.
then it should be possible
to create
a strong
beam/
cavity
interaction.
Because of this
interaction,
the
cavity
field
induced
by either
the oscillating
virtual
cathode
or some other
source feeds back on the oscillating
virtual
cathode,
forcing
it to oscillate
in the
desired
mode at the cavity
resonant
frequency
f,.
The
formation
of the virtual
cathode
is a beam-bunching
phenomenon;
thus,
if one can affect
the dynamics
of
the bunching
process,
then it should be possible
to
influence
the behavior
of the oscillating
virtual
cathode.
Utilizing
this
feedback
interaction,
the
oscillating
virtual
cathode
and the cavity
field
should
lock together
in phase and in frequency,
converting
beam power to microwave
power with
improved
efficiency.
Brandt.
et al .,e have investigated
the
effect
of feedback
on the microwave
output
of a reflexing
electron
device.
Their
simulations
added a
lOO-kV/cm external
sinusoidal
electric
field
at
9.8 GHz to the l-NV/cm
field
generated
by the applied
diode voltage.
The sinusoidal
field
increased
the
microwave
energy density
at the pump frequency
by a
factor
of 40.
A further
refinement
to the frequency-locking
concept
involves
exciting
the cavity
resonator
with a
microwave
signal
at the cavity
resonant
frequency,
before
injecting
the electron
beam.
The power level
of this
microwave
pump would be a few percent
of the
power produced
by the electron
beam.
The role of the
microwave
pump is to build
up the microwave
field
in
the cavity
so that,
when the electron
beam enters
the
cavity,
the beam will
interact
with the existing
cavity field.
With this
techniaue.
the beam should be
forced
to oscillate
at the same-frequency
as the
microwave
pump instead
of waiting
for the virtual
cathode
oscillation
to stochastically
build
up from
noise voltage.
The current
density
of the electron
beam would be adjusted
by altering
the diode geometry
to ensure that the free-running
frequency
of the oscillating
virtual
cathode
would be close enough to the
cavity
frequency
for the beam/cavity
interaction
to
be significant.
_ One then would no longer
have a truly
free-running
oscillator,
but instead
a device
that
must interact
with a resonant
structure
that affects
the bunching
process
and, hence, the oscillation
frequency.
The concept
of injection
locking
a free-running
microwave
oscillator
to an external
signal
is one that
has been around for some 40 years.
An extensive
amount of theoretical
work on injection
locking
has
been done by persons
such as E. E. David.9
J. C.
Slater.16
and numerous others.
David's
work has
dealt
primarily
with magnetrons.
The work of both
indicates
that
if the coupling
between the two sources
is strong
enough and if their
frequencies
are close
enough together,
frequency
and phase synchronization
(or locking)
occurs.
In these microwave
oscillators,
coherent
oscillations
spring
up from preoscillation
noise already
present
in the system.
If an external
sinusoidal
signal is impressed
upon the oscillator,
the initial
oscillations
start
from the vector
sum of this
external
signal
and the noise voltage.
During
the rf build-up,
the effect
of the locking
signal
is enhanced (over the
steady-state
case) because the rf voltage
due to the

virtual
value.

cathode

is

much less

than

its

steady-state

Successful
experimental
work on injection
locking
magnetrons
together
has been done by Varian.11
Raytheon.12
and P. F. Lewis at English
Electric
Valve
(EEV) Co., Ltd."
In the case of Varian
and EEV. the
locking
power in the steady state
was 32 to 35 dB below the oscillator
output
power.
With Raytheon's
experiment,
the locking
power required
was 26 dB below
the output.
Proposed

Experiment

Now under construction
is an experiment
to produce an injection-locked
virtual
cathode
oscillator
at 1.3 GHz.
The device
to be tested
will
use the cylindrical
geometry
of Fig. 2.
The l-Me".
20-kA spacecharge-limited
electron
beam is accelerated
into a
cylindrical
resonator
where the TM020 transverse
magnetic mode is excited.
The field
pattern
for the TM020 is
shown in Fig. 3.
The fields
in the TM020 mode have the following
form:
, and

.
where JO and JD' are the zero-order
Bessel function
and its derivative,
a is the cavity
radius,
and r is
the radial
position.
The radial
dimension
of the cylinder will
be selected
to place the TM020 mode at
1.3 GHz, which results
in a cylinder
diameter
of approximately
40 cm as shown in-Fig.
2.
The electric
field
is axial
in the z-direction.
with maxima at the
axis r = 0, and at r = 14 cm from.the
central
axis,
as shown in Fig. 2.
The diameter
of the electron
beam
will
be chosen to be within
the region
of the central
peak in the electric
field
shown in Fig. 2.
This geometry will
result
in a strong
coupling
between the
electric
field
from the oscillating
virtual
cathode
and the cavity
TM020 mode electric
field.
Wall
currents
should be induced
by the virtual
cathode
oscillations
that set up the electric
and magnetic
fields
characteristic
of the TM020 mode.
We will
begin experimentation
with the microwave
cavity
in place downstream
of the diode.
We will
optimize
the electron-beam
diode parameters
such as
anode-cathode
gap spacing
and diode voltage
to adjust
the electron-beam
current
density
so that the microwave radiation
peaks in the 1.3-GHz regime.
If the
presence
of the cavity
does indeed affect
the dynamics

MICROWAVE
RADIATION

Fig.
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2.

Cylindrical

resonator

configuration.

Conclusions

If a virtual
cathode
source can be phase and frequency locked to a relatively
low-power
injection
signal, and if the problems
associated
with duty factor
and pulse length
can be solved,
a variety
of new
possibilities
in the microwave
area become available
to accelerator
technology.
For example,
a single
gigawatt-level
injection-locked
virtual
cathode
source
could replace
a large number of klystron
sources.
To
achieve
even higher
levels
of power, several
virtual
cathode
sources could be run coherently
in parallel
by
having all of them frequency
and phase locked to a
single
injection
signal.

,
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of the virtual
cathode
oscillations,
we should observe
an improvement
in efficiency
and a rise in microwave
power output
as we tune the oscillating
virtual
cathode frequency
through
the cavity
resonant
frequency.
Having tuned the free-running
frequency
of the
virt.ual
cathode
oscillator
close to the cavity's
1.3 GHz. we can then apply power from the 1.3-GHz
klystron
that
is used as the injection-signal
source.
With this configuration.
we will
be able to see the
effect
of the cavity
resonator
on the oscillation
frequency
of the virtual
cathode with and without
the
The use of the external
microwave
injection
signal.
injection
signal
allows
the microwave
field
in the
cavity
to be initialized,
so that the virtual
cathode
from its time of formation
sees a strong
cavity
field
with which to interact.
The klystron
would be turned
on to pump the cavity
before
firing
the electron
beam,
which would allow the cavity
field
to ring up to its
steady-state
value in a time equal to several
e-folding
times.
The microwave
cavity
enhances the effect
of the
klystron
output
power by storing
the klystron-produced
energy in the cavity
electromagnetic
field
over a relatively
long period
of time.
The electric
field
in
our cavity,
assuming a D of 1000, is about 220 kV/cm
at 10 HW of klystron
output
as compared with a field
of around 500 kV/cm in the oscillating
virtual
cathode
It must be kept in mind that the rf voltage
itself.
in the oscillating
virtual
cathode
starts
from near
zero amplitude
in the presence
of the 220-kV/cm cavity
field.
Because our injected
signal
is comparable
in
amplitude
to the diode field,
it seems quite
possible
that we should be able to injection
lock the oscillating
virtual
cathode with the klystron.
Microwave
slot apertures
will
be used to couple
the klystron
power to the cavity
and to extract
power
from the device.
The coupling
occurs through
the
circumferential
magnetic
field
in the cavity
that
penetrates
the slot and excites
the TElO mode in the
r'ectangular
waveguide.
The short dimension
of the
slot
is parallel
to the cavity's
center
line.
The
slots
will
couple to appropriately
sized waveguide.
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Expressions for peak and average powers required to pr,
duce a given average gradient in an accelerator section are
given. They are valid for both lossy and lossless (superconducting) sections, for both traveling wave and standing wave
sections, and for pulsed or continuous wave rf input. The expressions are given in terms of structure parameters that are
equally applicable to traveling wave or standing wave. These
parameters delineate the effect of wall loss& and energy required to build up the field. For both traveling wave and standing wave sections it is possible to make the rf pulse length short
enough to make the wall losses negligible at the expense of increased peak power requirement.
Therefore the expressions
will include the effects of pulse compression.
PARAMETERS

T o -=w-=w.
Pd

W

pd ’

PEAK

P

up=-.

(1)

W

V2
Te=F.
s=wL;
e
The names of the symbols in the above definitions
consistent set of units are:

04803

Both TW and SW sections can be characterized by the
same parameters u, T,,and fill time T,. For both structures
the fill time can be defined as the pulse duration for which the
ratio of section energy to pulse energy is maximum. For a TW
structure the fill time is the section length divided by the group
velocity. For a SW structure, it is a function of TI and TO and
is independent of v,,. vg depends on coupling between cells and
Te depends on coupling between the section and the generator.
For both TW and SW sections, a single bunch beam is injected
at one fill time after the beginning of the input RF pulse. For
a SW section, however, a long beam pulse is injected when
the rate of increase in field due to the RF is balanced by the
rate of increase in the field due to the beam so that the field
remains constant.2 For a SW section the time the beam pulse
is injected is an alternative definition of fill time.

The necessary and sufficient parameters that can characterize traveling wave (TW) or standing wave (SW) accelerator
sections are
E’
a=--;-

Calijornia

the power dissipated in the SW section end walls. The group
velocity, elastance, internal time constant can be functions of
distance along the section.’ But in this note only uniform group
velocity sections are considered.

ABSTRACT

SECTION

Center

AND AVERAGE

POWER

The peak power Pp and average power P,, required to produce a section average gradient E. are:

For SW section only:

s

elsstance per unit length,
(internal)

time constant,

TO
VI7
E

group velocity,

m ps-’

local accelerating

gradient,

W

energy stored per unit length,

MV

V

particle voltage,

W

energy stored in the section,
section length,

ps

MV
joule

m

power dissipated per unit length,

pd

power dissipated in the section,

MW

m-l

MW

P

power transmitted,

TC

SW section external time constant,

~8

PC

power emitted by the SW section,

MW

MW

The elsztance is the reciprocal of capacitance. It depends
on such factors as the crossectional area of the section, the concentration of the electric field at the axis, and transit time. T,,
depends on the ratio of cross section area to surface area. As
both stored energy and power dissipated vary linearly with section length, TO is the same for both SW and TW, if we neglect

by the Department

= j,=

.

rldrlpc

(2)

The effect of pulse compression is included in Eq. (2). Its
constants are: the compression factor Cf (the klystron pulse
length divided by the compressed pulse length), the power multiplication factor M (the square of the section voltage with
compression divided by the section voltage with no pulse compression), and the compression efficiency qpc given by qpc =
M/C/.
For a TW section the attenuation in nepers r, the
section efficiency n, and the section length L are

T=-,Tf 9r = (1 - 02,
22
TO

of Energy, contract

27(1 - e-+*/7)2
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.

(3)

(4)

rJ7

1
’ = 1 +T,/T,

DE-

L = v,rT,

For a SW section, the efficiency is
98 =

* Work supported
AC03-76SF00515

P. = f,P,T,

With no pulse compression the peak and average powers
required to produce a given gradient depends only on s, TO
and Tf. The peak power decreases as the internal time constant increases. Therefore both the elastance and the internal
time constant should be as large as practicable. The fill time
is determined by the desired trade-off between the peak and
average powers.

m-l
joule m-l

Pd

,

.

Here f, is the pulse repetition frequency and must be less than
l/T/. If fr = W ’s, we have the continuous wave (CW) case.
The peak and average powers are then identical and their expressions coalesce into a single expression.

MD m-‘ps-’

unloaded

L

P,, = $
with a

’

Tp
7c = 5;1

(5)

The pulse length Tp when it maximizes
and is given by

T/

= 1.257Tf,

Fig. 2 that improving the internal time constant can reduce the
peak or average power requirements or both. The undesirable
effect of cooling the section is the required refrigerator power
which is the same order of magnitude as the average power.
But for niobium or lead sections at liquid helium temperature
4.2’K, Zf = 4CKQ RI = 400, at a few microsecond fill times,
the refrigerator power is reduced to a fraction of the average
power as shown in Fig. 3.

nr is the fill time T,

Tl = yT,

.

(6)

Tl is the loaded time constant.
i

Substituting for n, and Tf from (3) into (2) we obtain for
a constant impedance TW section an identical expression for
the C W power and pulsed peak power

If Tr = l/j, then the rf is CW. At 4.2” operating at fill
times approaching C W results in prohibitive refrigerator power
and low gradient break down. But one can operate at short fill
time. How short depends on the experimentally
determined
pulse energy and average power rating of the superconducting
section. Making a section superconducting reduces the peak
and average power by the reciprocal of n,. The peak power
per unit length can be further reduced by increasing the section
length.

(7)
For a fixed s and To, P is minimum when r = 1.257 that is
Tf = 1.257T0. This is similar to the condition that minimizes
the average pulsed power for a SW section, except that Tl is
replaced by To. The condition for minimum C W power for a
SW section is Te = To = 2T1.
Plots of peak and average powers required to produce 21
MV/m gradient in the SLAC disk-loaded structure operating
at 2856 MHz and having a internal time constant of 1.44~
with no pulse compression, A4 = npc = 1, are shown in Fig. 1.
The solid lines are for constant group velocity and hence constant elastance, which is assumed to be 76.4 Mn/rn - p. The
dotted lines are for a constant length and variable group velocity and hence elastance. The dashed lines are for a SW
section having the same elsstance and internal time constant
as the constant group velocity TW section. At each fill time
the section efficiency was maximized with respect to Te. The
value of Te is given in Ref. 1. In this case, with E,,, a, L,
held constant the average power is a constant divided by the
section efficiency.

Fig. 2. Peak and average powers for a room temperature
a liquid nitrogen temperature copper TW section.
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Fig. 3. Peak and average powers for a liquid helium temperature niobium or lead TW section.

L.10.1

Fig. 1. TW and SW average and peak powers/section.

High effective gradients can be obtained with reduced peak
and average power into the section by using the energy that has
already accelerated the beam in one accelerator section to drive
a second accelerator section to accelerate the recirculated beam
as illustrated in Fig. 4. Or two beams can be accelerated.
This can be done because the energy loss in a SC section is
essentially zero.

Define the improvement factor ZI as the section material
resistivity divided by the resistivity of copper. For a superconducting sections r <C 1 and the refrigerator ac power in KW
is
2r&
P, = ---Pa
.
1s
Here rc is the copper section attenuation at room temperature,
El is the ratio refrigerator power to heat load power. If the
section is cooled r is much lower than its average power- peak
power trade-off value and is determined by refrigerator AC
power requirements and by the average power rating of the
cooled section.
Peak and average powers vs fill time for a copper section at
room temperature and at liquid nitrogen temperature 77’K,
Z, = 3, RI = 10, are shown in Fig. 2. It is apparent from the

Fig. 4. Double pass recirculation
161

scheme.

FREQUENCY

i

SCALING

The effect of frequency when keeping
locity, or the section length, or the aperture
considered. As the linear dimensions vary
we infer from their definitions that for the
geometry, and mode
and

saf

T,, a

The rf to beam energy conversion efficiency is inversely
proportional
to p,,. Hence, it is clear from Table 1 that high
frequencies are desirable. But, increasing the frequency decreases the aperture size and length. These can be remedied
by increasing the group velocity which has the added advantage
of increasing the section bandwidth and improving cooling and
vacuum. The decrease in elastance and high peak to accelerating field ratio due to increased group velocity can be remedied
by using nose cones and magnetic coupling.

either the group vesize constant is now
as the frequency f,
same group velocity,

f-'/*

.

(9)

Lines 4 and 5 of Table 1 are parameters for a large aperture
disk-loaded structure. Its s1 decreased from 9.37 of the SLAC
section, a/x = 0.111 to 3.29 for u/X = 0.286. The values in
the last line in Table 1 are for the zig-zag structure shown in
Fig. 5. Changing from a disk-loaded structure to a zig-zag
structure further improves the cooling, vacuum, and mechanical construction of the section. At high group velocity the
elastance of a zig-zag section is about the same as that of a
DLWG: so = 2.82 for the zig-zag and 8s = 3.29 for the DLWG.

Dividing .s by f yields the structure parameter dp which is invariant with frequency. It depends only on structure geometry
and mode. For the SLAC disk-loaded 2~13 structure ss and
the aperture size o as a function of group velocity are’
13.24
da = 1 + 0.216&
Here

dp

is in e

-.pd

vg

id

(10)
in m/jbe.

The SLAC section so = 9.37 e - ps. The SLAC section
fill time and length az a function of frequency and improvement
factor are
Tf

=

&PO

=

6*Q5zfr

L = %Tf =

f3/1’

6.95Zfvrr
f*/a

(11)

Here f is in GHz, Tf in ps and L in meter. The improvement
factor can be due to cooling the section or any other cause.
Substituting the SLAC section r = 0.57, and Zf = 1 we obtain
3.96
Tr=fJIS’

3.Q6vr
L=pl,

(12)

*

Fig. 8. Zig-Zag structure.

Substituting
the SLC gradient and repetition rate, E. =
21MV/m,
f, = 180~~5, and r), = 0.581 into eq. (2) we obtain
the peak power per section and the average power per meter
Pp (Mw)

= y,

pa

(kW/m)

=

I

5

.

I

CONCLUSION
Expression for peak and average power were given in terms
of parameters that are identical for both TW and SW sections.
Expressions for beam induced gradient and output power when
the section operates in the traveling wave tube mode can also
be expressed in terms of 8, TO, and up for TW sections or
s, T,,and Te for SW sections. These expressions and exprezsions for the case of beam loaded sections have been given in
a companion paper.’
After the fill time is determined from
peak and average power trade-off (peak and AC power trade-off
for superconducting sections) the section parameters and peak
and average power requirements of lossy, lossless TW and SW
sections operating in the single bunch or C W mode can be
obtained from the given expressions.

(13)

The average power per section is
- pa

(kW)

p&

=

= 541v9
d,,f'll=

(14)

Using the above expressions we obtain the system parameters
as a function of frequency listed in Table 1.
Table 1. Peak and average power vs frequency
E. = 21AfV/m,
f, = 18oppd, and r), = 0.581
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Abstract
-+

supercolliders
will
realization
of
e e
The
including
advances
in
technology
the
require
development
of X-band microwave
amplifiers
with
pulse
Candidate
microwave
amplifiers
include
energy
> 60 J.
(FEL’s),
free
electron
lasers
lasertrons,
klystrons,
ampl-ifiers
gyrotrons
;
employing
a
and
gyrot ron
configuration
multicavity
gyroklystron
appear
Measurements
on a 50 kW,
advantageous
at A - 3 cm.
1 ps gyroklystron
show phase jitter
< 0.75O indicating
compatibility
of this
type of amplifier
with
collider
The University
of Maryland
is currently
requirements.
driven
by
devloping
an X-band,
TE” mode gyroklystron
beam pulses;
combining
500 keV,
160 A, 2 pz e f’ectron
pulse compression
circuit
this
tube with
a TEOl binary
under development
at SLAC could produce
475 MW, 120 ns
feasibility
of
microwave
pulses
which
the
imply
achieving
llnac
accelerating
fields
in the range
lOO200 MV/m.
Introduction
Interest
in
e-e+
colliders
with
each particle
having
energy
in
the
range
> 300 GeV has placed
a
premium
on developing
linac
technology
which
might
achieve
large
values
of the accelerating
gradient
E .
With
E = 200 NV/m, the total
length
of two 300 bV
linacs
awould
be 3 km, equal
fo
the
length
of
the
present
50 GeV SLAC accelerator.
carritd

;~;514

frequency,
feed,-Pf,

w,

of
linac
scaling
studies
and include
the dependence
and on peak rf
power per

have
been
of E on rf
acce 1 erator

as
Ea-Pf

-

l/2

0.

(1)

Thus,
a premium
is placed
on achieving
high
P and
If
w is increase -5 too
However,
especially
high
W.
deleterious
effects
occur
such
as excessive
much,
wakefields.
A
energy
spread
increased
due
to
compromise
to
be w/2n - 10 GHz;
reasonable
appears
three
to four times the present
SLAC frequency.
I.e.,
A
A 10 GHz llnac
would require
Pf in the range 300600 MW to achieve
E = 100-200 MV/m.
The corresponding
length
~f,~ the
1-8 pulses
would
be r
= 100-200 ns
the
feasibility
o? developing
Thus,
(T “W
1.
amplifiers
in
micBowave
X-band
(8.2-12.5
GHz) wit!
energy
,> 60 J is
an issue
relevant
to
e e
pulse
supercolliders.
To be compatible
with llnac
operation,
the amplifier
should
have good phase stability
(5 lo)
and high
gain
(2 50 dB).
The microwave
generators
which
are candidates
for
this
development
are briefly
surveyed
in the next section.
Klystrons,

Lasertrons,

FEL’s

and Gyrotrons

Studies
of an experimental
klystron
amplifier
at
SLAC have
demonstrated
150 MW outpy
power
in
1 us
pulses
at a frequency
of 2.87 GHz.
A double
gap
_ output
cavity
was used to reduce
gap voltage
gradient
to increase
efficiency
to 51%.
A scaling
of this
device
to 10 GHz could be accomplished
by reducing
the
linear
dimensions
of the klystron
circuit
and its beam
tunnel
in
proportion
to
the
wavelength,
A,
while

*Work

supported

by the

U.S.

Department
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Energy.
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maintaining
the
475 kV accelerating
voltage
on the
Since the dc electric
fields
are near
electron
gun.
the breakdown
limit
at the electrodes
of the 2.87 GHz
klystron,
anode-cathode
spacing
the
could
not
be
With the electron
gun
reduced
In the X-band device.
operated
in the space charge
limited
regime,
current
density
would then be unchanged
w)ile
the area of the
beam tunnel
would be reducedgas
X . Thus, current
and
power would
also
fall
as 1 , and 150 MW at 2.87 GHz
would
scale
to 12 MW at 10 GHz.
Of course
some more
advantageous
scaling
scheme might
be found,
and X-band
klystrons
deserve
further
consideration.
The lasertron
is
a new type
of microwave
tube
which uses the same type of output
cavity
as a klystron
but produces
a bunched electron
beam by illuminating
a
photo-emissive
with
short
bursts
of
laser
cathode
Such a device
gives good control
over the shape
light.
of the ele tron
bunches
and can have unusually
high
6
efficiency.
a dc voltage
may be applied
Furthermore,
to
the
electrodes
eliminating
the
requlrment
for
a
An S-band
lasertron
Is presently
under
modulator.
study
at SLAC.
There may be difficulty;
however,
in
increasing7the
laser
light
pulse rate to achieve
X-band
operation.
Studies
which have been carried
on during
the past
two decades
on microwave
generation
with
relativistic
electron
beams have led
to two fast
wave microwave
generator
concepts
which might
Impact
the rf amplifier
requirement
for supercolliders;
these
are the FEL and
Because
interaction
in
both
these
the
gyrotron.
devices
is with fast electromagnetic
waves, no periodic
structures
or small
gap cavities
are required.
The rf
structure
can be a smooth wall
waveguide
or a simple
with
cavity
very
large
output
coupling
aperture.
Operation
in a higher
order
mode is feasible,
and in
general,
transverse
dimensions
are much larger
than in
klystrons;
thus,
there
is potential
for developing
very
In
fact,
high
peak
power
devices.
short
pulse
(< 50 ns)
experiments
have demonstrated
peak o tput
f = 1 GW in gyrotron
oscillators
at fopfpd’
power
and
X-band 8 and In an FEL amplifier
at 34.6 GHz.
The
FEL employs
an undulator
magnet
with
a
magnetic
field.
periodic
transverse
It
amplif les
electromagnetic
radiation
with
wavelength
period
and
A = 6 e /Cl - 6 ) where 8 Is the undulator
the no’n&lized
ixial
elecrron
velocity
is 13 = v /c.
Usually
the electron
beam Is streaming
at re?ativfstlc
velocities
and a << f .
A recent
FEL l~tudeymp,a,:,th~
Lawrence
Livermore
Nztlonal
Laboratory
3.5 MeV, 4 kA induction
linear
accelerator.
A field
emission
cathode
is used,
and to improve
electron
beam
quality,
only a fraction
of the diode current
(850 A)
Is
injected
into
the
FEL interaction
region.
One
gigawatt
of output
power has been obtained
in 15 ns
34.6 GHz with a pulse repetition
frequency
of
;y;“,.
3
This experiment
is typical
of FEL’s in that
It uses an accelerator
to drive
the microwave
generator
rather
than
a
conventional
and
power
supply
modulator.
Consequently,
the FEL mechanism
is being
considered
for collider
apslicatlon
In terms of a twobeam accelerator
concept
rather
than
In terms
of
of conventional
microwave
tubes
for
driving
a linac
It should
also be noted that high power FEL’s
design.
have usually
operated
at short
wavelength
(X < 1 cm).

Although
of any
band.

it
effort

may

to

be worth
develop

consideration,
high peak

orllpd

we are unaware
power FEL’s at X-

BYROKLYSTRON

Gyrotrons
have a strong
axial
magnetic
field
and
to
amplify
electromagnetic
waves at a frequency
close
They
generally
the
electron
cyclotron
frequency.
operate
at lower voltage
than FEL’s and are more likely
to be compatible
with
conventionalmodulators.
‘Ihe
gyrotron
electron
beam is usually
annular
with
radius
much larger
than the Larmor radius,
and is generated
by
Thus,
a temperature
limited
magnetron
injection
gun.
very
dlf ferent
from
a
configuration
is
the
gun
and higher
power may be attainable
before
klystron,
An Xreaching
breakdown
fields
at the gun electrodes.
band gyrotron
amplifier
with
pulse
energy
> 6OlJ is
and
under development
at the University
of Maryland,
this
will
be devoted
to
remainder
of
the
paper
pertinent
gyrotron
results
of
describing
the
experiments
and design studies.
Phase

Noise

Measurements

in

a 50 kW-Gyroklystron

amplifier
configuration
which
The
gyrot ron
promises
to
be most
applicable
to
linacs
is
the
gyroklystron
which consists
of several
buncher
cavities
and an output
cavity
separated
by drift
spaces.
In
contrast
klystron,
the
electrons
to
a conventional
phase
bunch
in
their
cyclotron
orbits
rather
than
bunching
in axial
position.
One important
issue
in
assessing
the
suitability
of gyroklystrons
for
high
energy
linacs
is whether
phase jitter
is suitably
small
(5 10).

FIG. 1.
circuit.

S(nl2)
6PS(O)*
15 which made with no attempt
Early
experiments,
to
Smooth
the
voltage
and current
pulses
fed
to
the
gyroklystron
resulted
in phase jitter
of 200 during
the
pulse
with
a jitter
frequency
of about
6 MHz.
This
phase jitter
was accompanied
by a 1% ripple
in the
current
at about the same frequency.
The installation
of a 1200 pf capacitor
between
the cathode
and final
anode of the gyroklystron
reduced
the current
ripple
to
less than 0.3% and the phase jitter
to 0.75X.16

gyroklystron

and

phase

detector

Phase jitter
is subject
to reduction
by feedback
These measurements
of phase jitter,
< lo in
circuitry.
a gyroklystron
without
feedback
stabilization,
give
good promise
that
higher
power gyroklystrons
can be
with
phase
jitter
sufficiently
small
operated
for
application
to high energy linacs.
Gyroklystrons
and Pulse Compressors
for Application
to Supercolliders
Development
of an X-band gyroklystron
with
33 Mw,
2 ps pulses
is underway
at the University
of Maryland;
if
successful,
this
development
will
represent
an
advance
in pulse
energy
by two to three
orders
of
magnitude
together
with a twofold
increase
in frequency
when compared
with
the state-of-the-art
50 kW, C-band
amplifier
described
in
the
preceding
section.
A
similar
leap
in microwave
source
capability
was made
when conventional
klystron
amplifiers
were developed
for application
to linacs.

(2)

where
AB is
the
product
of
the
electric
field
amplitudes
of the two input
signals,
+ is the phase
angle
between
the
two signals,
and 6 is
the phase
jitter.
By adjusting
the sliding
short
to obtain
S
with
$ = 0 and then S with
+ = n/2,
the phase jitter
can be found as

of

Pulse-to-pulse
phase
jitter
was also
measured
because
it
is
relevant
to
ability
of
many
the
gyroklystrons
to
start
This
together
in
phase.
measurement
is made by observing
the mixer ouput (at a
single
point
in time into
the pulse)
for many pulses.
From the earliest
experiments,
felgulse
to pulse phase
jitter
was measured as < 0.250.

Phase jitter
measurements
have been carried
out on
a
three-cavity,
5 GHz gyroklystron
at
the
Naval
Research
Laborat_or
which produces
50 kW pulses
with a
74
The gyroklystron
cavities
are
l-3 us duration.
rectangular
and
operate
in
the
fundamental
TE
mode. - A schematic
of the gyroklystron
and the phigd
detector
circuit
is shown in Fig.
1.
A one watt,
CW
signal
is coupled
from the master
oscillator
into
the
first
gyroklystron
caviaty.
A small
sample
of the
master
oscillator
signal
is
drawn
off
before
the
gyroklystron
and is sent to one side of the detector
circuit
which
includes
a sliding
short
for
adjusting
phase.
After
the sliding
short,
the master
oscillator
sample is fed to one arm of a balanced
mixer.
Another
arm of the balanced
mixer
is fed with
a sample of the
gyroklystron
output.
The IF output
port
of the mixer
yields
a signal
S given by

SC+) = AB cos$ + AB 6 sin+

Schematic

To avoid excessive
space charge effects,
a 500 keV
electron
energy
is chosen in the X-band gyroklystron.
Furthermore,
since
only
perpendicualr
electron
energy
is converted
to microwaves
in gyrotrons,
vl is chosen
larger
than v ; viz.,
v /v
= 1.5.
Thus, v = 0.72 c
and the larmo h radius
r’ =‘0.4
cm* such a lhrge
value
of r
implies
an annulkr
electro)n
beam which
is too
largeL
to
fit
inside
a gyroklystron
based
on the
fundamental
mode.
Therefore,
the TE”
mode is chosen
for
all
the
circular
cross-section’1Javities
of the
gyroklystron.
This
mode,
which
is
circularly
symmetric,
can
interact
effectively
with
all
the
electrons
in
the
annular
beam resulting
in
high
efficiency
when
compared
with
non-symmetric
modes.
Spurious
oscillation
in
lower
order
modes
can be
suppressed
in the drift
tubes,
and if necessary
in the
cavities,
by
slotting
the
walls
to
prevent
axial
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I
curgent
TEoll

No axial

flow.
mode.

wall

The detailed
design
s described
in
gyroklystronl#
The salient
proceedings.
summarized
in Table I where
150
the
parameter
of
3
klystron.
Design

Table I.
gyroklystron.

currents

accompany

of
the
four-cavity
TE"
a companion paper in thggg
design
parameters
are
they are compared with the
S-band
five-cavity,
MW,

parameters

of

a

four-cavity

Gyroklystron

10 GHz
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Electron
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Electron
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Summary
There are good prospects
for developing
high gain,
X-band microwave
amplifiers
with
good phase stability,
and with
pulse
energy > 60 J as
reasonable
efficiency,
While
required
for each feed port of a supercollider.
and gyrotrons
are all
possible
klystrons,
lasertrons,
choices
for
the amplifier
type,
it appears
that
at Xband, the gyrotron
may have some advanvtage
both in the
achievable
peak
power
and
in
the
pulse
duration.
However,
this
conclusion
is based on gyrotron
design
calculations
experimental
confirmation.
and
awaits
Finally,
the developmen&
of efficient
pulse compression
to be of great
circuitry
using
the TEOl mode appears
importance
in
effectively
exploiting
the
gyrotron
amplifier
for the supercollider
application.

discussions.

10.

Note that
as suggested
previously,
the parameter
P-/A2
can be larger
in‘s
gyroklystron
than in a conventignal
the maximum electric
field
at the gun
klystron.
Also,
electrodes
Is considerably
smaller
in the gyroklystron
implying
that
larger
pulse
duration
could
be used
before
encountering
breakdown.
A binary
pulse
compression
circuit
w lch uses the
18
By taking
mode has recently
been described.
TEOOl
of
thee unusually
small
wall
losses
which
advantage
comperssor
can be
accompany
the TEOl mode, the pulse
Taking
the
designed
to operate
with
high efficiency.
from
the
gyroklystron
pulse
33 Mw,
2 IJS output
parameters
in Table I and passing
it
through
a fourwith
assumed
90%
compressor
pulse
stage
binary
efficiency
results
in a final
peak power of 475 M W with
These pulse
parameters
are
a 120 ns pulse
duration.
close
to those
required
for
driving
an X-band
linac
100-200 MV/m assuming
one
range
with
E
in
the
gyrokly&ron
per accelerator
feed.

, private
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Abstract
which generates
coherent
The gyrotron
mechanism,
cyclotron
frequency,
electron
radiation
at
the
cavities
and
Is
use
of
overmoded
facilitates
the
believed
to have excellent
potential
for
development
efficient
power ,
high
gain,
into
the
high
peak
for
a
high
energy
linear
amplifier
required
In
this
paper,
we discuss
a 30 MW,
accelerator.
that
Is -cur ently
l-2 IIS, 10 GHz gyroklystron
under
The 30 M W
development
at the University
of Maryland. i
power level
represents
an enhancement
of almost
three
orders
of magnitufe
over the current
state-of-the-art
This enhancement
will
be achieved
in gyroklystrons.
energies
and
moderately
utilizing
large
beam
by
overmoded cavities
(TE’ ).
We present
recent
progress
of
all
the
major
on
the
design
and c&.truction
the
Magnetron
the
modulator,
subsystems,
including
Injection
Gun used to generate
a 500 keV, 160 A annular
the
magnet
circuit
beam,
system,
and the
gyrotron
predicted
to achieve
conversion
efficiencies
in the
30%-42% range.

The
electron
gun
is
powered
by a line-type
modulator
imilar
In design
to those used by the SLAC
3
Four
pulse-forming
networks
(PFN’s)
in
klystrens.
with
9-13
stages
(nominally
with
parallel,
each
- 1.4 UH and Ci = 0.014 uF),
will
be resonantly
Li
The PFN’s will
be
charged
to 46 kV by a dc supply.
thyratrons
to
a 22:l
pulse
switched
two
through
transformer,
which will
provide
the required
potential
of 500 kV and current
of 400 A.
Approximately
half
the
available
current
will
be shunted
through
a compensated
resistive
divider
to provide
an intermediate
voltage
Adjustment
of the
for a modulation
anode (mod anode).
number
will
produce
pulse
flat
tops
of
PFN stages
between
1 and 2 us.
A flat
top ripple
of less than 1%
PFN inductance
peak-to-peak
will
be
achieved
by
rate
is
tuning.
The
design
repetition
4 PPSD
appropriate
to a proof of principle
experiment.
Injection

Gun

The rotating
annular
electron
beam is genertted
by
a double
anode Magnetron
Injection
Gun (MIG).
The
electrode
configuration
magnetic
field
and
axial
profile
are shown in Fig.
1.
The zeroth
order
gun
design
is 5provided
by a set
of adiabatic
trade-off
equations.
Particle
simulations
with
a square
mesh,
finite
difference
electron
trajectory
code6 are used to
minimize
the non-ideal
gun properties
by adjustment
of
the shapes and lo ations
of the three
electrodes.
A
7
variable
mesh code
Is used to check the design.
The
required
beam
are
shown
in
parameters
Table I.
A velocity
ratio
of v /v
= 1.5 is selected
between
high
as
a
compromise
thi
‘desire
for
perpendicular
velocity
to
produce
a
and the
need
relatively
small
axial
velocity
spread
(Av ).
The
design
current
for
minimum velocity
spread
is 160 A;

*This

work

was supported

by the

U.S.

CA

Williams

94303

(current
range
values
having
the
operating
current
The electrode
specifications
Av < 10%) is 120-240 A.
The selected
cathode
radius
are’ given
In Table II.
represents
a trade-off
between requirements
on the peak
electric
field
and on temperature-limited
operation.
For this
design,
the peak electric
fields
are below
The cathode
loading
at
100 kV/cm on all
surfaces.
160 A Is
40% of
the
space-charge
limited
current
predicted
by simulations.

0.1
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The Magnetron
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Table

I.

gun:
(b)

the axial
electrode

80 M W

500 kV

Beam Voltage
Field

B.

Velocity

Ratio

vI/vz

Average

Guiding

Larmor

(a)
the

The beam parameters.

Beam Power

Magnetic

0.4

Radius

Center
rL

0.565 T
1.5
Radius

r

g

7.85 m m
4.29

mm

The dependence
of axial
velocity
spread on current
is shown in Fig.
2.
This dependence
results
from the
nonlaminar
beam flow
(see Fig.
1).
The space-charge
field
generated
by the beam increases
the perpendicular
velocities
of electrons
emitted
from the upper part of
the cathode
and decreases
the perpendicular
velocities
of the Tlectrons
emitted
from the lower
part
of the
initial
cathode.
This
effect
counters
the
velocities
at
the
distribution
of
perpendicular
since
the electric
field
is largest
at the
cathode,
minimum radius
and the corresponding
electrons
have the

microwave
circuit
is a p rtially
self-consistent
code
r” This
code finds
a steady
developed
by K. R. Chu*
state
solution
in
each cavity
through
an Iterative
algorithm:
Maxwell’s
equations
are used to compute the
electromagnetic
fields
from
the
current
while
the
particle
equations
of motion
are
integrated
in the
fields
to compute -the
current.
This loop is iterated
until
the
electromagnetic
fields
and
current
are
consistent.
connected
by
the
The
cavities
are
that
occurs
in
the
drift
ballistic
beam bunching
tubes.
To achieve
a tractable
set of equations,
a
made.
In
number
of
simplifying
assumptions
are
particular,
we ignore
the
effects
of the beam self
and assume a pure mode in the cavities
and no
fields,
fields
in the drlf t tube.
With these assumptions,
the
fields
and current
are
simply
related
(see,
e.g.,
Eqs. 15 and 17 of Ref. l),
and the simulation
of a
multivcavity
gyroklystron
operating
in the nonlinear
regime
may be carried
out
with
reasonable
computer
resources.

As the current
Is increased,
highest
velocity
ratios.
a minima in velocity
spread will
occur when the effect
of space charge
on perpendicular
velocity
spread
best
offsets
the initial
velocity
spread at the cathode.
Table

The electrode

II.

specifications.

Average

Cathode

Cathode

- Mod Anode Gap

Mod Anode - Main
Cathode

Anode Gap

22.8

mm

61.3

pra

55.0

mm

200

Half-Angle

Mod Anode
Cathode

Radius

Voltage

Loading

(Cathode
(160

Grounded)

143 kV
5.6

A)

A/cm2

FIG.

100

FIG.

2.

120

The range

140

of

160
180
200
CURRENT I, (A)

operating

The Magnet

220

240

System

The
nominal
magnetic
field
in
the
microwave
circuit
region
is
0.565 T.
This
flat
field
region
variation)
is
25 cm
(< 0.1%
maintained
over
a
interval.
The-magnetic
field
profile
is generated
by a
pancake
coils
in
the
set
of
seven
water-cooled
microwave
circuit
region
and supplemented
by a large
gun coil
placed
over
the cathode
and an additional
pancake coil
placed
near the center
of the compression
region.
The length
of the compression
region,
defined
as the distance
between
the emitter
strip
center
and
the entrance
to the microwave
circuit,
is
48.25 cm.
This is a reasonable
compromise
between the conflicting
requirements
of
a physically
short
system
and an
approximately
adiabatic
compression.
The magnetic
field
profile
is nearly
exponential
during
the first
35 cm of the compression
length,
which helps reduce the
spread
in axial
velocity.
Magnetic
field
tapering
In
the
circuit
region,
which
is
required
to optimize
efficiency,
will
be achieved
with the use of small trim
coils
placed near the microwave
cavities.

Fig.

A
3.

typical
gyroklystron
The primary
tool

circuit
In the

is
shown
design
of

cavity

gyroklystron

circuit.

The optimized
circuit
values
based on the nominal
beam parameters
(Table
I) and the gun simulations
are
Q-s
are two
shown in Table III.
The required
cavity
orders
of magnitude
below
the wall
loss
Q’s for good
conductors.
This is convenient
for
the output
cavity
The microwave
power
where diffractive
losses
dominate.
is
extracted
from
an end wall
through
a coupling
aperture.
The cold cavity
fields
are found numerically
via
truncated
sets
of the eigenfunctions
of a right
circular
waveguide.
Cold
tests
have
verified
the
theoretical
Q’s to f 3% and the theoretical
resonant
tuning
can
be
frequencies
to
i 0.4X.
Frequency

Circuit

used

The four

particle
Unlike
a
conventional
klystron,
the
bunching
is in phase rather
than configuration
space.
For high
efficiency
operation,
the particles
must be
tightly
bunched
when entering
the last
cavity
(where
There are two factors
that
energy extraction
occurs).
its
spread
in
determine
the final
‘size’
of a bunch:
To minimize
the spread in
energy
and spread in phase.
small
fields
and long
drift
tubes
may be
energy,
In the absence of a spread
in velocity
(Ava),
used.
However,
even
such an approach
yields
a compact bunch.
small
Av
causes
a spread
in phase during
ballistic
bunching ,’ and can have a large
deleterious
effect
on
In our work,
we find
the
the
final
bunch
‘size.’
to be far more
spread
In phase due to the finite
Av
important
than the spread in energy.
‘For that
reason,
we operate
with
large
fields
and short
drift
tubes.
The large
fields
are achieved
by operating
near start
oscillation
current,
either
by raising
the cavity
Q’s
In this
way,
a
or increasing
the
cavity
length.
reasonably
small
bunch may be achieved
at the entrance
to the output
cavity.
Final
optimization
of efficiency
Is done while
keeping
the average
wall
loss
and the
space
charge
depression
within
acceptable
limits,
making
sure
that
no unwanted
modes are excited,
and
operating
below
the start
oscillation
current
in all
cavities.

currents.

The Gyroklystron

3.
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achieved
by slight
adjustments
of the axial
location
of
The low Q-s of the buncher
the coupling
aperture.
cavities
present
more
of
a problem,
but
several
Resonant
techlques
are currently
being
cold
tested.
are useful
because
of the
input
coupling
techniques
also
being
cold
narrow
band
application
and
are
tested.
The drift
tubes are not cutoff
to the TE
and provisions
must be made to US:::
has
s~~Zfl~ydes;n
those
regions.
Cold
testing
demonstrated
that
drift
tubes comprised
of alternative
rings
of conductor
and absorber
sufficiently
attenuate
kzet;El+Emode.
The effect
of the composite
drift
tubes
21 and TE o1 modes Is currently
being studied.
Table III.
The
gun simulations.
Cavity

optimized

Length

circuit

values

Radius

(cm)

based

on the

(cm)

1

2.22

2.48

375

2

2.25

2.48

375

3

2.25

2.45

375

3.00

2.11

220

4
Drift

Tube

1

Length

FIG. 5.
spread.

Q

(cm)

Radius

4.50

1.50

2

3.90

1.50

3

3.90

1.50

Large

signal

Table IV.
The large
various
parameters.

efficiency

signal

axial

velocity

AM and PM sensitivities

Parameter

AM

Beam Voltage

(cm)

versus

0.090

PM

19.00/x,

dB/%

Beam Current

0.075

dB/%

1.80/z

Magnetic

0.037

dBf%

41.00/x

Field

to

Summary
Current
theoretical
models
indicate
that
all
the
design
goals can be achieved.
The modulator,
electron
and magnet
system
have
been designed
and are
gun,
currently
being
constructed.
Cold
testing
of
the
output
cavity
has been completed;
cold testing
of other
components
is in progress.
The circuit
simulation
Is
currently
being
upgraded
to Include
tapered
magnetic
fields,
realistic
cold
cavity
field
profiles,
and dc
space charge effects.

The gain curve
at the design
current
is shown in
Fig.
4.
The peak power of 33 MW occurs
at a gain of
64.1 dB.
In Fig.
5, the
effect
of axial
velocity
spread on efficiency
is demonstrated.
At each value of
magnetic
field
is
adjusted
to
maximize
Av . the
efffciency.
The large
signal
AM and PM sensitivities
to various
parameters
are listed
In Table IV.
If the
phase
shift
is
to be less
than
a few degrees,
as
required
for accelerator
applications,
then the applied
magnetic
field
strength
and the beam voltage
must be
regulated
to within
a small
fraction
of a percent,
and/or
feedback
stabilization
circuitry
must be used.

i---r
10
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3. Driver

Abstract

Configurations

Two heavy-ion
accelerator
driver
systems to deliver
high current
beams of heavy ions (A = 200) with kinetic
energy
about
10 GeV (i.e. 50 MeV/amu
and 0 = 0.3) are
shown schematically
in Fig. 1.

The
current
status
and
prospects
for
inertial
confinement
fusion based on the use of intense beams of
heavy ions will be described in the light of results presented
at the International
Symposium
on Heavy
Ion Fusion,
(Washington,
DC, May 27-29, 1986).
1. Introduction

ION SOVRCE
3 Y.” lN.,ECTOR

Inertial
Confinement
Fusion (ICF) is an alternative
approach
to Magnetic
Confinement
Fusion for a future
source
of fusion
electrical
energy
based on virtually
The ICF method
relies
on
inexhaustible
fuel
sources.
supplying
a large beam energy
(3 MJ) In a short time
(10 nsec) to the surface of a spherical
capsule containing
a
few milligrams
of deuterium
and tritium;
ablation
of the
surface -- as a plasma -- drives an implosion of the fuel and
leads to ignition
when the compression
has reached
an
appropriate
value.
The energy
can be supplied
directly
(difficult
because of symmetry)
or indirectly,
by generating
high temperature
radiation
inside a hohlraum.
A multigap
accelerator
for heavy ions, relying
on the physics
and
engineering
base of research
accelerators,
has distinct
advantages
as a driver for fusion energy over the other two
driver
candidates,
lasers and light ions, in the following
regards:
i)
ii)
iii)
iv)

Efficiency
Repetition
rate
Reliability
and availability
Long stand-off
distance for the final

The enormous
must be delivered
in
emittance
is the
experience
of today’s

6 A, 60 “.

-

800

A

600

ns

320 un*
ALVAREZ

ID oav
6 TRANSFER

RINGS

OTORAOE
RINQS
(10 8TACKED)

focus.

current
(20 particle-kiloamperes)
that
the final short pulse with a beam of low
feature
that
lies
well
beyond
the
research accelerator
experience.
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\

8
BEAM!3

\
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Over a hundred people from
a variety
of countries
attended
the
three-day
Symposium
last
week
in
Washington.
A printed
Proceedings
is being prepared.1
In
the early years of the Heavy Ion Fusion (HIF) program,
beginning in 1976, interested
workers gathered for Workshop
meetings of one or two weeks but, as the subjects developed
in sophistication,
the Workshop format
was superseded
by
the present sequence of Symposia.

Fig. 1.

Ring Driver3
and an
The latter
design has
in recent years (see

The rf/storage
ring method
starts with eight low-B
accelerators,
the beams being sequentially
combined in pairs
-- after some stages of acceleration
-- to deliver a high
current
beam
(160 mA)
to
the
main
linac.
When
acceleration
to 10 GeV is complete,
the current is amplified
from
160 mA in a sequence of manipulations
in storage
rings, including
multiturn
injection
and bunching,
to 20 kA
to be finally
delivered
to the target in some ten to twenty
separate beams.

The program
structure
for last week’s meeting
had
these
elements:
a) Program
Reports,
b) Technical
Reviews,
c) Accelerator
and Beam
Physics,
d) Final
Focussing,
e)
Atomic
Physics
and
Beam-Plasma
Interaction,
f) Target Desiqn.
q) Systems Studies.
In mv
view, the highlight;
were mainli-in
-categories
(c), (e) and
(g), and I shall spend most of the discussion on these. Many
of the interesting
items on Acceleration
and Beam Physics
are, however, being presented in papers at this meeting,
and
1 shall not cover these but refer
instead to the relevant
reports
which
are available
in the Proceedings
of the
-present Conference.2

*This work was supported by the Office of Energy
Office of Basic Energy Sciences, U.S. Department
under Contract
No. DE-ACIJ’J-76SFOO098.

Schematics
of RF/Storage
Induction
Linac DriverS.
been improved
substantially
Fig. 6).

The induction
linac system relies on amplifying
the
current
simultaneously
with acceleration
to keep pace with
the kinematic
change in the space-charge
limit.
Sixteen
multiple
beams can be accelerated
in the same structure
with independent
transport
systems from source to target;
this approach
would
represent
the simplest
single-pass
system.
A knowledge
of the space-charge
limit is crucial
in
the design of the low-6 parts of the rf/storage
ring system,
and is clearly central to the design of the induction
linac at
every point along its length.

Research,
of Energy
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Meyer-ter-Veyn
described
interesting
gas- jet
target.
plasma
experiments
that
can
be performed
with
a
high-current
beam of high charge-state
ions from
the
Experimental
Storage Ring when it is completed
some years
from now. 1

4. Proqrams
In Japan the
RFQ injectors
for
relevant to HIF; in
HIBLIC point design
i

work at INS on the “LITL” and “TALL”
TARN presented
by Hirao are the most
addition,
the systems work related to the
for a power plant is continuing.1

At Orsay, Deutsch and co-workers
will imminently
use
a tandem Van de Graaff
and a relatively
cold (5 eV) linear
in
plasma
hydrogen
to
make
similar
discharge
measurements.
1

West Germany
has a strong program
in high current
low-S acceleration
of ions, and I refer you to papers by
Junior,
by Schempp
and by Muller
at this meeting.2
A
major contribution
of the German
program
has been the
very valuable
and detailed
systems
study, HIBALL.
A
sequence of experiments
to study ion interactions
in plasmas
has been defined.
This study and, also, the elucidation
of
the beam physics
in high current
storage
rings will be
greatly
enhanced
when the Experimental
Storage Ring, or
ESR (part of the SIS-18 project)
has been completed
five
years from now.

A difficult
and ambitious experiment
is being prepared
by Dei-Cas
at Bruyeres-le-Chatel.
Here the collimated
beam of ions from a tandem Van de Graaff
will be passed
through
a hot (200 eV), solid-density
plasma created
by
focussing
a high-power
laser beam on a target.
Both the
spatial extent and time duration of the plasma are small and
interpretation
of the results will require accurate
diagnosis
of the plasma conditions with high resolution.

In France,
two experiments
are being prepared
to
study ion energy-loss
in plasmas, one at Bruyeres-le-Chatel
by Dei-Cas,
the other by Deutsch at Orsay.
In each case
the
ions
are
produced
from
a tandem
van de Graaff
accelerator.

6.

The U.S. program concentrates
on the multiple-beam
induction
linac method, with the major activities
at LBL and
at L‘ANL.~ Both LLNL and LANL participate
in the design of
targets
suitable for HIF. The first major assessment study
of the inductionlinac
method
for power production
is
nearing completion.
Preliminary
results
which range over
four
reactor
types,
five target
concepts,
and countless
induction
linac
designs were the subject
of reports
by
Wa aner,
Zuckerman,
Dudziak
and
Herrmannsfeldt,
Oriemeyer,
Bangerter,
and Pendergrass. ?
Experiments

About
50% of the planned apparatus
has now been
assembled and results of measurements
to date were given
at the Symposium
in two reports presented by Warwick and
by Kim.1
The experiment
is to prove the principle
of
current
amplification
while keeping
the longitudinal
and
transverse
beam dynamics under control and, in addition, to
face the additional
complication
of handling multiple beams
(four in MBE-4).

At GSI the UNILAC
beam will be collimated
and
passed through a z-pinch plasma
(n = lolgcm-3)
followed
by an energy analyzer.
In another experiment
it is believed
that the beam from the first five tanks of the MAXILAC
injector
(described
by Mullerls2)
can be focussed
to a
1 mm x 2 mm spot to produce a low temperature
plasma in a

The transverse
dynamics
is strongly
space-charge
dominated
in
that
the
betatron
phase-advance
per
focussing-lattice
period
is strongly
depressed
-- from
o. = 60’ down to about
a - 12”.
(See Fig. 3) For a
mono-energetic
beam without
acceleration
the SBTE (see
below) has shown stable beam behavior to lower values of a
(7’-SO),
but new issues in transverse
dynamics
arise in
MBE-4 because of (a) the difference
in velocity
along the
bunch as it passes through
a given lens which results in
values for a0 and .J that vary along the bunch length, and
(b) the
discrete
accelerating
kicks
which
can cause
envelope-mismatch
oscillations.

-

Conceptual

Set-Up

of a Beam-Plasma

Linac

Because there is no other report at this Conference
on
the multiple
beam linac experiment,
MBE-4, in progress at
Berkeley
with cesium ions, 1 shall present here some of the
details.

The rate of energy loss of heavy ions in a hot dense
plasma
is greater
than
in cold
matter
because
of
Several
contributions
from
the
unbound
electrons.
experiments,
all in Europe, intend to study this effect in the
near future.
(See Fig. 2.) The shortening
of the range
enhances the deposition
of energy
per gram for a fusion
target -- and thus is favorable.
The range shortening can be
as big as 50% for low-energy
ions but is much less for the
ions of 50 MeV/amu needed for fusion.

Fig. 2.

Induction

The basic idea of a heavy-ion
induction
linac using
current
amplification
is to inject a long beam bunch (many
meters in length, several microseconds
in duration),
and to
arrange
for the inductive
accelerating
fields to supply a
velocity
shear so that, as the bunch passes any point along
the accelerator,
the bunch tail is moving faster than the
head. As a consequence,
the bunch duration
will decrease
and the current
will be amplified
from amperes at injection
to kiloamperes
at the end of the driver (- 10 GeV).
The
current
is further
amplified
by a factor of about 10, and the
pulse length further
shortened
to about 10 nanoseconds,
in
the drift section between the accelerator
exit and the final
focussing
lenses. Transverse
space charge forces are large
enough that
some sixteen
parallel
beams are needed to
handle
the
beam
in the drift-compression
and focus
sections.
In the drift
section
one is relying
on the
longitudinal
space-charge
self-force
in the beam to remove
the velocity
shear so that chromatic
aberration
does not
spoil the final focussing conditions.
(Some new calculations
on the drift-compression
stage were given by Ho.1)

In Britain,
effort
countinues
on high-current
beam
behavior
(in collaboration
with Maryland)
as reported
by
Pryor.
Also, a very interesting
experiment
by Rees is just
beqinninq at the unique ISIS facility
at Rutherford-Appleton
Laboratory
to try to’ understand
the longitudinal
microwave
instability
limits for a bunched beam in a storage ring.

5. Beam Plasma

The Current-Amplifyinq

For the longitudinal
dynamics
two separate features
arise in MBE-4.
Space charqe effects
throuqhout
the body
of each long bunch‘ (about 100 cm long and 1 cm radius) ark
strong enough that the dynamical
response to velocity kicks
or acceleration
errors is described in terms of space-charge
(Langmuir)
waves rather
than in single-particle
terms.

Experiment
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Fig. 3.

I

Transverse
motion of a particle
in an alternating
A lattice
period
gradient
focussing
lattice.
corresponds
to a focussing
lens, a drift,
a
defocussing
lens and another
drift (FODO).
The
definition
of phase advance
per period
of the
quasi-sinusoidal
motion
is shown for cases in
which
space-charge
effects
are negligible
(top,
ao), and strong (bottom,
a).

Flg. 4.

Secondly, the tapered charge density that occurs at the ends
of
the
bunch
will
cause
collective
forces
that
are
accelerating
at the head and decelerating
at the tail and, if
not counteracted,
will cause the ends of the bunch to spread
both in length
and in momentum.
A major part of the
is
centered
on
designing
and
effort
experimental
successfully
employing
the electrical
pulsers to handle the
correcting
fields at the bunch ends.

Beam Behavior

and Emittance

Current
profiles
for the four beams in MBE-4
measured after the eighth accelerating
gap, with
the pulsers off (lower
amplitude
trace),
and on
(higher
amplitude
trace).
The
current
amplification
accompanying
acceleration
is
clearly visible.

current
above
which
emittance
growth
occurs
could,
however,
be measured for values of a0 in excess of 88”.
Since the transportable
current
is greatest
for
a0 < 88”,
the design of drivers will be restricted
to a0 values in this
range.
(Tiefenback
has found that beyond
go = 138~ the
threshold
corresponds
rather well to the empirical
condition
that the beam plasma period equals the beam transit time
through three lattice periods).5

Figure 4 shows an example
of current
amplification
results obtained to date, where it can be seen that the pulse
duration
has been shortened by nearly a factor of two and
the current
correspondingly
increased.
Because
MBE-4
operates
at relatively
low
energy
(accelerating
from
200 keV to 1 MeV), we can try rather aggressive
schedules
for current
amplification,
which correspond
to setting up a
large velocity
shear, Afi/k
We do not have a firm argument
for exactly
how high a velocity-shear
may be and still be
considered
tolerable.
An experiment
with
AD/o = 0.4 was
described
by Kim;1 this is more than will be needed in a
driver.
7. Hiqh-Current

Earlier theoretical
work on beam current limits in AG
focussing
systems utilizing
an idealized
distribution
(K-V)
indicated
that it could be dangerous to use a0 greater than
60” and that 0 could probably be depressed from that value
down to 24O, but not below.6
The experimental
limits from
SBTE shown in Table I can be seen to be much more
encouraging:
Table I - Experimental

Growth

The Sinqle Beam Transport

Experiment

(SBTE)

a

Since the IEEE Particle
Accelerator
Conference
in
Vancouver
in May 19f354 the results on high-current
beam
transport
limits
in the 87-quadrupole
SBTE have been
refined
and more careful
calibrations
made.
The results,
shown in Fig. 5, are substantially
unaltered;
at the highest
currents
and lowest emittance
values obtainable
from the
120-200 kV cesium
injector,
no detectable
qrowth
in
emittance
was observed in the Il-period
transport
section
provided
a0 did not exceed 8So. A threshold
value of

7.2

Is There

Limits

on uo, u

60”

78O

83O

< 1”

< 11°

< 15O

=0

7.1

XBB 865-4049

CS

a Lower

Limit

on a/so?

In his original
consideration
of high current
limits in
magnetic
AG systems Maschke
showed that the limiting
particle current could be written (non-relativistically)
as:
Ip = K (,fj)2’3
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KV

inrtrbility

.
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crlculrtod
limit.

0
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Fig. 5.

1

XSL 865-1838

Values of
a/so
for various
a o reported
by
~Tiefenback.5
Calculated
values of IJ are based
on the emittance
for 95% (squares) and 100%
The line indicates
the
(circles) _ of the beam.
lower
observable
bound
set
by the
source
brightness.
Emittance
growth
was observed only
for a0 2 88’.

a

a0

(,+p$q2

(3)

This mechanism
for emittance
growth
clearly
can
occur
just
after
an ion source
which
is emitting
a
But
it is also of importance
in
non-uniform
beam.
combining (or splitting)
beams that are round or elliptical
by
means of a septum.
Simulation
results on emittance
growth
in the case where four beams are stacked side by side by
septa to form one were given by Ce1ata.l

with
B the limiting
pole-tip
field, n the fraction
of length
occupied by magnetic
lenses, qV the ion kinetic energy, and
(Two
A, 9. the ion mass and charge state respectively.
other equations,
involving lattice-period
and radius, must be
simultaneously
obeyed for Eq. (1) to hold). The coefficient,
by Maschke was given for an implicit
K. first suggested
assumption that o/a0 could not be less than 0.7. In light of
the improved
knowledge
from experiment
and simulation
it
is useful to use the “smooth approximation”7
to write the
explicit dependence of K on CI, ao, viz.:
K

in High-Current

where
<x2> is the mean square radius of the beam, KD is
the Debye length (proportional
to c /fl),
and AE/E is the
fractional
increase in electrostatic
field energy as the beam
relaxes
from
a non-uniform
to
a uniform
shape.
Equation (3) is simply
a statement
of conservation
of
energy, i.e. the excess field energy shows up as increased
thermal
motion
of the beam particles.
In contrast
to the
case of a beam in a synchrotron,
for instance,
where
<x2> << i2 and the effect
is negligible,
we are concerned
with spa&charge
dominated
beams with <x2> >> h
and
the effect
can be quite serious.
Results
given aii the
Symposium are expanded on in reports at this Conference
by
Anderson, Guy, Hofmann, Klabunde, and Wangler.2

0.2

u. (degrees/period)

in Field Enerqy
Beams

The growth in emittance
due to a change in the beam
distribution
in configuration
space alone has been a topic of
much discussion
in the past few years.
An intense beam
with a non-uniform
spatial distribution
will usually readjust
itself in a fraction
of a plasma period to an almost exactly
uniform
distribution.
The change
in electrostatic
field
energy is always such that energy is fed into the thermal
motion
of the beam particles
thus causing
emittance
growth.
For given initial and final distributions
Wangler has
given a prescription
for determining
the amount of growth9
which we can re-write
in the form:

i

-00
0

Re-Distribution
Low-Emittance

9. New Considerations

for Driver

Desiqn

Much of the early design work for induction
linac
drivers was restricted
to considering
that ions with charge
were
most
suitable
and,
also,
that
state
q=l
value.lO
The driver
a/a0 = 24’/60° = 0.4 was an optimum
design program,
LIACEPll,
did, however,
indicate
that
capital
savings could accrue if either
condition
could be
relaxed, but at the cost of additional
complications,
namely:
(i)

2/3.

If, in fact,
there
were no lower
bound on
ofoo
the
transportable
current
could grow very large (the required
aperture,
however, would do likewise).
Just
as the SBTE measurements
were
beginning,
Hofmann
and Haber,
each using
simulation
codes
for
well-centered
beams without
images,
reported
that
for
a0 = 60”, 0 could be allowed to go lower that 24O without
emittance
growth
occurring.
During
the course of SBTE
measurements
further
simulations
showed that values of IJ
down to 1“ or 2” might be alright.

Reduced current at any point
driver [see Eq. (l)].

(V)

in the

(ii)

Generating
ions with
q > 1, which was
visualized
to be done by stripping
from a
beam with
q = 1 at some intermediate
energy.

(iii)

An increased number of beam
drift-compression
section.

(iv)

;rTvt;;ization

after
focal-spot

lines in the

the final
lenses
enlargement

to
by

space-charge.

The
situation
changed,
however,
with
Celata’s
simulation
studies of an off-axis
beam, which corresponds
to
the real-world
situation.
For a beam with
a/a0 = 6’/60”,
no growth was detected.
If either a dodecapole
component
in the field s the effect
ofimages
in tne electrodes
was
introduced,
r.m.s. emittance
oscillations
and steady growth
showed up clearly.
When both images and the right amount
of dodecapole
component
were
included,
however,
the
surprising result emerged that the emittance
did not grow.8

The results from SBTE and simulations
have altered
thinking
and encouraged
us to re-open
the matter of using
ions with charge state
q > 1. As an illustration,
consider
the reference
case given in 1981 for V = 10 GV, q = 1.10
(See Fig. 1.) We could build only the first 5 GV part and use
charge state
q = 2 to give the same final kinetic energy,
10 GeV. We could still maintain
the same particle
current
at each voltage point provided the product
q112 (~/a~)~/~
is kept constant,
i.e. a/a0 a q-314. [This can be seen from
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Eqs. (1) and (Z)]. Since we know that very low values are
we can in principle
continue
this
permitted
for
a/oo,
argument
to higher charge-states,
dropping
o/a0
in value
and shortening
the accelerator
at each step.
A limitation
occurs, however,
beyond
q = 3 (for A = 200) because the
increased
perveance
(i.e. space-charge)
in the final drift
lines rises as q2 and the cost of the very large number of
final beam lines that will be needed overrides
the cost
reduction
in the accelerator.
This argument
was given in
more detail in an invited paper by Lee.1

parameters
range from 5 GeV to 20 GeV and from 1 MJ to
10 M J . Results to date show that a cost of electricity
of
5.5 cents/kW-hr
seems quite reasonable
to expect
for a
1000 MWe plant that uses ions with
A = 200, q = 3. The
familiar
“economy-of-scale*
effect
1s also apparent,
with
the cost of electricity
being less (4.5 cents/kW-hr)
if a
1580 MWe plant is considered,
or more (9.5 cents/kW-hr)
for
a 500 MWe plant.
One of the more interesting
results is
that such values of electric
energy cost can be realized for
a very broad range of driver parameters
and for several
choices of both reactor and target designs.

It
now
appears
that
the
direct
generation
of
adequately
high-currents
of ions with
q > 1 from a source
is possible as a result of work by Brown with the MEVVA
source.1
Using a similar source, Humphries
has shown how
to avoid plasma pre-fill
of the extraction
region and thus
has solved the problem
of rapid turn-on
of the source
(< 1 rsec) needed for an induction linac driver.12

Il.

Experimental
progress to date has strengthened
our
belief in the soundness and attractiveness
of the heavy ion
method for fusion.
What surprises that have shown up in the
laboratory
(e.g. in SBTE) have all been of the pleasant kind
so far.

Since the SBTE has shown that a0 can exceed 6lY
safely (but not 88O) present driver designs have benefitted
by using
a0 = 80°, resulting
in a somewhat
greater
beam
current limit [see Eq. (2)].

The systems assessment
the heavy ion approach
can
attractive
electric
power and
exists in all parameters.
The
great
help in pointing
the
development
activities.

With ions of q = 1 the low velocity
end of the linac
(< 250 MeV) reoresented
onlv 10% of the cost.18
With ions
of q = 3 -the’ bulk of the -accelerator
has been shortened
from 10 GV down to 3.3 GV and the cost of the front-end
represents
a much more significant
fraction
of the overall
cost and, hence,
is now receiving
much more design
attention.
If electrostatic
lenses
are used in the low
velocity
end, the mapping
argument
given earlier
(for
magnetic
transport)
from equal voltage points in a q = 1
to a q > 1 case no longer holds unless the number of beams
is increased.
With
higher
charge-state,
therefore,
we
visualize a driver starting with as many as 64 beamlets from
the injector,
which-are
then combined,
perhaps at 250 MeV,
to create
the 16 beamlets
that undergo
the bulk of the
acceleration
(See Fig. 6).
Before
this strategy
can be
established
as a viable one, however,
the emittance
growth
in combining high-current
beams must be understood better.
10. The Heavy

Ion Fusion Systems

10 YeV
50 A
20 Y set

Fig. 6.

types and five different
the
examination.
The

100 YeV
250 A
4 Il set

Schematic
of current concept
that uses ions with A = 200,

has supported
the view that
lead to quite economically
that a wide variety of options
systems work has also been of
way for the research
and
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The first systems assessment for a power plant based
on an induction
linac driver has been in progress for a year
and a half under the auspices of EPRI and the DOE Office of
Program Analysis and Office of Basic Energy Sciences.
The
major
participants
include
McDonnell-Douglas
(MDAC),
LANL, LBL, and LLNL.
The main emphasis as expressed in
the term “Assessment”
is not on developing
a point design
such as HIBALL
but on exploring
a broad
range
of
parameters
to establish
general
conclusions
(A wide
variety
of point -designs can, of course, be generated
from
the results).
Four different
reactor
designs
are
included
in

Summary

10 CeV
10 kA
100 nrec

for a 3.3 MJ
q = 3.

target
driver

10 CeV
100 LA
10 nsec

driver
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Electrical
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of
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and
for Plasma and Fusion Energy Studies
Maryland,
College
Park, Maryland.
20742
transport
systems.
Substantial
progress
both In understanding
of the beam physics
improvement
of
the
intensity
and
accelerator
beams.

Abstract
Recent
progress
in
the
understanding
of
beam
physics
and technology
factors
determining
the current
of ion
and electron
beams In linear
and brightness
accelerators
will
be reviewed.
Topics
to be discussed
include
phase-space
density
constraints
of
particle
low-energy
beam transport
including
charge
sources,
neutralization,
growth
due
to
mismatch,
emittance
energy
exchange,
instabilities,
nonlinear
effects,
and
longitudinal
bunching.

Particle
sources,
In particular
Ion sources,
have
traditionally
been considered
as “empirical
art,”
not
suitable
to theoretical
analysis.
Yet steady
progress
in development
of new sources
as well as in theoretical
understanding
of
source
physics
technological
and
has
very
factors
been
made.
Not
suprlsingly,
significant
contributions
in
this
process
have been
made by researchers
with
a plasma physics
background.
The large
variety
of sources
and particle
species
and
the difference
in operating
conditions
(e.g.,
pulsed
of course
very difficult,
if not
versus
dc) make It,
to derive
general
scaling
laws
for
the
imposssible,
performance
limits.
for
specific
types
of
However,
sources,
having
a simple
diode-like
e.g. s sources
geometry
and producing
singly
charged
particles,
an
evaluation
of
and
brightness
limits
is
current
possible.
The best example is an electron
gun with
a
thermionic
cathode,
Pierce
geometry,
and no grids.
The
normalized
intrinsic
emittance
(defined
as four
times
EMS emlttance)
the
is
determined
by
the
cathode
tempera ure
T and radius
rs
and is
given
by the
formula 5

Introduction
transport
A general
review
on
the
of
high
intensity
beams,
including
major
results
of ongoing
work at that
time,
was presented
at the 1985 Particle
Accelerator
Conference.’
The problem
Is of continuing
interest,
and active
research
is in progress
at various
such
as
Alamos
laboratories,
the
Los
National
Laboratory,
the
Lawrence
Berkeley
Laboratory,
GSI
the University
of Maryland,
the University
Darmstadt,
of Frankfurt,
the FOM Institute
In Amsterdam,
and other
There are several
papers
at this
conference
places.
which
will
report
latest
results
of
these
the
I will
therefore
limit
any
talk
to
a
studies.
discussion
of some general
issues,
to recent
work that
was done in connection
with
the University
of Maryland
and to calling
attention
to some results
by
experiment,
others-that
should
be of special
interest.
The main
emphasis
will
be on ion beams, with
the exception
of
the
Maryland
electron
transport
experiment
and some
comments on electron
linacs.
The Maryland
experiment
is
designed
to
study
the
physics
of
space
charge
dominated
transport
through
periodic
focusing
channels
with
many results
applicable
to both electron
and Ion
beams (through
appropriate
scaling
laws).
It serves as
an inexpensive
facility
to test analytical
theories
and
current
simulation
codes
dealing
with
limits,
collective
Instabilities
and nonlinear
effects
In beam
transport.

= 2r (kT/m c2)1’2
6
0
EN = Bye

of

EN - 2( I/Jcii

research

was supported

High-Current
Beams

by the

U.S.

Department

of

) 1’2(kT/moc2)1’2

.

Depending
on the desired
life
time,
average
poweli, and
are
other
factors,
current
densities
of
lo-20 A/cm
practical
limits
(though
values
up to ten times higher
may
be
achievable
in
spesial
5cases2 or
advanced
designs).
Using J - 10 A/cm = 10 A/m and a cathode
temperature
of kT 5 0.1 eV one obtains
the relation

Intrinsic
Phase-Space
Density
Limits
of
Particle
Sources.
It is well
recognized
that
the fundamental
limits
for current
and emittance
of particle
beaus are
determined
by physics
and technology
constraints
of the
A considerable
amount of theoretical
work has
source.
been devoted
over the years to the causes of emlttance
growth
and loss
of
brightness
in
accelerators
and

*This

,

Where m c2 is the rest
energy.
The measured emittance
of
the’electron
beam emitted
from
the
gun in
the
Maryland
experiment
was found
t30 be only
about
11%
larger
than this
intrinsic
value.
For many high-power
applications
the output
current
of an electron
gun is
limited
by the current
density
Jc at the cathode
rather
than
high-voltage
breakdown
(as in the case for
ipn
sources).
The desired
electron
beam current
I = J r II
thus
determines
radius
the
cathode
normalized
emittance
E .
Using rs = ( I/Jc:sj ‘jgndwe ‘$z
write
Eq. (1) in the f&m

The transport
electron
or
Ion
of
high-current
beams In
the
kA or mega-ampere
range
produced
by
pulsed-power
generators
will
not
be included
since
these beams form a special
category
that Is outside
the
scope of my talk.
The major topics
of discussion
will
1) Low-energy
transport
of high-current,
highbe:
brightness
beams,
2) transport
in
periodic
focusing
channels,
and 3) transport
of bunched beams in linear
accelerators.
Low-Energy
Transport
High-Brightness

has been made
as well as in
emittance
of

EN

= 1.6 x 10-611’2

m-rad

,

where
the
current
Is
In amperes.
The
unnormallzed
defined
In
terms
of
the
ET - E~H/~Y, is then given by

Energy.
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brightness,
emlttance

)2 = 3.96

I/(cr

x 10’“(Sy)2

which
in the2 relativistic
increase
as y , independent

limit
of the

A/(m-rad)2

,

(S .- 1)
current.

is

I
<

(4)
seen

The space-charge
limited
maximum current
that
can
be extracted
from
a source
producing
a single
ion
species
with a charge 2e and mass number A Is according
to Child’s
law

1.73n

x 10-3

v~;;1(~)2(f)1’2

,

(5)

0.7

x 1o-3

v;x,

($)1’2

(6)

,

which
is almost
a factor
eight
times
lower
than the
theoretical
limit
of Eq.
by electrical
breakdown.(5)korT
v”i~~ag~u~c!ess ‘%:z”,
examined
the data from many experiments
and proposes
as
the best fit
the relation4

d[4
The intrinsic
temperature,
the form

EN[cm

mrad]

l

as

= 1.4 x 1o-3

normalized
given
by

= 6.5

x 10

If
we assume that
the
equal
to the gap width
into Eq. (8) and obtain

sN[cm

l

mrad]

= 9.1

emittance
Eq. (l),

-5
rs [ cm] [

v;;;]
z
ca#

.

(7)

due to the
be expressed

Ion
In

(kTi)Levj
A

112
]

source
aperture
radius
d, we can substitute

x 10-8

v~~;j,(kT~~[ev~]1’2

.

(10)
l

Interestingly,
this
limit
.z,
mass since
both I and E
temperatures
are
in
!he
mrad.
I/SN - 8 A/cm

l;~e~q~~~t
range

of

;zp,t,h,el
1 eV,

:ID;
hence

l

Kapchlnsky’
reviewed
the
phase-space
density
values
achieved
within
the laboratory
with
unbunched
proton
beams for
linear
accelerators
and pointed
out
that
they
increased
by
almost
a factor
10 from
0.2 A/cm
mrad in 1966 to 2 A/cm
mrad in 1981.
If
one compares
this
with
Eq. (10) and assumes that
lower
ion
temperatures
In
the
range
of
0.1 eV could
be
achieved,
one concludes
that
another
factor
of
10
increase
might be possible
in the future.
l

l

Charge
Neutralization
Versus
Vacuum Transport.
The
main task for a low-energy
transport
system is to focus
the beam extracted
from--the
source
and match it into
the RFQ accelerator
(in
the case of ions)
or Into
a
buncher/linac
system
(in
the case of electrons).
We
will
restrict
our discussion
In this
section
to ion
beams.
When particles
with
different
charge-to-mass
ratio
are
emitted
by the
source,
the
desired
ion
species
has to be separated
from the other
parLicles
(usually
by a dipole
magnet and slits).

(8)
Charge neutralization
via beam particle
collisions
with
the background
gas molecules
occurs naturally
when
the beam pulse
length
r
is comparable
or larger
than
the neutralization
time PN'

r
Is
EqS (7)

.

cm .Amrad

Focusing
lenses
used for low energy
ion transport
are
solenoids,
magnetic
quadrupoles
,
electrostatic
einzel
lenses
or electric
quadrupoles.
All of $firnt;i:
limited
with
regard
to the beam perveance
I/V
they can handle,
I.e.,
for a given current
I there is a
minimum
beam
voltage
V required.
Electrostatic
quadrupoles
would
appear
to
strongest
give
the
focusing.
As a general
rule,
the higher
the voltage,
the higher
the current
that
can be transported.
This
rule
is at odds with the ion source
scaling
(discussed
in the previous
section)
which favors
small gap spacing
and low voltage
(to avoid breakdown)
for the generation
of high-current,
high-brightness
beams.
To bridge
this
gap between
source
output
and focusing
capability,
charge
neutralization
and rapid
increase
of the ion
energy
in an accelerating
column is being
used.
The
difficulty
with
neutralization
is that
it
leaves
the
particle
energy unchanged while
the accelerating
column
may not provide
adequate
focusing.
The advantage
of
neutralization
Is the fact
that
it eliminates
most of
the space charge
repulsion
and thus prevents
the rapid
spreading
of the beam or ev_en provides
a net focusing
effect
(as In the case of H ions).
Neutralization
is
almost
indispensable
when
charge
separation
is
required.
Without
neutralization,
the highly
nonlinear
space charge
forces
acting
on the particles
In the weak
focusing
dipole
magnet could
lead to unacceptable
beam
loss and phase-space
deterioration.

where V Is the extraction
voltage
and d the effective
gap ‘width
between
the
plasma
exit
aperture
and the
out
that
beam
extraction
electrode.
Keller
points
optics
requirements
limit
the aspect
ratio
S = rs/d,
and he uses a value of S = 1 for his scaling
laws.
He
then
gives
a
practical
cur ent
limit
(based
on
experience
with ion sources)
of E

‘[Al =

l/2

to

For plasma-type
Ion sources
with simple
extraction
optics,
on the other
hand,
the phase space density
is
limited
by Child’s
law and voltage
breakdown
rather
than current
density,
as was pointed
out in my previous
paper.
he
scaling
law for
the akhievable
brighthess
then depends on whether
the emittance
is determined
by
nonllnearities
in the
beam ?PLiC,
as assumed by R.
Keller
in his
recent
paper,
or by the
plasma
ion
temperature.
Holmes’ and others
believe
that
sources
can be designed
such that
nonlinearities
have only
a
negligible
effect
on the emittance
and that
hence the
ion
temperature
represents
the
Intrinsic
limit.
We
will
adopt their
viewpoint,
but use Keller’s
empirical
relations
for
the
space-charge
limit
and
voltage
breakdown
in the following
analysis.

‘[Al =

.
= I (kTi):elll

(11)

(9)

where
n
Is the gas density,
o the Ionization
cross
section,g
and V the
beam particle
velocity.
As an
exam le,
for
50-100 keV protons
in hydrogen
gas at
-3
torr,
the neutralization
time Is in the range of
10
50-100 us.
The pressure
near the source
is easily
in
that
range or even higher
so that neutralization
takes

Using the ratio
of current
I and normalized
emittance
~~ as a figure
of merit
to measure
the Intrinsic
phase-space
density
limit
of an ion beam, we obt_ain for
singly
charged
Ions (2 = 1) such as protons,
H , etc.
from Eqs. (6) and (9) the relation
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- I
beam
pulses
are
the
unless
place
fields
electrostatic
50-100 ps
or
“clearing
electrodes,”
electric
lenses,
columns are present.

i

solenoid
behaves
like
a perfect
lens.
In this
case,
the beam is focused
to a well-defined
waist
and then
The flow
remains
laminar,
I.e.
no
diverges
again.
particle
trajectories
cross each other or the axis,
and
the density
profile
remains
uniform.

shorter
than
from
special
or accelerating

Neutralization
is not yet fully
understood,
and
vary
depending
on experfence
In
specific
opinions
There may be instabilities,
but they can
experiment
C. D. Curtis,
be avoided 7’ by the adddition
Ef Xe gas.
beam
transport
repor
Improved
H
with
et
al.
b
On the
other
hand,
considerable
neutralization.
emittance
grow+th
was measured
In
transport
of
a
beam through
a magnetic
quadrupole
neutralized
Ar
the degree
of neutralization
channel
at GSI.’
Also,
was found
to increase
from zero at the front
of the
pulse
to a maximum at the rear,
which makes matching
difficult.
Clearly,
more research,
both experimental
and theoretical,
Is needed
In this
area.
There are
obviously
cases,
such as sources
emitting
a spectrum
of
neutralization
is
different
particles,
in
which
necessary.
On the other
hand, for singly
charged
ion
system
beams,
an
effective
vacuum
transport
with
electrostatic
quadrupoles
would appear to be the+better
choice
experimenitn atm\er”kZ:“,ina*suppoZ
t”h”i’,“,S”,‘v”,‘,in~~
beam

When the third-order
term is present,
the outer
particles
in the beam are focused
more strongly
than
the inner
ones and the minimum radius
(waist)
occurs at
different
axial
positions.
The internal
(space-charge)
force
tries
to balance
the external
focusing
force,
and
the
beam profile
becomes
hollow.
Aa the
focusing
strength
of the lens is increased,
particles
within
a
radial
shell
(r
6 r < a) near
the edge of the beam
gain
enough tran%verse
kinetic
energy
to overcome
the
space charge
repulsion
of the beam core.
They cross
the axis
and form a separate
nonlaminar
group
that
gives
rise
to strange
patterns
and a “halo”
formation
In the beam profiles
downstream
from the lens.
In a continuous
or periodic
solenoidal
focusing
channel
with nonlinear
forces
of the form in Eq. (13),
the
coefficients
al
and
are
constant
or
vary
a3
periodically
with
z.
The beam becomes hollow
and the
beam radius
is
smaller
than
for
the
linear
case
This
behavior
was seen in the Maryland
- 0).
(a
sol 2 noid transport
channel
and excelllTyt
agreement
was
found between theory
and experiment.
’

Theoretical
and
experimental
Nonlinear
Effects.
studies
during
the past few years have greatly
Improved
our understanding
of nonlinear
effects,
and new results
For the purpose
of
are being reported
at this meeting.
this
discussion
it
will
be convenient
to distinguish
the effects
due to nonlinear
external
focusing
forces
lens
aberrations)
from
those
arising
due to
(e.g.,
The former
have
nonuniform
space charge distributions.
been. studied
in great
detail,
and are well understood,
when
space-charge
cases
the
forces
are
for
the
the effects
on nonlinear
focusing
However,
negligible.
forces
in space-charge
dominated
beams are drastically
different
from the behavior
without
space charge.

Next,
we will
consider
the case of an Initially
As an
nonuniform
beam in a linear
focusing
system.
example,
let us assume a qarqbolic
density
var$erno;d
the
form
n(r)
= n (1 - r /R1)
for
r 6 R1.
finds
from Gauss' If aw for the space-charge
force
F the
6
relation
2
en
F

The focusing
of an initially
uniform
electron
beam
by a solenoid
lens
and the effects
of the nonlinear
lens
forces
have been studied
both experi
entally
and
computationally
by P. Loschialpo,
et al. lm1,12 at the
In an axisymmetric
beam with
University
of Maryland.
uniform
particle
density,
i.e.
n(r)
= n - const.,
the
electric
field
E and hence the space-&arge
repulsive
force
Fs vary linharly
with radius
r:
2
en
S

= eE

r

-0

2E

The nonlinear
be written
in

r (for

r < a - beam radius)

(12)

.

0

focusing
the form

Fe

force

=-ar-ar

Fe,

on the

other

hand,

may

3
1

6

-+q
0

,

(14)

R1

which
includes
a nonlinear
term of third
order
In the
radius
r.
Comparing
this
beam with
a uniform
beam
RMS radius
one finds
having
the
same current
Since
the external
n - (4/3)n
and R = (1.5)
is an imbalance
force
is l&ear,
i.i.
F = - a r, there
forces.
At
between
the space-chargee
and 2 he focusing
small
radii
F > F
and at large
radii
F < F .
The
net result
Is’ thaf’the
beam wants
to be?ome Uniform
such
there
is
exact
force
balance
at
every
that
This
behavior
of
a nonuniform
beam was
radius.
discovered
In simulation
studies
of different
particle
distributions
in a magnetic
quadru ole channel
with
a
linear,
periodic
focusing
force.”
More importantly
we found
that
this
redistribution
of
and suprisingly,
particles
towards
a uniform
profile
occurs very rapidly
and
is
accompanied
by
a
one
lens
period)
(in
significant
emittance
growth.
The author
attributed
this
emlttance
growth
to conversion
of field
energy to
kinetic
energy.
We found that
the nonuniform
particle
distributions
have
indeed
more
electrostatic
field
energy
per unit
length
than the equivalent
uniform
beam
with
the
same
current
I,
RMS radius,
and
RMS
emittance.
Using
energy
conservation,
we derived
a
formula
for
the emittance
growth
whi h yielded
good
1’1 If z denotes
agreement
with the simulation
results.
the Initial
emittance
of the nonuniform
beam a!id E the
final
emittance
(after
the beam has become unifirm),
then the emittance
growth
formula
can be written
in the
form1

following
we will
discuss
first
the
In
the
behavior
of a uniform
beam in a linear
focusing
system
a lens
or a transport
channel),
and then
a
(e.g.,
nonuniform
beam in a linear
focusing
system.
In both
cases
we will
assume that
the beam is space-charge
the effect
of emittance
on the beam
dominated,
i.e.
radius
is negligible.
Most of the physics
can then be
understood
by considering
the beam to be laminar,
at
least
initially.

F

-.+

3

Ef
neglected.
For a solenoid
lens with
finite
width,
the
coefficients
a
and a
are
functions
of the
axial
field
of the lens.
coordinate
z a d d the ma2 netlc
When
the
third-order
term
in
Eq. (13)
is
absent,
the

The
constant
difference
in
178

= (Ei2 + k12)1'2

k
Is
proportional
field
energy
between

.
to
the

relative
the
nonuniform
and

= 0.1 Is possible.
At o - 900, the stop band
a/o
for ?he third-order
mode of a K% beam in a quadrupole
channel
is in the range 400 < o < 550.
Thus ) as long
as o stays below 400, one would not expect any problems
at
o = 9@.
with
this
mode even
In
a solenoid
channel,
like
the one at thg University
of Maryland,
the third-order
instability
is considerably
weaker than
in a quadrupole
system.
At a = 900, the main stop
band is very
narrow
(44O < o ? 48O) and the maximum
growth
rate
is less than l/3 $f that
In the quadrupole
case.
‘Illus , one would
not expect
any problems
for
labortory
beams in a solenoid
channel
below o = 900.
Above
o - 900, the envelope
instabilities
o&cur both
In quadrtpole
and In solenoid
channels
in addition
to
the third-order
modes which become more pronounced
in
this
region.
The actual
threshold
for practical
beam
transport
is being explored
in the Maryland
experiment.

the equivalent
uniform
beam and also
depends
on the
strength
of the focluslng
force
and the kinetic
energy
As the
Initial
emittance
Is
of
the
particles.
(E - 0),
a
decreased
and the
beam becomes
lamlnar
reached
for
$ he final
lower
limit
of Ef - & I is
emittance.
Subsequent
studies
for nonuniform
distributions
in
a linear,
continuous
focusing
channel
by Wangler,
et
a1.14
led to the derivation
of a differential
equation
It was
for
the emittance
growth
effect
by Wangler.
found
that
Eq. (15)
represents
a very good solution
of
this
differential
equation
and that it was in excellent
agreement
with
~~togyic~~d
“~;~~~,‘~““,,~~~~~‘“,
Interestingly.
similar
differential
equation
in 1971; but at that time
the importance
of this
effect
wa5 not fully
recognized
and Lapostolle’s
pioneering
work had been forgotten,
a5
is so often
the case.

In recent
studies
of beam transport
in a periodic
channel
attention
the
has
shlf ted
from
the
instabilities
to nonlinear
effects,
beam off-centering,
and
image
The
forces.
latest
results
of
both
experimental
as well
a5 numerical
simulation
studies
for
the solenoidal
transport
system at the University
of Maryland
have demonstrated
a strong
sensitivity
of
transport
efficiency
and emittance
growth
to alignment
error,
lens
aberrations,
and
channel
length.
In
previous
work3
with
a short
12-lens
section
we had
found a wlndow of 100% transmission
for 400 < o < lid,
and very little
emittance
rowth (by a factor
zf about
re5ult52H
The latest
in the full
36-lens
channel
1.3).
with
l-2 mm beam off-centering
due to misalignments
showed that
the 100% transmission
window had narrowed
to 60° < o. < 800 and the measured emlttance
growth was
There were three
unexplained
dips In
2.3 at o = 700.
the tranzport
efficiency
curve between 800 and 11s and
then rapid
catastrophic
beam loss
for o > 1200 which
IS
with
consistent
third-order
2nd
envelope
instabilities
in this
region.
Simulation
results
for
an off-centered
beam (Ar - 1.5 mm) show the
general
They confirm
the
trend
observed
in the experiments.
importance
of accurate
alignment
and the fact
that
the
beam radius
must be smaller
than a critical
value
(we
call
it
“linear
aperture
radius”)
to
avoid
the
Further
studies
at the
emittance
growth
and beam loss.
University
aimed
at
improving
the
of
Maryland
are
alignment
of the electron
gun and the solenoid
lenses
linear
aperture
and
the
and
at
determining
the
thresholds
for oo.

Now the emittance
growth
in nonuniform
beams due
to conversion
of field
energy
Into
kinetic
energy
has
become a subject
of Intense
systematic
studies,
and n
result5
are reporte
at this
meeting
by I. Hofmann, f B
T. Wangler,
et al. 17 and 0. Anderson.
Hofmann and
Wangler
have
investigated
the
combined
effects
of
emit tance
growth
of
a
nonuniform
beam
and
equipartitloning
the
emlttances
In
(when
both
transverse
directions
are different).
They have also
begun to study these effects
for bunched beams relevant
to linear
accelerators.
Anderson
has studied
the time
evolution
of the emittance
growth
in a nonuniform
beam:
the characteristic
time is r /4 where r
- 2n/up is the
P
period
of a plasma oscillatlb.
Transport

in

Periodic

Channels,

the

Maryland

Experiment

The interest
in
periodic
focusing
systems
was
originally
triggered
by the need in Heavy Ion Fusion
(HIF)
-to
transport
high-current
beams
over
long
distances
from
the
accelerator
to
reactor
the
chamber.
Experiments
at the University
of Maryland,
at
Berkeley,
and
at
GSI were
started
to
Investigate
whether
laboratory
beams
are
instabilities
for
a K-“,“‘,‘,‘,‘:‘,,b,on~~~
predicted
These
Instabilities
Impose
thresholds
on the
phase
advance
o
of the
particle
oscillations
per channel
period
witOhout space charge
and on the depressed
tune
(or
phase
advance)
due to space
charge,
o.
A5 a
result,
the
beam current
that
can
be transported
through
a periodic
channel
Is limfted.
This current
limit
can be expressed
by the the smooth-approximation
formula2’

Transport

-1
1-2

2 83y3($)2

&l

-

(o/oo)2]

(than yl
where a Is the maximum beam radius
S the length
of one period
I = 3.1 x 10
2 - charge state),
and
(A - mass number,
ripple
factor
which for quadrupole
channels
type is given to good approximation
by

G-l---o

1.2
II

0.

,

(16)

aperture),
A/Z ampere5
G is
the
of the FODO

(17)

Bunched

Beams

With
steady
progress
achieved
in
our
the
understanding
of transverse
focusing
of long beams near
the time has come to consider
the space charge
limit,
transport
of bunched beams and to reexamine
the wellknown problem
of beam loss and emittance
growth
in rf
llnacs.
As was mentioned
above,
all
high current
rf
emittance
growth
and
brightness
1 inacs
exhibit
limitations
which
depend on the beam current.
There
an empirical
relation
between
the output
in fact,
I*,
and
a linac
very
similar
to
input
emittance
of
Eq. (15),
namely

Ef

The two cases considered
to be most dangerous
for beam
transport
are the envelope
instabilities
predicted
to
occur
for
o > 900 and the third-order
instabilities
for a > 600:
Below o - 60°, fourth-order
modes were
initialy
thought
too pose
a lower
limit
for
the
depressed
tune of o - 2 0
More recent
theoretical
and
experimental
5tudie513sgs10
have shown that
transport
below
o. - 900 and at very
low
tune
depression
of

of

- (El2+kI)

n l/2

,

(18)

where I is the current
in the bunch,
k Is a constant,
This
and n is a number In the range 0.6 < n < 1.0.
emittance
growth
occurs
predominantly
in the bunching
and low-energy
section
of the llnac.
There is also a
fundamental
difference
between
ion linacs
and electron
linacs
which
favors
the former.
On the one hand, we
i e
emlttance
of an ion
see from Eq. (1) that
t-v,4 ntrinsic
beam scales
as cN = m.
. . for
the same source
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the intrinsic
emlttance
of a
radius
and temperature,
proton
beam is a factor
of r/1836 - 43 smaller
than that
On the other
hand. the use of an
of an electron
beam.
RFQ significantly
reduces
the beam loss
and emlttance
process.
for
ions
in
the
bunching
growth
the RFQ Is not
Unfortunately,
suitable
for
electron
Thus
) emittance
is
more
severe
in
beams.
growth
electron
linacs
than in ion linacs.

2.
3.

4.

As mentioned
above,
Wangler
-and
Hofmann
have
started
to
study
emittance
growth
due
to
energy
conversion
of
a nonlinear
distribution
and energy
equipartitioning
in
bunched
ion -beams.
Equipartitioning
is an important
effect
in ion linacs
where the
in
the
kinetic
energy
spread
the
emittance)
(or
longitudinal
direction
usually
differs
from that in the
when the current
is
transverse
directon.
As a result,
above
a certain
threshold,
relatively
rapid
energy
transfer
can
take
place
associated
with
emittance
growth
in the direction
where the initial
emittance
was
smaller.
Future
work on bunched beams will
follow
the
same path as In the case of long beams, i.e.
one needs
to study
the effects
of nonlinear
external
fields,
of
beam off-centering
and misalignments,
etc.
Eventually,
one should
be able to quantify
the various
effects
that
can contribute
to emittance
growth
or beam loss
and
develop
guidelines
for
the optimum design
of a linear
accelerator.
The ultimate
goal would be to obtain
a
theoretical
understanding
of
the
empirical
relation
[Eq. (18)]
for
emittance
growth
in a llnac
and to
reduce
the magnitude
of the constant
k in Eq. (18)
to
an acceptable
minimum value.
For a given
current
I,
this
minimum emittance
growth
condition
can be stated
in the form

kln

< "thermal

5.
6.

7.
8.
9.
10.
11.

12.
13.
14.

15.
16.
17.

a 4r2
kT
6 2'
mOC

18.
19.

the emittance
increase
due to space-charge
and
i.e.,
other
effects
would be less than the intrinsic
thermal
emittance
of the source.

20.
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from some preliminary
tests it appears
to be a valuable
tool also for studying
longitudinal-transverse
emittance
transfer.
An analytic
formulary
relevant
to this has
been derived
from the generalized
equation
and is presented in a different
contribution
to this conference5

Abstract
With the growing
interest
in high-current
linear accelerators a broader
understanding
of emittance
growth
has
become
desirable.
Recently,
the idea of relating
emittance growth
to the release of electrostatic
field energy
has been considered
as a useful
concept
for a better
understanding
of the origin
of emittance
growth
and for
deriving
simple estimates
for growth
under certain
conditions.
The
derivation
of generalized
equations
for
emittance
and field energy
valid in periodic
focusing
and
for continuous
or bunched
beams is outlined.
Calculating the field energy
for some standard
models of charge
distribution
allows
a direct
estimate
of the emittance
growth
due to initial mismatch.
For the case of emittance
transfer
between
different
degrees
of freedom
due to
intrinsic
resonances
(equipartitioning)
we present
an
approximate
formula.
These estimates
are well confirmed
by computer
simulation.

I.

GROWTH

II.

Generalized

Equations
for
Energy

Emittance

and

Field

We assume single
particle
equations
of motion in x,y,z
(deviations
from bunch center)
with linear and in general time-dependent
external
focusing
forces
and arbitrary
space-charge
forces (nonrelativistic
and s = v - t)

x" + k,(s)

x - 3

Ex (x,y,z;d

(1)

= 0

and similar
in y,z.
The electric
field E is assumed due
to the
beam space
charge
and
given
by Poisson’s
equation

Introduction

Until
recently
numerical
simulation
has been the only
tool for calculating
emittance
growth
in linear accelerators or in space charge
dominated
beam transport.
An
inherent
difficulty
with simulation
is that
it does not
provide
in a direct
way the dependence
of emittance
growth
on different
system parameters;
furtheron,
the
origin
of emittance
growth
is often not sufficiently
transparent
in simulation
studies,
if a theoretical
model is
lackedThis
is an important
issue in design
studies,
which have maximum current
transmission
as a goal.

V-E
--

= -V2$ = $

(2)

n (x,y,z;s)
0

For constant
focusing
forces
stant and can be written
as

the

total

energy

is a con-

(3)

HZT+Vex+W=const.

The idea of deriving
a differential
equation
to directly
describe
the emittance
change
is not a new one. A first
who
approach
has
been
attempted
by
Lapostollel,
derived
a relationship
between
rms emittance
and a
space charge
field energy
term for a continuous
beam in
a continuous
focusing
channel.
Subsequently,
this idea
was not pursued
further.
Of greater
practical
success
have
been the
rms envelope
equations,
which
where
derived
by Sacherer’
in lD, 20 and 3D. They allowed to
calculate
envelope
oscillations,
provided
that the rms
emittances
were known a priori
to be constant.

with

N the

The idea of formulating
an equation
for the rms emittance revived,
after Struckmeier
et al.’ had observed
in
their
numerical
simulation
work
that
the extra
field
energy
due to a non-uniform
initial
charge
distribution
is transferred
into emittance
growth
within
one ceil.
Postulating
the equivalence
of field energy
and emittance
(i.e.
thermal
energy),
they estimated
the emittance
growth
due to homogenization
of an initially
nonuniform
density
and found good agreement
with simulation.
At the Vancouver
Particle
Accelerator
Conference
Wangler
et al.’
presented
a differential
equation
for
emittance
and nonlinear
field energy
valid for a continuously focused
round beam and found that it was accurately
observed
by simulation.
They were thus able to
-justify
rigorously
the heuristic
formula
by Struckmeier
et al. and stimulated
further
work to extend
this concept to more general and realistic
situations.

(potential

number

Tg+,&,$

(kinetic

of particles

(F+y”+2’2)

energy

in beam frame)

energy

WZ9

///

due to external

the

upper

bar

energy

(6)

16 (x’ x”

calculated

indicates
given

over

mean square

a sufficiently

averages.

by
2

-Eic

focusing)

E' dx dy dz

rms emittances
f

(5)

-

(space charge
field
large volume V)

The

(4)

z 4 Km+ (kx ;;r + ky ;;; + kZ 2,

vex

where

and

- z

)

(7)

and similar
in y,z are closely
related
to the respective
terms in the “thermal”
energy
T due to the fact that for
pand
zTchange
only little.
In
a high-current
beam 1,
x
any term in T and thus the respective
emitprinciple,
tance can grow on the expense of the remaining
terms in
T or the potential
and field energy.
The energy
conser-

In this
paper
we preseht
a new generalized
equation
relating
emittance
to (nonlinear)
field energy
valid
in
periodic
focusing
and full 3D. The equation
is tested
and confirmed
by computer
simulation.
Its potential
to
predict
initial
mismatch
emittance
growth
is obvious:
183

vation
among
straint

law Eq. (3) does not limit the exchange
of energy
these terms,
hence we require
an additional
coninvolving
directly
the emittances.

with e, Lagrange
multipliers
to keep the rms dimensions
To find the minimum field energy
density
disconstant.
tribution
we calculate
the variation
of S under a density
perturbation
6n and find,
after partial
integration,

Such an equation
can be derived
for the general
case of
oeriodic.
i.e. time deoendent
focusina
where not even
(For details of
the totai energy
of Eq: (3) is conservgd.
the
derivation
see Ref.
6.)
Starting
from
Vlasov’s
equation

af
TE + (x’ 2, f - (k - 3
and using the
can show that

definition

E) V,,f .= 0
in Eq.

(71,

we

and similar
for y,z.
Here the averages-are
taken with
* the distribution
function
as weight.
The p
(as well as
7,
‘;;I)
has been eliminated
after multiplying
Eq. (8)
by
x2,
xx’,
x1* etc.
and obtaining
the
respective
moment equations.
Eq.
(9)
is not a useful
equation,
since the averages
involving
the electric
field are yet unknown.
By adding
to Eq.
(9) its counterparts
in y, z, we can show’ that
the electric
field averages
can be expressed
in terms of
the electric
field energy

(10)

(13)

I&n dxdydz=fJ

It
is well-known
from
computer
simulation
that
a
high-current
beam has a tendency
to approach
a uniform
density
with rounded
off edge in the space charge limit.
For a nonuniform
starting
density
we thus expect
the
“nonlinear”
field energy
to be transferred
into
excess
emittance.
A uniform
starting
distribution,
on the other
requires
some small amount
of nonlinear
field
hand,
energy
to develop the rounded
off edge. In this case its
rms emittance
could even shrink
by some small amount,
This has been
which
is not forbidden
by Liouville.
shown previously”
for a 2d beam with initial
KV-distribution.
here it is useful to note the difference
between
rms emittance
and real emittance:
a beam with real emittance zero going through
a nonlinear
lens will have a
finite
rms emittance
behind
it due to a distortion
of the
zero area emittance
figure.
This can be reversed
by a
second lens of opposite
sign.
2. Shielding
For a spherical
bunch of radius a with Gaussian
distribution function
we can show,
by expanding
the density
in Eq. (2) to its leading term that (except
for r/a = 0)

In Eq. (10) we have emitted
a bunch shape factor
X, in
front
of dWu/ds,
which is in practice
very close to unity. (For a Gaussian
density
it is 1.051, and for a parabolic
1.006.)
Also,
we
have
assumed
rotational
symmetry
in deriving
Eq. (lo),
i.e. 2 = Fand
tX= tv.
Wu is defined
as electric
field energy
of the equrvalent
(i.e.
identical
rms size) uniformly
filled
ellipsoid.
This
uniform
field energy
calculated
inside a large sphere of
radius R results
as:

wu=gg

+a3z2 )

with a boundary
integral
negligible
for a large enough
integration
volume V. 6n is defined
by an arbitrary
displacement
vector
6x,
hence 6n = -Vn l 6x.
We thus find
that 6s = 0 requires
either
# = -N”(alx’
+ asy* + a3z*)
(interior
of beam)
or n = 0 (exterior),
which
corresponds to a uniformly
charged
ellipsoid
as minimum field
energy
solution.

(9)

1 dE’+ldEl
1 -d
=x2
dsx -F
yasy +=z’as

1$+Nvl !alx2 +a&

V

(8)

-

of rms emittance

6s = /I/

e (r-a)

n

= n (0)

where

the

[ 1 -

Debye

/AD

r,a

or screening

]
length

XD is given

by

[$(I-f+$f,-$1
0

where a is the semi-axis
in x, y, and
the well-known
geometry
factor’
which
mated by (3c/a)-’
as long as 0.8 z c/a

and the

c in z. f(c/a)
is
can be approxiz 5.

General

1. Minimum

Field

Energy

We consider

“he variational

s z w + a,;;; + a$

frequency

by

u; = .g$g

The significance
of Eq. (10) is that its r.h.s.
vanishes
for a uniform
charge
distribution;
the change
of total
emittance
is thus
related
to the change
of “nonlinear”
field
energy,
i.e.
the difference
between
actual
field
energy
and that of a uniform
bunch
(where E increases
linearly
from the bunch center).
This “nonlinear”
field
energy
is thus responsible
for emittance
growth
and we
want to examine to what extend
we can use Eq. (10) to
estimate possible
emittance
growth
in real situations.

I I I.

plasma

In the harmonic
finds readily
that

betatron

oscillation

approximation

one

(17)
(a similar
a waterbag

Properties

result
with
distribution).

l/J15

replaced

by l/3

is found

for

In the high-current
limit we thus obtain that self-consistent
distributions
are uniform
in space, except for a
boundary
sheath of thickness
XD

Theorem
expression

+ a,7

,

IV.

Comparison

with

Computer

Simulation

(12)
By
the
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inspecting
following

Eq. (10) we can,
sources of emittance

in principle,
growth:

identify

Initial

- Continuous

Mismatch

This
agrees
with the
except for l/3 replaced

Focusing

An initially
nonuniform
density
profile
deviating
ly from
the self-consistent
profile
described
(14),
(17)
leads to emittance
growth,
which
directly
integrated
from Eq. (10) for a spherical
with k, = ky= kz and r+ = c
y=cz=c:

For the
integration
remains practically
field energy

strongby Eq.
can be
bunch,

[l

-;

1)AU

we have
used that the rms size
constant
and defined
the “nonlinear”
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Fig. 1: Computer
simulation
of spherical
continuous
focusing.
Emittance
growth
Eq.
(20)
and through
direct
evaluation
coincide.

1) uJ2

Mismatch

- Periodic

Focusing

A$
-

+ EL

xl

F

32
+ -AEf! = - A (W - Wu'
F
I&N

(22)

For a bunch with a roughly
2:l ratio of longitudinal
to
transverse
semi-axi
and transverse
periodic
solenoid
focusing
we compare
in Fig.
2a the 1.h.s.
and the
r.h.s.
of Eq. (22) and find good agreement
in the average.
We have also plotted
in Fig.
2a the individual
1.h.s.
terms
of Eq. (22) and find that they areot
identical_We
note that in this case we have chosen x”,
+f and z’* equal as initial
condition,
hence equal therY
mal energies.
(According
to Eq. (6) we have p
q
tz
/IS?
for upright
phase space ellipses
in x, x’ and similar in y, y’ and z, z’). The initial mismatch field energy
is transferred
into
roughly
equal
increments
of
thermal
energies
in all three
directions,
but at later
times the longitudinal
thermal
energy
deviates
from the
transverse
ones.

i

Gauss

--------.
__

($-

The validity
of Eq. (10) in periodic
focusing
with nonspherical
bunches
needs
to be examined
separately.
This is due to the fact that we have omitted the bunchis exactly
justified
only for a
shape
factor
X1, which
uniform
bunch.
In addition,
the envelopes
in Eq. (10)
vary
periodically
and it is not straightforward
how to
integrate
the 1.h.s.
of Eq. (10).
We have integrated
Eq. (10) formally
by ignoring
the envelope
variations:

Czells

Continuous 3DFocusing

+;

,...I

,;$ ,,,,,,I-------------- -..._________
I/ --*--------1

1

[l

It will be noted that the semi-Gaussian
distribution
with
uniform
initial
density
behaves
different
from what we
have predicted
in section
II I. 1: the emittance
shows a
slight
initial
increase
rather
than a decrease.
This is
due to the fact that microscopically
our distribution
is
set up by random
numbers.
Hence,
there
is an extra
electrostatic
field
energy
as compared
with a strictly
uniform
distribution,
which leads to an equivalent
emittance growth.

...

. . ._._...”

z

For the Gaussian
case in Fig. 1 we have Ui = 0.26 and
thus from Eq. (21) tdti
5 1.52 (3.1)
for v/v, = 0.25
For the waterbag
distribution
the respective
(0.1).
values
are Ui = 0.057
and thus s /Ei s 1.13 (1.7).
values
These values agree pretty
well with tA e average
of Fig. 1.

(20)

1

-._.
‘..,

”

0

beams,

i

1
1.5

in 2d

Significant
emittance
growth
occurs only if Ui is noticeably
larger
than
the self-consistent
final value.
For
practical
purposes
we can thus
ignore
Uf in Eq. (20)
and obtain

Continuous
2
E.

formula

In Fig.
1 we show results
of simulation
with different
initial
distributions
matched
to a constant
focusing
channel
by means of the rms envelope
equations’.
We
have calculated
U as a function
of time in the following
way: W is determined
as Coulomb potential
summed over
all pairs of particles,
W, according
to Eq. (11). We have
then
compared
sf/si
according
to Eq. (20) with the
direct
result from scatter
plots.
The agreement
in runs
with 5000 particles
is excellent;
deviations
are typically
one per cent only.

with a normalization
constant
w1 z N2qa/(40ncoa),
which
is the field energy
of a uniform
sphere -of the same rms
radius
(= a). From the initial
and final values of U we
calculate
the ratio of emittances

‘E.
f=
1

respective
by l/2.

bunch
with
factors
from
practically

In Fig.
2b we have plotted
the
numerical
emittance
growth
factors
and compared
them with the respective
Here we have determined
“theoretheoretical
values.
tical” growth
factors
by distributing
formally
the total
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nonlinear
field
energy
in equal
parts
into the three
“equipartitioning”
(10).
This
terms
of
Eq.
1.h.s.
hypothesis
is not strictly
observed
by the simulation,
as
observed
above,
although
the deviation
is not too large.
In fact,
we see from Fig. 2 that “equipartitioning”
is
re-established
at repeated
times.
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Fig. 3a. b: Same as in Fig. 2, except for ot= 3.77 o~,~
to achieve
initial
non-equipartitioned
(7.5:1)
bunch.
Relationship
Eq. (20) is again confirmed
(a),
after
first
cell also Eq. (23).
Emittance
growth
factors
show slow approach
to equipartitioning
(b).

10

Cells
(b)

Fig. 2a, b: -Non-spherical
initial
Gaussian
density
bunch
with
periodic
(interrupted
solenoid)
focusing
and initial
equipartitioning
(sZ= 2s, y ; o = l/2 osY )
confirming
relationship
between ’ tota t
emittaiice
change
and
nonlinear
field
energy
change
(a).
Emittance
growth
factors
are
compared
with
equipartitioned
theoretical
values
(b).

Initial
Mismatch
Focusing

and

In Fig.
3 we show
different
from Fig. 2,
from
equipartitioned.
longitudinal:
transverse
previous
work
on
transfer’.
’ we expect
rsp.
emittances.
In
separate
mechanisms:

Emittance

Transfer

-

Periodic

results
for a case with
oe,,and os
causing
a strong
initial
deviation
The
ratio
of thermal
energies
is chosen
7.5:1,
and
from
equipartitioning
and
emittance
an exchange
of thermal
energies
Fig. 3 we actually
distinguish
two

1.

A rapid decrease
- within
the first cell - of nonlinear field
energy
(initial
mismatch),
which is predominantly
transferred
into the x and y terms of
Eq.
(lo),
i.e.
the directions
with smaller
initial
thermal
energy.

2.

After
slow
thermal
lation
stant,

in agreement
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one or two coherent
oscillations
there
is a
exchange
of transverse
with
longitudinal
energies.
Besides
a small coherent
oscilthe nonlinear
field energy
is practically
conhence we can use the following
relationship

with

Fig.

3a.

Eq. (23) establishes
the approximate
invariance
of total
thermal
energy
during
the
slow
emittance
transfer
After
50 cells
the initial
7.5:1
imbalance
of
process.
thermal
energies
has been reduced
to nearly
1.5:1 and
practically
levelled
off. The respective
emittance
growth
factors
are shown in Fig. 3b.

following
has
given
mechanism
For v/v,
%. These
avoiding
distances

In 2D continuously
focused
beams the phenomenon
of
emittance
transfer
has been studied
more systematically
in a paper presented
at this conference’
.

Conclusion
We have shown that a generalized
equation
for emittance
and field
energy
is well confirmed
by simulation
in 3D
and periodic
focusing
(interrupted
solenoid).
Emittance
change
can occur
due to rapid
initial
mismatch
and
“slow”
energy
transfer
for initially
nonequipartitioned
bunches.
The
generalized
equation
has been used to
derive
simple estimates
for the emittance
change.
In a
further
contribution
to this conference’
more specific
formulae
have
been
presented.
A more
systematic
comparison
with simulation
will be a further
step.

Eq. (23) can be used to calculate
approximately
the final
if as a second
condition
we assume
emittance
growth,
that the final
thermal
energies
are equipartitioned
and
the rms envelopes
remain practically
constant.
With these conditions
and sx = ty= si we solve for

7
%,f
& -)
EI-,i = (1,:
3
3 Eii
;;r
I

1/2

example:
The case of Fig.
1 with v/v,
= 0.1
27 % of
emittance
growth
due
to this
for 5000 particles
and 135 % for 500 particles.
= 0.25 the respecitve
numbers
are 1 % and 14
numbers
can be substantially
reduced
by
random
numbers
and choosing
regular
initial
between
the particles.

(24)

and
2Ez f
Ez,i

=

2
(-+3

a

l
3

czi
L
Ei,i

,I

1/2
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where
f indicates
final
and i initial,
after
the initital
mismatch
emittance
growth
of the first
cell has been
Here
we use from
Fig. 3a that
estimated
separately.
for the
LI ,i/sl
= 1.5 and Ed i tZ L 1.05 and obtain
final total emittance
gro’wth
factors
sA,f/sA
3 2.06 and
which
agrees
within
5 % with the final
Ed f/&zeO.76,
va’lues ,in Fig. 3a. We observe
that the initial
mismatch
emittance
growth
factors
can be also estimated
from Eq.
if we postulate
that the nonlinear
field
energy
(101,
only
goes
into the
directions
that
have had initially
much less thermal
energy
(here x,y).
Further
formulary
relevant
to this is found in Ref.
5 and 6.

Periodic

Focusing

- Structure
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Resonances

A further
well-known
source
of emittance
growth
are
for instance
by choosing
o, > 90:
structure
resonances,
Multiplying
Eq. (10) by 7,
which
varies
periodically
anticipate
the
with
the
focusing
structure,
we
possibility
of emittance
growth,
if the nonlinear
field
energy
term
has the same frequency
content
as the 7
due
to an appropriate
multipoole
oscillation
of beam
density.
It is known that o@= 60 IS a safe way to avoid
this source.
Statistical

thank
J. Struckmeier,
simulations.

Effects

semi-Gauss
The
early
emittance
growth
of
the
distribution
in Fig. 1 has been explained
by the random
initial
particle
coordinates.
This is not a problem
in the
real world,
but for numerical
simulation
with
relatively
few
particles
and a direct
particle
to particle
force
calculation.
Hence some care is necessary
for small tune
depression
(i.e.
dominant
space charge)
as shown in the
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RECENT

DEVELOPMENTS

IN RF SUPERCONDUCTIVITY

FOR LINAC

STRUCTURES

H. Lengeler
CERN.

Geneva,

Abstract:
The
status
of
superconducting
linear
accelerators
for heavy ions and for electrons
is reviewed.
New types of cavities for heavy ion acceleration
have been
developed and fields of 3-4 MV/m can be reached routinely.
They will extend the velocity range towards lower and higher
values and allow new applications.
Multicell
cavities
for
electron
acceleration
now reach field levels of S-10 MV/m
and Q,values
of a few lo* in a reliable
way and regular
production
by industry
can be envisaged.
Latest
results
obtained
with
Nb-coated
Cu-cavities
and with
Nb,SN
cavities
are given.
Some new developments
for cryostats,
tuners and couplers are shortly described.

Switzerland

Very recently
a much larger linear accelerator
project
has been started at SURA. Newport News+‘.
The Continuous
Electron
Beam Accelerator
Facility
(CEBAF) will be a high
intensity,
C W electron
accelerator
for nuclear physics.
A
particle
energy of 0.5 to 4 GeV is at present considered with
a beam current
of 200 P A and a 100% duty cycle.
This
accelerator
will be equipped with S.C. cavities at 1.5 GHz of
a
type
developed
for
storage
ring
applications
at
Cornell Universityla.
S.C. cavities are also considered for free electron
mainly
because of the high quality
beams which
expected with these cavities14.

lasers,
can be

Finally, the possible application
of S.C. cavities in large
linear colliders
should be mentioned1s*16.
These machines
will ask in nearly all aspects for a tremendous
extrapolation
of present day accelerators.
Cavity performances
will have
to be brought
up from
the present
- 10 MV/m
level in
multicell
cavities to at least 25 MV/m if not 50 MV/m.
The
corresponding
Q-values will have to reach 5 x lOlo or even
1O1l in order to keep the cost and power of cryogenic
systems to a tolerable
level.
The requirements
for economic
fabrication
methods of cavities,
cryostats
and all auxiliary
items will ask for mass-production
techniques not yet applied
to accelerator
construction.

Introduction
In the beginning
of the 70’s the first operation
of the
Stanford
recyclotronl
inaugurated
the
area
of superconducting
S.C. linear accelerators
for electrons.
The first
operation
of the Argonne Heavy Ion Postaccelerator
in 1978
and of the Stony Brook Heavy-Ion
Linac’ in 1983 pathed the
way. for acceleration
of heavy ions by S.C. cavities.
These
two machines have ever since been operated
on a routine
basis and many thousands
hours of operation
have been
accumulated
and- have confirmed
the reliability
of S.C.
accelerator
systems.
In the late 70’s the use of S.C. cavities
in storage rings was considered
and has led to a series of
tests with
S.C. cavities
in existing
storage
rings.
The
outcome
of these tests has been recently
reviewed
by
R. Sundeli+
and H. Pielss6 and confirms
fully
the hopes
placed in the new technology.
The latest tests have yielded
average
acceleration
fields
of 4 MV/m.
The measured
instability
thresholds
indicate
that the higher order mode
(horn) dampings
which can be achieved
are adequate
for
multi-turn
instabilities
in the machines for which they were
developed.
Some S.C. systems
were
operated
by using
standard
control
and regulation
systems taken over from
Cu-cavity
systems.
Since the latest review two more results
have been obtained concerning
the long term behaviour
in a
storage ring environment.
A 1 CHz. 9-cell cavity has been
kept at low temperature
inside the PETRA storage ring at
DESV7 and a 500 MHz. 3-cell cavity has been connected
to
the vacuum system of the TRISTAN
accumulator
ring at
KEKs.
After
a period
of 6 months
no degradation
in
accelerating
fields and quality factors was observed.

The use of S.C. cavities as “drive” linacsl7*la
for very
large colliders
is also considered.
The performances
of low
frequency
linacs (350-500 MHz) considered today for storage
rings would already be interesting
for this kind of application.
In the
and results
possibilities
construction

following
we present some recent developments
and it will be tried to summarise
briefly
the
which
are
at
present
available
for
the
of s.c. linacs.

Superconductins

low 8 structures

for heavy ion acceleration

Work on S.C. postaccelerators
is going on at more than 10
laboratories’*
and in the last 3 years this field has shown a
remarkable
activity.
Several new cavity
types have been
developed
and tested
and progress
in fabrication
and
preparation
techniques
has been substantial.
The very
successful operation
of S.C. heavy ion linacs at Argonne and
Stony Brook has already been mentioned.

These
promising
results
have
already
led
three
laboratories
to make definite
plans for application
of S.C.
cavities on a large scale. At CERN* S.C. cavities at 350 MHz
will be used for upgrading
LEP energies beyond 50 CeV. at
DESV’
500 MHz S.C. cavities
will
supplement
the n.c.
cavities for the HERA electron
ring and at KEKlO 500 MHz
S.C. cavities are planned for installation
in TRISTAN.

The two materials
used from the beginning
for the
construction
of low &cavities
are still
in use.
Lead
resonators obtained by electrodepositing
a few pm of Pb on a
copper
substrate
have
the
merit
of easy and cheap
fabrication
for complicated
geometries
and profit
from the
high
thermal
conductivity
of copper.
Nb has greater
potential
with respect to critical
fields and RF resistance but
its
technology
is more
difficult
to master
and more
expensive.
The technology
of sputtering
thin Nb-layers
on
Cu20 which
is already
applied
to cavities
for electron
acceleration
may be an interesting
alternative
if sputtering
or another
method of deposition
can be mastered
for the

During the last years only one new linear accelerator
for
-electrons
has been under
construction.
the Darmstadt/
Wuppertal
recyclotron
which is planned
for an energy of
130 MeV. This accelerator
uses 3 CHz. 20 cell cavities which
have been fabricated
by industry.
A system test with one
S-cell and two 20-cell structures
is under wayll.
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Comparable
complicated
geometries
of low f3 structures.
complexities
are incidently
found in the coupler regions of
electron
accelerating
structures
so that these structures
also
could benefit from progress in deposition
techniques.
Similar
arguments
apply of course
to Nb,Sn.
NbSn or lead-tin
deposits.
i

Amongst
the low S-structures
developed
3-years we mention the three shown in fig. 1.

during

HT-platform
of
350 kV.
One foresees
to use 4-gap
resonators
with three staged geometries
covering a S-range
of 0.007-0.03
and 3-gap half-wave
resonators
for a S-range
of 0.03-0.07.
This combination
will allow much higher beam
currents
and an acceleration
of ions up to mass 80. In a
second phase more resonators
throughout
the velocity
range
will be added and it is hoped that the refined velocity staging
will enable acceleration
of ions of lower specific charge and
of higher masses like e.g. uranium
ions. First tests with a
48.5 MHz interdigital
Nb-structure
for l3 < 0.01 show very
promising
results and accelerating
fields up to 10 MV/m have
been reached with a typical Eacc = 8 MV/m (U,,,
= 800 keV)
at 8 W input powera6.

the last

2

Superconductinq

I
I

Fig.
wave:

lb)

Three different
types of low 8 structures:
(a) quarter
(b) 4-gap interdigital:
(c) half-wave
(not to scale).

-

The coaxial quarter
wave resonator”
has no separable
joint in high current
areas and profits
from a broad
transit
time factor
making it particularly
adequate
for
light ion acceleration.

-

The 4 gap (interdigital)
resonator22
has a forked drift
tube with 4 accelerating
gaps and is especially
suited for
low S-acceleration
(I3 L 0.007).

-

The half-wave
resonato9*
allows high accelerating
intermediate
B-range.

is a two-gap
structure
voltages
and is suited

for electron

acceleration

For a long time a considerable
effort
has been devoted
to
the
understanding
of surface
defects
limiting
the
Careful
surface
treatments
and
accelerating
fields.
improved
inspection
methods allowed to avoid larger defects
or to eliminate
them after their localisation.
In this way,
fields could be gradually
increased but one could anticipate
that at much higher field levels the size of defects to be
detected
and to be eliminated
would become very small and
their
number
prohibitively
large.
It was pointed
out by
H. Padamsee”
that
the
threshold
field
for
thermal
instabilities
could be increased if the thermal conductivity
of
Fortunately
the
heat
the
cavity
wall
is improved.
conductivity
of the Nb initially
used for cavity fabrication
lent
itself
to substantial
improvements.
essentially
by
reducing the interstitially
dissolved elements 0, N. C and H.
A close collaboration
with industry
allowed
to raise RRR
values for Nb material
from a typical 40 (corresponding
to a
heat
conductivity
k = 10 W/m x K at 4.2 K) to values
between
150 and 200.
These
values
could
even
be
substantially
improved
by the method
of yttrification
at
- 1250°C developed
at Cornell University2a.
Starting
from
high purity Nb with RRR - 120 now commercially
available,
RRR values could be pushed up to 600. A similar
process
using much cheaper titanium
foils29 but requiring
a slightly
higher temperature
has also been tried successfully
and has
allowed to reach RRR values up to 500.

--I

(a)

structures

Model calculation
for defect
stabilisation
have shown
that breakdown
fields scale aproximately
with *rh for a given
type of defect.
This behaviour
has been confirmed
by many
cavity tests at different
frequencies.
In fig. 2 a compilation
of some latest results is shown.

which
for an

All three structures
are based on quarter wave resonant
lines with
straight
inductors
which
gives them a great
mechanical
stability
at the expense of a larger transverse
dimension.
RRR

Experimental
resulW4
on these new types of structures
have been obtained
in the frequency
range of SO-350 MHz
and in a b-range of 0.008-0.2.
Fields of at least 3-4 MV/m
can be reached routinely
and Q, values of a few lo*. nearly
independent
of field levels are at hand. Multipactor
can still
be an annoyance but is no longer a major problem if clean
conditions
for surface treatments
and assembly are applied.
Processing
at very high RF power levelsZi
has sometimes
produced
large increases
in accelerating
fields.
The most
serious field limit
tends to be electron
loading from field
emission sources.
The mechanical
stability
is much less of a
problem than for the older helix and split-ring
structures.

20-40
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The
possibilities
of
these
cavity
designs
can
be
illustrated
by the new S.C. heavy ion injector
planned at
Argonne’$.
The present
Argonne
facility
uses a tandem
accelerator
injecting
in a s.c. linear
accelerator.
This
injector
scheme limits beam currents
severely and is unable
to accelerate
ions in the upper half of the periodic table.
It
is intended
to replace
the tandem by a very low velocity
(3 MeV) linac
which
can be operated
with
an open air

Fis. 2 Histogram
of
Nb-cavities
of different

test results
for single cell,
RRR (C: CERN. W: Wuppertal).

lMV/ml

3 CHz

The combination
of defect elimination
and high thermal
conductivity
Nb-material
has allowed
in the last years to
reach in a much more reliable
way fields of 5-15 MV/m in
multicell
cavitiesS*6.
As examples
we quote the results
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Nb coated

obtained with CEBAF prototype
cavities (S-cell cavities with
waveguide
couplers
of the Cornell
designXJ) fabricated
by
industry
which reached accelerating
fields of 6-8 MV/m at
the first cooldown30.
At KEK a single cell 500 MHz cavity
with RRR = 80 has reached similarly
a field of 7.6 MV/m31.
The first LEP prototype
350 MHz. 4-cell cavity fabricated
at
CERNS’ has reached
without
guided repair
of defects
an
accelerating
field of 7.5 MV/m with a Q,-value
of 3 x 109 at
the design field of 5 MV/m.
A 20-cell
3 CHz cavity for the
Oarmstadt/Wuppertal
recyclotron
has reached 7.8 MV/m.

Cu cavities

At CERN a different
approach is pursued to increase the
thermal
stability
of S.C. cavities
against
defects.
The
niobium
is replaced
by OFHC copper and a Nb layer of
l-5 vrn thickness isdeposited
by sputtering
on the copperas.
This method not only makes good use of the large thermal
conductivity
of OFHC copper (h = 460 W/m x K) but gives
also a possibility
for producing
Nb-layers
largely free from
In addition
low RRR can be
foreign
material
clusters.
expected which corresponds to higher Q,-values36.

Much higher fields have already been obtained
in single
cell cavities like e.g. in a 1.5 GHz cavity at Cornello4
which
reached
22.5 MV/m
and in a 3 CHz-cavity
at Wuppertal
where 23.1 MV/mS3 were reached after an yttrification
of
RRR = 80 Nb material
(fig. 3). However
these excellent
results should not hide the fact that today the accelerating
fields
reached
in S.C. cavities
decrease
considerable
with
increasing
cavity
length as can be seen from fig. 4. This
figure also shows that the maximum voltages E,,, x P do not
depend in a significant
way on frequency.

Two methods of sputtering
Nb on Cu-surfaces
have been
applied.
Bias diode sputtering20
at a voltage of 1400 V and
at an argon pressure of 5 x 10-Z torr has been first tried but
has the drawback
of a complicated
niobium
cathode
and
rather
low
sputtering
rates
(5 pm/24 h, depending
on
geometry).
These drawbacks
can be overcome by magnetron
sputterings’
at a voltage
of 700 V in a magnetic
field of
about 100 C and at an argon pressure of 2 x 10-. torr.
A
simple cylindrical
Nb cathode
can be used and the sputter
rate is increased to about 1 pm/h.
Both methods have given
results with 500 MHz monocell cavities which are comparable
with performances
of solid Nb cavitiesfs
(fig. 5). At present
the sputtering
of a 4-cell, 350 MHz LEP cavity is prepared.

l
lo9

--
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I
24

E 8cc VIVA-n)
Fiq. 3 Q-factor
as a function
of accelerating
3 GHz, single cell Nb-cavity
after yttrification
(Courtesy
Univ. of Wuppertal).

035.05;1.5,3
- frequmrmr

Fiq. 5 Comparison
of Q-values
obtained
in 500 MHz single
cell cavities
made from Nb and from Cu sputtered
with a
layer of Nb.
For the Nb/Cu
magnetron
measurement
no
magnetic
shielding was applied.
For the lower Nb curve, the
Q is limited by losses at the beam tube covers.

field of a
(RRR = 300).

A few conclusions
can already be drawn from the cavity
measurements
performed
up to now’*.
Both methods give
typical
accelerating
fields
of I3 MV/m and a maximum
of
10.8 MeV/m has been reached.
Residual resistances
down to
4 nOhm have been obtained
and are generally
somewhat
lower
than for solid Nb-cavities
(table 1). No thermal
breakdown
has been observed
up to the highest
fields
reached, except for one case where a protruding
spike acted
as a strong
electron
source.
Q-values
always
show a
decrease
with
increasing
field
levels which
is generally
stronger
than the ones observed
with
solid Nb cavities
(fig. 5). There are hints that the Q-decrease
is correlated
The
with
the surface
roughness
of the underlying
Cu.
adhesion
of the Nb-layer
to the Cu-substrate
is still a
at definite
field
levels and their
problem.
Q-“switches”
hysterisis
behaviour
points towards regions with poor thermal
T-mapping
and direct
inspection
have allowed to
contact.
establish a clear correlation
between Q-switches
and blisters
whose diameter
may range from 0.2 mm to many mm. An
investigation
of the Nb layers peeled off from the blister
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regions
has shown
impurities
or rinsing
the blisters.

i

that contaminations
residues are nearly

like
always

dust, surface
present below

Nb,Sn

Among the A15 materials
which
high critical
temperatures
and by high
has gained a particular
attention
for
results of Nb,Sn cavities
have been
and 41.

A very interesting
result concerns the behaviour
in an
external
magnetic
field.
It is well known that external
fields
increase
the residual
resistance
of S.C. cavities.
This
behaviour,
as measured in a Nb 500 MHz -cavity is shown in
fig. 6. Nb layers in Cu cavities
of similar
geometry
show
on the external magnetic field.
nearly no dependence of R,,

TABLE

1 - Niobium

material

Diode
sputtered

I

RRR

35

100

1

9-14

Magnetron
sputtered
1

3-9

are characterised
by
critical
fields. Nb,Sn
S.C. cavities.
Recent
summarized
in refs 40

At Wuppertal
University.1.
3 CHz single cell and five
cell cavities
submitted
to the well known vapour diffusion
process (2 x 20 h at - 1 170°C. Nb,Sn thickness
of - 3 pm)
have given accelerating
fields up to 7.2 MV/m.
The lowest
residual
resistances
reached at 4.2 K (with
R,,, = 27 nOhm)
and correspond
to a reduction
of a factor 55 with respect to
Nb at 4.2 K, the theoretical
factor being 150. At CERNd2. a
500 MHz single cell cavity has been treated at 1025-1050°C
for a period of 2 x B h. The low temperature
has limited the
Nb,Sn
thickness
to
about
0.9 pm.
nevertheless
Q, = 2.4 x lOlo at 4.2 K. corresponding
to R,,, q 11 nOhm
has been reached.
This is a decrease
of a factor
7 with
respect
to Nb at 4.2 K. The result confirms
that R,,
of
Nb,Sn decrease with decreasing frequency.

parameterss9

Solid Nb

cavities

1

I W&l

Q-curves
are still characterized
by a strong decrease
towards higher fields and by “Q-switches”
which seem to be
caused by weak spots with critical
temperatures
well above
4.2 K and which occur already at very low fields.
Residual
resistances
depend on the cooldown rate.1.
A dependence on
external
magnetic
fields similar
to the one observed in Nb
cavities (fig. 6) is also found.
More work on Nb,Sn and other A15 superconductors
would be very desirable.
If their potential
can be more fully
exploited,
operation
at 4.2 K of linear accelerators
in the
CHz
range
becomes
envisageable.
Moreover,
the high
critical
fields combined with very low r.f. losses make them
particularly
interesting
for linear collider applications.

1
0

I
10
hxt

Crvostats

I I

I
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It is understandable
that for many years the development
efforts
in RF superconductivity
were mainly concentrated
on
cavity performances.
As performances
adequate for the next
generation
of S.C. accelerators
can now be reached with much
higher reliability
more attention
should be paid to the design
of simple and economic cavities, cryostats and couplers.

Fiq. 6 Dependence
of residual resistance
of 500 MHz single
cell cavities
on an external
magnetic
field for Nb. for Cu
sputtered with Nb and for Nb,Sn.

A cost estimation
of S.C. cavity systems for a frequency
range of l-l.5
CHz gives the following
cost distribution:

Some material
parameters
of niobium coatings have been
studied and a comparison
with parameters
of Nb cavities
is
given in table 1. The most obvious difference
is to be found
in the RRR value which does itself reflect
in the values of
the BCS resistance.
There are also first indications39
that
magnetron
sputtered
layers (which are smoother
than diode
sputtered
layers)
show
a decreased
field
emission
as
compared
to solid Nb surfaces treated by standard chemical
polishing and rinsed with ultrapure
water.
All these effects
are now under study and it is hoped that a better insight in
some properties
of superconductors
will be gained from these
investigations.

-

For similar cavities
at 1500 MHz with
this percentage
would be only - 5%.

coaxial

Cavity:
Cryostat:
Couplers:
Tuners, vacuum

system:

- 35%.
- 30%.
- 20%.
- 15%.

At least 65% of total costs will have to be spent for the
equipment
surrounding
the S.C. cavities.
Cryostat
layouts and
construction
in particular
have not yet received
enough
attention
and there
is in our opinion
still
room
for
simplifications
in their design and construction.

Initially
the Nb-Cu
programme
was started
at CERN
because it was expected
that the copper would increase the
thermal
stability
against defects
to a point where thermal
breakdowns
could be avoided in the accelerating
field range
interesting
for LEP.
This has been confirmed
and it is of
obvious importance
for any large S.C. accelerator.
Another
argument in favour of the Nb/Cu technology
is a reduction
of
cavity
costs.
This reduction
is particularly
large for low
frequency
cavities
like
the
ones
foreseen
for
LEP
(f = 350 MHz).
It has been estimated
that Nb material
costs
for these cavities
represent
25% of the total cost (cavity,
cryostat,
systems)
if
commercial~~~~~ble
~~~~~rn ~fndhighv~~~s
used(*).
(*)

and tuners

Cryostats
for large accelerator
systems should be made
modular
and should allow a high accessibility
to all critical
parts of the cavity
like couplers,
tuners,
and beam tube
connections
so that installation,
repair or removal
from a
beam line are as simple as possible.
Assembly of cavities and
connections
with the beam vacuum system should be possible
under clean and dustfree conditions.
A lateral (and not axial)
removal
of cavities
and cryostats
from a string
of units
installed in an accelerator
tunnel would be desirable.
Recently
a cryostat
conceived
along these lines of
thinking
for the LEP 350 MHz,
4-cell
cavities
has been
constructed
and tested at CERNas (fig. 7). The He-vessel is
made of thin stainless
steel sheet and welded around the
cavity.
It has a corrugated
shape which reduces the liquid
helium
volume
to
200 iI and
which
can
be easily

couplers
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Couplers

matched to the requirements
of the coupling port geometry.
The main coupler and higher order mode couplers which are
of a coaxial type are mounted on Conflat type flanges welded
to the He-vessel.
The longitudinal
rigidity
of the He-vessel
is kept smaller than the one of the cavity so that frequency
tuning by a change of total cavity
length is not inhibited.
The cold shield
is made of large removable
Cu-sheets
thermally
linked
to a copper
tube frame
by means of
It is cooled
by He-gas
mechanical
clamping
devices.
deviated
from the main stream of evaporated
He-gas.
The
vacuum vessel consists of a simple supporting
frame with
reinforcing
staves wrapped
in a thin stainless steel sealing
envelope.
Vacuum tightness
is obtained
by rubber gaskets.
The sealing skin, staves and cold shield can be removed
laterally
and provide full accessibility
to the cavity and to all
critical
parts like coupler and beam tube connections.
The
modular design allows to join as many units as needed and the
large
accessibility
makes assembly
under clean, dustfree
Frequency
tuning.’
is achieved
by
conditions
possible.
changing
the length of three tubular
rods anchored
to the
cavity end flanges and located inside the insulation
vacuum.
The middle part (- 1 m) of these rods is made from pure
nickel and its length can be changed in two ways.

The design of couplers
for S.C. cavities
has to match
requirements
of RF, cryogenics
and of mechanical
layout sometimes
contradictory
- and a great deal of mastery has
already gone into their development
and testing.5*.6.
For
higher
order
mode
(horn)
couplers,
waveguide
structures
with their low frequency
cut-off
offer an obvious
approach
because
the fundamental
mode can be easily
suppressed
and no stringent
mechnical
tolerances
are
needed.
This
advantage
is however
balanced
by the
non-circular
cross section of waveguides,
RF joints and RF
loads which tends to increase the complexity
of the cryostat.
At frequencies
below - 1 GHz the size of waveguides
makes their use impractical.
Therefore
one has pushed the
development
of coaxial couplers located at the beam tubes of
cavities.‘.
These couplers
allow a simpler
cryostat
design
and RF joints can be based on the well-known
and reliable
Conflat
type joints.
Also completely
welded versions are
under consideration.
They can be easily matched
via a
(broadband)
coaxial
line to an RF load located outside the
cryostat.
This is an obvious advantage for linear accelerators
where the horn power to be handled does not exceed the kW
range and where type N connectors
can be used.
These
couplers have to be combined with a rejection
filter
for the
fundamental
mode which
asks for a relatively
complex
structure
and for tight mechanical
tolerances.
At present
developments
are pushing
for a simplification
of these
layouts.
It is expected that the new designs can be scaled to
a frequency
range well above 1 CHz.
A limit will be set
towards higher frequencies
by the smallness and mechanical
tolerances
of the coupler-filter
part.

The magnetic
field of a coil surrounding
the nickel tube
produces a magnetostrictive
effect
allowing
fast changes of
small
amplitude
(- 20 pm).
A slow
change
of large
amplitude
(- 2 mm)
is obtained
by thermal
dilatation
produced by a cold He-gas flow whose temperature
can be
adjusted and stabilised
by a simple, electrically
driven heat
exchanger.
This type of frequency
tuner therefore
has no
moving parts.
The first test of the cryostat
with a 4-cell LEP cavity
and its tuner system has shown no major problems.
The
static overall losses (without
main coupler) are 14 W. A large
part of these losses is due to the beam tube connections
between 4.2 and 300 K at both ends of the cavity.
It will be
greatly
reduced once 8 cavities
are housed inside a common
vacuum tank as it is foreseen for LEP.

Fiq. 7 Photography
of the cryostat
for a 350 MHz
He-feedlines
can be seen. Behind the sealing envelope
TABLE

2 - Typical

Recently
new compact
horn couplers types (fig. El) have
been developed with Qext for the most dangerous horn which
approach the ones realized
already with waveguide
couplers
(Table 2) and which will be adequate for the requirements
of
high current storage rings and of recirculating
linacs.

4-cell
cavity for LEP.
of the vacuum vessel.

Qext obtained

for a few important

Layout of
horn couplers
at beam tube
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(table 2).
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of a compact

.
Endrcll

two-stub

coupler4*

Fundamental
couplers
of coaxial
designs
which
can
handle
more
than
50 kW RF power
have already
been
developed
and tested47*49.
For linear
accelerators
with
beam currents
in the range of 100-200 PA and gradients
of
about S-10 MV/m the RF powers to be handled range in the
kW region
and coaxial
designs should be adequate
up to
frequencies
of at least 3 GHz.
At even higher frequencies
waveguide couplers would again be the obvious solution.

Conclusion
The technology
of RF superconductivity
has found during
the last years an ever increasing
interest
for accelerators.
The progress
in cavity
materials,
surface
treatments
and
clean
room
assemblies
has allowed
to raise
gradually
accelerating
fields to a level adequate
for large heavy ion
and electron
accelerators.
New types of cavities
for heavy
ion
acceleration
have
been
developed
with
increased
mechanical
stability
and which reach fields of 3-4 MV/m and
Q-values
of a few 10O. For electron
acceleration,
multicell
cavities
with fields of S-10 MV and with Q--values
of a few
109 are available.
Fabrication
of cavitiei
by industry
has
started.
The performances
of Cu cavities
sputtered
with a thin
layer of Nb approach the ones of solid Nb and it is hoped that
these cavities
will allow a better
thermal
stabilisation
of
defects
and a cheaper fabrication
of low frequency
cavities.
Thin Nb layers show some interesting
properties
like e.g. less
sensitivity
to external
maqnetic
fields.
Their
study will
hopefullygive an improved
insight
in S.C. properties
and
fructify
the technology
of high T, superconductors
like
Nb,Sn and NbN. Besides cavities simpler and cheaper layouts
for cryostats,
couplers and tuners are under development
and
promising
progress has already been made. This is essential
if one wants to fabricate
these acceleration
systems for the
planned
large
storage
rings
and linear
accelerators
at
realistic
costs.
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Abstract
The CEBAF accelerator is a CW linac based on RF ,superconductivity
and making use of multiple recirculation.
Its
major components are a 50 MeV injector, two linac segments
of 0.6 GeV energy gain each, and recirculator arcs connecting the two linac segments. Each linac segment consists of 25
cryomodules, separated by warm sections with quadrupoles,
steering magnets, and beam diagnostics.
Each cryomodule
contains 8,1600 MHz, 5cel1, Cornell type cavities with waveguide couplers for fundamental power and IIOM damping, each
cavity being powered by its own klystron.
Recirculator arcs
are vertically stacked, large radius, strong focusing beam limes
that miniie
synchrotron radiation effects. A high quality
- 10-O m) beam of 2OOpA, 100% duty fac(AEIE
- lo-‘,c
tor, with 0.5 GeV 5 E 5 4.0 GeV will be generated.
Introduction

ature cavity based systems encounter difficulties because the
necessary large number of recirculations, as in microtron like
machines, severely impact the achievable beam quality. The
use of SRF, allowing a low number of recirculations (3 to S),
is therefore essential.
The status of SRF technology is described elsewhere, a
recent update being presented at this conference.1 The breakthroughs that make this a practical solution occurred recently,
mostly since 1983, and may be summarized as follows:
o Optimization

of shape and coupling.

1

- Serious multipacting prevented by elliptjcal
and spherical cavity shapes.
- RF-coupling and HOM damping at beam pipe
avoid cell penetrations and their deleterious
effects.

and Overview
0

Scientific Backaround
CEBAF is a high energy, high duty factor, high current (4
GeV, 100 %, 200 pA) electron accelerator for nuclear physics.
The need for such a facility has Srst been clearly stated in 1979,
has been endorsed on several occasions since, and represents
today nuclear physics’ highest priority in terms of new facilities acquisitions. In the broadest terms, the scientific mission
are experiments leading to an understanding of the nucleus in
terms of quarks and QCD. The envisaged experiments determine the stated performance objectives of the accelerator. The
energy range, 0.5 GeV to 4.0 GeV is determined by the goal of
establishing overlap with existing facilities on the low side, at
the high end by the minimum energy required to achieve the
spatial resolution judged necessary to meet the general mission’s goals. As will be shown below, the present design has
the capability to exceed thii energy. The need for a high duty
factor beam, (“continuous” beam) simply stems from the fact
that coincidence experiments will constitute an essential fraction of the envisaged program. The relatively high average current of 200 pA epsures adequate event rates for the processes
of interest that typically have low cross sections, and allows the
simultaneous operation of three experimental stations. Beyond
those basic beam parameters, good beam quality, particularly
a relative momentum spread of the order of lo-’ are desirable
because complexity of design and cost of high resolution spectrometers is reduced by such features. Construction begin is
planned for fiscal year 1987, the start of physics experiments
in fiscal year 1992.

0

0

Better superconductor quality may reduce number
of defects, and stabilizes the remaining ones through
better thermal conductivity.
Better manufacturing techniques include
reduced electron beam weld defects, improved
cleanliiess in assembly, identification of defects
through surface inspection and thermometry, and
improved chemical procedures.
Essential to the use in storage ring and
recirculated linacs is heavy damping of higher modes.

Accelerator
Conceptual

Description

Description

Figure 1 illustrates the CEBAF accelerator concept. Two
sections of linac, 240 m long and providing 0.5 GeV energy gain
each, are located in the two straight sections of the racetrack
shaped layout of the accelerator. Transport lines, consisting of
sections called “spreaders,” recirculation arcs, and “recombinera” connect the two liiac segments. While beams of different
energies occupy the same physical locations in the linac sections, they are by necessity separated in the beam transport
lines of which there are four connecting segment 1 to segment
2, for four-p-8 recirculating, and 3 connecting segment 2 back
to segment 1.
Injection
from a liiac
1 MeV, and
segments, to

Technology Base
The most straight-forward
approach to generate the beam
i escribed above is a continuous wave (CW) device. Such an
approach is feasible today, both technically as well as in terms
of capital and operational costs. The key elements are the use
of RF superconductivity
(SRF) and beam recirculation,
i.e.,
the multiple passage of the beam through the same acceleratmg structure. In the energy range of interest, room temper-

into the device is performed with a 50 MeV beam
consisting of room temperature structures up to
the same SRF cavities, as used in the main linac
accelerate from I MeV to 50 MeV.

Extraction is achieved by means of RF separators in a
way that makes it possible to serve simultaneously all three
end stations with beams of the same or up to three different,
although correlated energies.
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MACHINE CONFIGURATION

Figure 1. CEBAF

mates, lumping all cavities in a single location =a assuming
maximum conspiracy in the choice of the transverse matrix
elements result in a worst case threshold estimate that still
exceeds the design current by nearly an order of magnitude.4*5

CEBAF

Bisognano5 and Gluckstern6 have performed more realistic calculations along two distinctly different paths that yield
the same numerical predictions. One approach ia based on simulation, realistically modeling all 400 cavities and the beam
transport optics, and is based on a modification of a SLAC
code by R. Helm. The other approach is based on the fact that
finding the complex frequencies that correspond to the zeros
of the determinant of a 2(n-1) dimensional matrix solves the
problem for an n-pass configuration, irrespective of the number of cavities involved. The matrix elements are relatively
lengthy, trancendental expressions but numerical searches for
the zeros have been successfully demonstrated. We summarize
the results of these investigations by quoting from Bisognano5
the determined threshold values at 4 GeV that exceed specifications by more than 2 orders of magnitude.

accelerator schematic:

Key Issues and Deeinn Choices
The preservation of beam quality and the assurance of
beam stability are the most outstanding beam dynamics questions for a machine of the type described. Important design
choices involve operating frequency, the basic choice of a cavity design and judiciously chosen design values of gradients
All of the latter are obviously tightly connected
and Q-values.
with the task of effective and successful technology transfer to
industry, and have strong cost impact. High reliability and
pro&ion
against damaging beam lass in equally important.

Computer

4h

1888 Mfir
21 mA

Table 1
Simulation Estimates
Breakup Thresholda
1969MHz
18mA

2086MHz
66xuA

of Beam
211ohJJ&
26 mA

The above analysis WM only possible after a cavity design
had been adopted. The choice of the Cornell 5-cell, 1500 cavity with waveguide, beam pipe couplers for fundamental power
and HOM damping ~88 based on the advanced state of this
design that virtually eliminated the need for further lab scale
R&D, the need to demonstrate a feasible overall accelerator
design on a very short time scale, the proximity of the Cornell
group, and the appropriateness of the frequency; Frequencies
below -900 MHz would have violated the CW beam concept,
implying udeairably
high microbunch charges from the experimenter’s point of view, while very high frequencies become
undesirable because transverse impedances will scale as the
thud power of the frequency, given similar shapes. Based on
the experience at Cornell and worldwide a design gradient of
5 MeV/m and a design residual Q of 3 - 10s W(LBpostulated.
Industrial prototyping is in progress -a the successful results
and will be reported below and in a separate contribution to
thii conference.7

Many aspects-of design are pertinent to the issue of beam
quality and will be described below or in other contributions.’
The most fundamental concern, and one that directly impacts
the accelerator layout, ia to hold the effects of quantum exicitation in the recirculation arcs at a tolerable level. A sufficiently
large bending radius is the only meana to control growth of momentum spread OE, while both radius of curvature and etrong
focusing help in miniizing
the growth in horizontal emittance.
The present design achieves these goals with a relatively loosely
packed, separated function lattice that results in an average radius of curvature of 80m. It has been shown’ that within the
planned enclosure an alternate lattice design will fit that would
meet our criteria for energies up to -16 GeV, i.e., an energy
that would appear achievable at a time when multicell cavities
achieve the gradients that are observed today in the best single
cell results.
-

The parameters of the CEBAF accelerator are summarized in Table 2, Figure 2 shows a cavity prototype.

With regard to beam stability it can be argued that at the
projected current levels, and with the planned cavities, the only
beam current liitation
of importance could arise from multipasa regenerative beam breakup that has, e.g., limited the
Stanford SCA to currents of tens of microamperes.
The phenonmenology of thii instability is easily understood: a bunch
passing through a cavity off axis will excite higher order modes
(HOM%) that are transversely deflecting. If a bunch, kicked
by a preexisting field corresponding to one of these HOM’s,
returns with a betatron and RF phase that adds to the HOM
field, the potential for instability in given; steady state is maintained if the bunch excitation compensates for the losses that
occur during the revolution time due to the finite Q of the
mode in question, and at higher currents instability sets in.
Key ingredients to analyze thin phenomenon are knowledge
of HOM frequencies, corresponding impedances and Q values,
cavity to cavity frequency spread and the spatial arrangement
and transverse beam optics of the accelerator. Analytic esti-

Detailed

Descriution

of Machine

Sectors

Idector
The injector haa the task of providing beam with a nominal energy of SO MeV, a norminal 1500 MHz bunch structure and the capability of modulating bunch to bunch intenaity with periodicity three, i.e., matching the requirement of
serving three end usem with beams of different intensity.
The injector consists of a warm section providing beam of
0.95 MeV, followed by a section of superconducting linac consisting of 18 SRF cavities contained in the sequence 2+8+8 in
three separate cryogenic modulea. The only difference from the
main linac segments to be described below is the one module
containing only 2 cavities.
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The room temperature section consists of an electron gun
in Pierce geometry capable of providing a 2mA DC beam with
an emittance of lo-sm at 0.1 MeV, about an order of magnitude better than the design goal of u 2 - lOPorn at 1 GeV.
The gun will have the capabilities for fast pulsed operation,
mostly for tune-up and diagnostic purposes. Two cavities and
an adjustable bslit aperture system provide chopping and intensity control. The slits can be adjusted from 0” to 30” bunch
length for each of three succeeding bunches. Both cavities are
excited at f0/2 and f. /3 in two orthogonal directions, the first
cavity providing the sweep pattern over the bslit aperture,
the second serving to eliminate the introduced transverse momentum. A buncher cavity operating nominally at 1500 MHz
reduces the bunch length to below 10”. Two 5cell cavities,
graded in @, and each driven by the oame type of klystron as
used in the main linac capture the beam and accelerate it to
0.95 MeV with an energy spread of 16 keV and a bunch length
of 1.7O. The whole room temperature section relies strongly
on the NBS/NPL/LANL
design*, and the whole injector has
been extensively modeled with PARMELA.
Figure 2. CEBAF/Comell

cavity.

h
The total accelerating structure comprises 400 cavities and
is arranged in the form of two separate linac sections, each ap
proximately 240 m long. The liiacs are built in a modular fsshion consisting of cryogenic modules separated by warm sections
that contain quadrupoles, steering magnets, beam diagnostics
and vacuum equipment. The focusing sequence and strength
corresponds to a 120” phase advance FODO structure for the
8rst psss through the accelerator, later passes at higher energy
obviously have weaker focusing, particularly in the Yaw energy
end,” i.e.,.the first lmac close to the &e&or.
The sequence of
beam envelopes through the accelerator, Figure 3, shows the
regular pattern on the 9rst pass as well as the decreased but
still adequate focusing for higher energy passes.

Table 2
CESAP SSP CI Line

Design Parmeter

List

team chu~teri~tiu
Electron energy E [CeV]
Average current bA]
Transr*rse
emittulce
(25X, 1 CcV)[m]

0.5 1 J?s 4.0
200
2 x 10-Q

Bncrgy

1 I 10-4
looX

aprmd

Duty factor
Simultmcous
Simultwmus

[cE.X]

k&M

l n*rgi*m

Number of pu.cs
Number of linac l epcnts
segment length [.I
Maximum energy gain par pur [Gev]
Iscirculation
time per pan
~JLS]
Focusing
Phuc advance per cell (pue 1)
Salf-cell
length [m]
Number of cavities
per half-cell
Number of half-ccllm
per segment
Vacuum (before cooldom)[torr]

3
13
Superconducting
Cll recirculating
lioac
t

235
1.0
;i;o
ET
8
25
10-Q

Carlty pummtcr~
TYPO
Frequency

[ua.]

Electric
length
Shut impedance
Design gradient
Design residual

[m]
(r/Q)[ob/m]
[MY/m]

Q

0.6

960.0
6.0
3 x 102

18 to 105
70
1 15.4 ,104

tF l ystu
Number of klystrons
Klystron
RF porcr
to beam [kq
Injcetm
parameter*
Gun etlergy
(UeV)

Superconducting
1503

418
coupled

Injection
*ocrgy [HeV]
bA]
Transverse amittancc (at 0.1 YcV)[u-mr]
Longitudinal
cmittancc (keV-degrees]
Bunch length [degrees]
Pulse capability
km]

Average currertt

teeircu1at1on
vu
Number
Magnetic radii
[m]
Phase advance per wriod
Periods per u;

2.0
0.10
50
200
1
< 151
< 1.5

0.05 to

10

?
11.6

to

26.5

2r(5/4)
4
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I
are obtained even if a standard deviation of 1 MeV in energy
gain per cavity is allowed.10 Even thii effect can be reduced
by individual adjustments of the cavity gradients on the few
percent level.”
0.I”“I”“I’
1

0.-

Figure 6. Uncorrected differential head to tail deflections
after four passes with 400 cavities with G = 5IkfV/m,a~
=
Ellipses correspond to L = 5 - lo-ram
and head,
lIKV/m.
center, and tail of bunch, respectively.
The latter observations are important because each cavity
is powered by its own klystron. Thii results in increased system
availability and provides an extra margin of safety for reaching or even exceeding design energy. We can expect a spread
of reveral MeV/m between different cavities, and the planned
system allows maximum utilization of the available cavity cb
pabilities. The demands on the control of the RF system are
quite demanding: amplitude must be controlled within lo-‘,
phase within lo, and this in a reverely beam loaded situation.
A contribution by J. Fugitt ” to thii conference describes the
RF-system deeign.

Figure 6. Beam envelope traces through four liiac passea.
An identity transformation
is substituted for the beam transport section between liiac 1 and lmac 2.
Each cryogenic module, Figure 4, in made up from four
cry*unitn, cryostats containing two S-cell cavities, representing
the smallest self-contained building block of the accelerating
structure. Figure 2 depicts the cavity and Table 2 summarizes
its key parameters.
The design of the cryostat, and issues
pertaining to the cryostat-cavity
assembly and their solution
are discussed by Bial1as.O AB ia evident from Figure 4, the
orientation of the fundamental power couplers alternate from
cavity pair to cavity pair in a left-right-right-left
pattern.

Beam Tranmort
Under thii heading we subsume all the beam transport elements not contained within the liiac sections proper. The key
requirements are to provide matching in all three phase planes
from liiac rection to linac section, isochronicity (or sufficiently
small deviations from it), total circumference lengths of exact
multiples of the RF wave length, and miniial
degradation of
beam quality due to synchrotron radiation effects.

,ecAw-mllwcw~
AT#Q)FAsTAcmevuve
EvavFmlDouII

I

/
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Figure 4. CEBAF
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The transport aystema from linac section 1 to section 2
contain the lame basic components as those connecting section 2 back to section 1, if we abstract from the fact that the
corresponding energies are different and that we deal with four
beam lines in the 6rst case, and only 3 in the second. Starting
at the exit of a linac we fist encounter the vertical spreader,
an achromatic bend, followed by a matching section containing
extraction elements (after section 2) or the space to implement
them at a later stage (section 1). The 180” bend is then executed by the recirculation area proper, which in turn are followed by a (shorter) matching section and another achromatic
vertical bend, the recombiner.

cryogenic module.

,

This arrangement ensures that the very small beam emittance is not degraded by the head to tail variation in the
transverse deflections that are inexorably associated with the
field asymmetry acrom the aperture at the power coupler end.
With all cavities powered equally the compensation is essentially perfect, but aa illustrated in Figure 5 very good results
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These arrangements are depicted in Figure 6. One of the
central concerns in the design of the arcs was minimization of
beam degradation and a solution that could be implemented
with uncomplicated magnets. The present design foresees arcs
composed of four periods each, with a total phase advance of
5 x 2n in both planes. Each period is an isochronous second
order achromat. Basically the same quadrupole arrangements

are employed in all beam lines but the number of dipoles is
reduced for the lower energy lies.
Magnetic radii thus fall
between 11 m and 29 m. Table 3 summarizes key parameters
of the recirculation arcs.

Figure 6. Details of beam transport
liiac 2, respectively.

We 5ally diicuss the extraction process. RF-separators,
i.e., cavities excited in a deflecting mode are used to achieve
extraction on a bunch by bunch basis. An obvious but practically undesirable frequency is 500 MHz for the task at hand,
namely to affect three interspersed sequences of bunches differently. In fact any frequency f = L/3 - fo = .C- SOOMHz, where
L is not an integral multiple of 3 will do, and the design choice
is 5/3.15OOMHx
= 2500MHz.
Three RF separators are installed in the extraction/matching
straight sections following
the spreader downstream of liiac segment 2. If an RF sep
arator is not energized all bunches continue for another pass
through the accelerator. If extraction is desired the separator is energized and deflects, if properly phased, every third
bunch maximally outward across a thii magnetic septum that
completes the extraction process while all other bunches rue
deflected inwards receiving a kick of only half the maximum
strength whose effect is compensated by a static magnet further downstream. After four passes all remainiig beam exits
without further manipulations.
A vertical recombiner brings
the beams back into the horizontal plane. The extraction channels are tuned such that at this point the beams are slightly
divergent such that, some diitance downstream, they can be
separated by magnetic septa. Thii is obviously only achieved
if each beam is extracted at a different energy. For the case
where more than one beam is extracted at the same (full four
pass) energy, a fourth separator is located following the last
m-combiner element. Thii separator is phased such that the
relative kick strength is +l, 0, -1, +l, . . . to distribute the
beams to the three end stations.

following liiac 1 and

Table S
Table 3: Beam Line Lattice Properties
Lattice Property
10s2.0 CeV / 2.5 GeV

1 3.0-3.5 CeV

_.-=I
2n x 5
35..3.5
9AO

Key issues in the design of thii extraction system are the
choice of technology, SRF versus conventional, and the minimization of emittance growth due to differential head to tail
deflection. The present design achieves extraction with negligible emittance growth at deflection angles of the order of lo-‘,
and with these modest kick requirements room temperature
deflectors appear to be the simpler and more cost effective so
lution.
Overview over Other Systems

The design of these arcs is described in detail by Douglas’.
The key features are:

Vacuum

o Alignment, field quality and energizing
tolerances within current practice result in
negligible beam quality degradation and/or
are sufficiently well compensated by the
planned set of beam monitors and correction
magnets.

Vacuum requirements as set by beam loss criteria are modest. The arcs and other beam transport lies are pumped by
discrete ion pumps and at a pressure of 2. lo-’ Torr total beam
loss is at the very most a few 10s6 for four full passes. This
pressure is initially exceeded due to the desorption of gss by
synchrotron radiation13 but is reached after only four days of
operation during which beam loss will not exceed the 10 to 20w
level if full beam power is used. More stringent requirements
are establiihed by the need to protect and keep clean the cavity
surfaces. Fast gate valves placed between every fifth cryomodule will limit damage in the case of a sudden vacuum accident.
The warm sections between cryomodeles will be treated such
that a pressure < 10-O Torr is reached with the end valves to
the cryomodules closed. At the ends of both liiacs an additional length of beam pipe will be kept at 2K.

o The induced momentum spread UE/E
is only 1.2 - 10m5 to be compared
with the undisturbed value of 2.5 - 10B6,
indeed negligible in quadratic addition. The
resulting emittance growth is completely
negligible at AC u 3.4. lo-“m
compared to the expected c N 5 - 10-lOm
at 4 GeV.
b The resulting average arc radius of 80 m
will accommodate alternate lattices for higher
energies that would result in similar
performance at up to four times higher
energies.

I&C and Correction

Systems

The CEBAF accelerator will be extensively instrumented
and equipped with a commensurate set of correction elements.
Essentially at every quadrupole a beam position and beam current monitor will be installed. These will be based on cavities
resonant at 3000 MHz oscillating in the TMrro and TMoro
198
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modes, respectively, and providing X, Y position and current
information. With every quad location in the linacs an X and
Y steering dipole will be associated, while in the beam transport lmes steering dipoles will act only in the quad’s focusmg plane. Beam profile monitors for the beams of only a few
lO($m width are being evaluated, with synchrotron radiation
devices and 9ying wires” being the leading candidates.

PROTOTYPE CAVITIES

4.L

4
b

Linx.
cavities
Linac
beat'
shields
End Sta.
liquefx.

2.0

40.42.
4.4

3200

K

6003 I
1.54 I/hr

4,603

12,000

260

l/hr

1

1

Pres.

References

0.031

(150)

3.0

(100)

1.2

.

The author is indebted to a large number of individuals
and organizations, most importantly the Accelerator Physics
and Engineering Staff at CEBAF, the SRF group at Cornell,
and most importantly to the many members of the worldwide
SRF community.

gqu
(150)

;

I
v.nk.r

Acknowlednements

Pcquiremests
Pcf ri&
capxi ty

:

Figure 7. Results of first industrially fabricated CEBAF
cavities. Design gradients and Q-values (5.0 MeV/m, 3 * 10’)
are substantially exceeded.

Table 4

CdCW
heed
-lO%d

-
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A siseable cooling system is required to operate the superconducting accelerator. I4 After lengthy and careful analysis
2.OK has emerged as an optimum temperature with regard to
technical complexity, capital and operating costs. The system’s
cooling requirements are summarized in Table 4.

Be
tamp (k)

-

4

System

Cooling

CEBAF

1

The key features of the control system will be heavy emphmb on hardware versus software, the extensive we of distributed intelligence, and the general orientation towards,the
user and operator, and hi evolving needs and demands.
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OF STANDING-WAVE
AND TRAVELING-WAVE
ROGER H. MILLER
Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305

seen on probes A, B, and C. Conversely, it is apparent from the
signals from the X/3 probes in Fig. Id that the wave is traveling from D to E to F to G, i.e., from left to right. A more
careful consideration of Fig. Id suggests a second possibility:
the wave could be traveling from right to at half the velocity
since it takes twice as long as seen by the probes for the wave
to go from E to D as it does to go from D to E.

Introduction
The controversy over the relative advantages of standingwave and traveling-wave linear accelerators is now in its fourth
decade. It has been fed by a considerable body of misinformation. The author hopes in this paper to shed some light on
the subject, and expose some of the falsehoods. The discussion
is directed toward the question of which structure to use for
short pulse high field electron accelerators since it is almost
universally accepted that standing-wave structures are appropriate for C W and long pulse accelerators. Three arguments
against standing-wave accelerators are discussed and shown to
be invalid.
The

Stanford

Myth
Er

The Stanford myth states that a standing-wavecan
be considered to be the superposition of two traveling waves (true!).
It further states each of these traveling waves contributes
equally to the power dissipated in the structure (true!) but
that only the wave traveling in the same direction as the particle contributes significantly to the acceleration (usually true?).
Thus, concludes the myth, since the acceleration is equal to a
single traveling wave but the power dissipated is twice as great,
the shunt impedance of a standing wave accelerator is half ss
large ss that for the traveling wave:
rsw=-rm

1
2

z

(‘),A.,

rTW

A.C

B

0

0

A,C

Er

Stanford Myth
(d)

where
rSW

STRUCTURES*

ID,G

E

F

D,G

E

F

D,G

E

= shunt impedance of standing wave
= shunt impedance of traveling wave

In either case the shunt impedance is defined as
l7’2
r

=

uavc

dPfdZ
where
E oue = the average accelerating field seen by the particle
dP/dZ
= power dissipated in the structure per unit length
The Stanford-myth
is mostly true and yet irrelevant and
consequently false. It is irrelevant because it does not apply to
the structures always used in SW accelerators for reasons we
shall see.

Fig. 1. Electric
line; b) Radial
along the line;
probes vs. time;
probes vs. time;
from the coaxial

In Fig. la, a coaxial line is shown with a TEM wave traveling from left to right. The coax line has three radial electric
field probes spaced X/2 apart through its upper wall, and four
probes spaced X/3 apart through its lower wall. Figure lb
shows the radial electric field E, as a function of Z at time
t = 0. As time progresses the sinusoidal field pattern in Fig. lb
will move from left to right. In Figs. lc and d respectively, we
show the signals on the X/2 spaced probes A, B, C and the X/3
probes D, E, F, G as a function of time. It is apparent from
Fig. lc that it is impossible to determine from the X/2 electric
field probes whether the wave is traveling from left to right,
i.e., from A to B to C or from right to left, i.e., from C to B
to A. It follows that two equal waves traveling from opposite
directions (i.e., a standing wave) could also give the the signals
*Work supported by the Department
DE-AC03-76SFOO515.

of Energy,

fields in a coaxial
electric field as a
c) Radial electric
d) Radial electric
e) A hypothetical
line.

line: a)
function
field at
field at
s-mode

The coaxial
of distance
X/Zspaced
X/bspaced
linac made

The coaxial line in la can, in principal, be made into a
particle accelerator by introducing gaps into the hollow center
conductor ss shown in Fig. le. Interrupting
the current flow
in the center conductor will produce longitudinal electric field
across the gaps which will accelerate charged particles traveling
inside the center conductor. If the gaps are placed every halfwavelength, it follows from our discussion above, the particles
will be sccelerated whether they are going the same direction
or the opposite as the wave. Therefore, both traveling-wave
components contribute equally to the acceleration of the particles. Thus the conclusion of the Stanford Myth does not apply. If, instead, we had spaced the gaps at intervals of X/3 we
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would find we
same direction
phase velocity
be accelerated
_

could accelerate particles moving only in the
as the wave if their velocity was equal to the
of the wave. Particles moving half as fast could
in the opposite direction.

the power dissipated is

We gain additional insight if we consider the standing-wave
accelerator to be a chain of N coupled resonators. The voltage
across the accelerating gap of the ratA resonator is:
where RC is the single cell shunt impedance.

where ?rq/(N - 1) is the ph ase shift from cell to cell in a traveling wave. The resonance condition requires that q be an integer
such that

The total structure

shunt impedance is

01qI(N-1)
The time when a particle gets to the center of the nth gap
is

RT = :RC

t = f = (n - 1):
For rrq/(N
where
u is the particle velocity
C is the periodic length

- 1) = 0 or rr or for traveling

wave

c
V=NVo

(n - l)C

N-l

(2)

V

energy gain occurs for the synchronism

RT = NR, ;

condition

where p is an integer.
Then the total voltage gain is

v = 2 v, = h 5 cos2(n;_l)lnq
n=l

(3)

n=l

for

O#q#N-1

When
q=O

or

N-1

= nr

v, = VOcos(n - 1) % cos rut

V=NVo

RT = gRC
but that is not surprising since half the cells have zero fields.
Since the voltage across the even numberedcells is zero, there is
no need for them to be on the beam axis, so Los Alamos moved
them off-axis and created the side-coupled structure shown in
Fig. 2. This structure is electrically a n/2 mode, but in terms
of its interaction with beams it is a R-mode structure. An alternative to moving the unexcited or coupling cavities off-axis is
to shrink their length as shown in the Uon-a.xisn coupled structure also shown in Fig. 2. Since these structures are electrically
a n/2 mode, they are in the middle of the pass band (half-way
between 0 mode and A mode) where the group velocity is the
greatest.

and 2) the particles don’t arrive at the gaps at the maximum
field time but rather there is a cosine phase dependence,

.

V

We are now ready to calculate the shunt impedance.

(8)

when we see that V,, = VO when n is odd and V, = 0 when n
is even. The shunt impedance is

Note that the factor l/2 for other than 0 or A modes arises
1) the voltages across the gaps are not all
from two factors:
equal but rather have a cosine distribution,

cosur(n

n*
N-l

Needless to say almost all standing-wave accelerators are
built in 0 mode or rr mode (i.e., rrq/(N - 1) = 0, or rr). However, until the early sixties these modes had one very serious
drawback, the group velocity is approximately zero. The group
velocity is the energy propagation velocity. A zero group velocity means the structure is poor at delivering energy to the
beam and that the field profile is very sensitive to beam current
and mechanical tolerance. The development in the early sixties
of what is sometimes called resonant coupling eliminated this
problem. The resonant coupling as developed at Los Alamos’
for R mode structures is best understood by considering the
case for q = 4 in Eq. (l), i.e., rq/(N - 1) = x/2. In fact, it is
a semantic question whether the Los Alamos structure is ~12
mode or rr mode. For g = 4 Eq. (1) becomes

~=+&+24

V=!!$

(6)

p=F

v, = VI costn - ljnq coswMaximum

O#q#N-1

When

O#q#(N--1)
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Side Coupled

On AXIS Coupled

Coupling Slot

Fig. 2. Two biperiodic
linac structures.

(resonantly

coupled r-mode)

TW

One may ask how close to rr mode must one be for V =
NVo? The answer is that if the structure is exactly periodic and
the boundary condition rrq/(N - 1) = mrr with m an integer
is met exactly, then the structure must be exactly r mode.
For example, if the phase shift per cell is exactly 99rr/lOO the
structure must be 100 cells long to meet the periodic boundary
condition and one finds V = (N/2)V, = 5OVo.

80

60
5-86

100
I20
PHASE/CELL

140

I

I

1

160

(degrees)

Fig. 4. Shunt impedance of travelingwave modes in disk-loaded waveguide.l

Reality, of course, is never perfect and no structure is perfectly tuned. If the terminations have an appropriate reactance
.a 30 cell structure could be resonant in the 99n/lOO mode. If
the resonant frequency of the first and last cavity is the same
and adjusted appropriately, the maximum field can be in the
center of the structure. In this case one gets a shunt impedance
which is 93% of the s-mode shunt impedance or in other words
a shunt ‘mpedance per cavity which is 93% of the single-cavity
shunt impedance.

r/2

I80
5433A6

and standing-

I

,

I

Z. D. Farkas2 calculated the shunt impedance per unit
length for a disk-loaded waveguide structure shown in Fig. 3.
,Reflection

Plone

+
Cylindrical
Axis
1..
6

Fig. 3. Structure used for computer calculations of shunt
impedance in Fig. 4.
He calculated the shunt impedance for a number of traveling
wave modes using the program KN7C.3 He then calculated the
shunt impedance for the same modes as standing waves in the
same structures using the program URMEL.’ Finally, he made
a series of calculations of standing-wave structures in which
the end cells were not standard. This was done by moving the
right-hand boundary in Fig. 3 so the right-hand cell was not
precisely half of the other cells. Since the left-hand boundary
is a Neumann boundary, the structure being calculated is a
structure with symmetry around the left boundary. That is, a
structure with three full equal cells and with identical partial
cells on each end. By moving the right-hand boundary he was
able, in effect, to tune the resonant frequency of the end cells
in a five-cell structure. The shunt impedances calculated are
shown in Fig. 4.

6-86

2

5433*5

Fig. 5. Field distributions for three standing-wavemodes
shown in Fig. 4: a) 3x/4-mode; b) 159”-mode; c) rrmode.
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I
Filling

The standing-wave modes with the periodic boundary condition of Eq. (2) are shown as triangles. They have half the
shunt impedance per unit length of the same mode in a traveling wave with the exception of the x mode. The standingwave modes with aperiodic boundary conditions are shown as
squares. They lie on a continuous curve between the 3rr/4
mode on the VW/~ curve to the x-mode on the Vcurve.
This transition can be understood by considering Fig. 5a, b
and c, in which E:(z) is plotted for the 37r/4 mode, the 159”mode and the r-mode respectively.
It is apparent that. the
field strength gets progressively more uniform from cell to cell
as one moves from the 3a/4-mode with periodic boundaries to
the 159”-mode with aperiodic boundaries to the s-mode.
Reflections

from

Standing-Wave

for Standing-Wave

Accelerators

Since any resonant system approaches steady-state exponentially, it takes quite a number of time constants to get very
close to the steady state. For example, it takes 4.6 time constants to reach 99% of steady state; 6.9 time constants for
99.9%. However, fora modern high current, high energy accelerator designed for high energy and nuclear physics it is reasonable to design the structure so that the beam loaded energy
is about 80% of the unloaded energy. A standing-wave accelerator reaches 80% of steady state in 1.6 time constants. The
appropriate time constant is the time constant when loaded by
input coupling irii:
,=A&!41

Accelerators

+ P)

where /3 is the coupling constant which is measured as the
VSWR with the beam OK Since the coupling is chosen so
that the structure is approximately
matched with beam on,
this time constant may be a factor of three shorter than the
unloaded time constant.
In a study done by the author on
a conventional standing-wave structure for CEBAF the time
from the beginning of the RF pulse until the beginning of the
beam pulse was .8 psec (exactly the same as for the SLAC
structure).
However, the response of the standing-wave structure to an external RF pulse, and the response of the structure
to a beam, are both exponentials with exactly the same time
constant. Therefore, if the beam is turned on at precisely the
instant when the structure reaches the steady-state value with
the beam on, then the beam energy stays right at that steady
state value as shown in Fig. 7.

Reflections from standing-wave accelerators are a serious
concern because klystrons can be destroyed by reflected power.
Any high q resonant cavity reflects a large fraction of the incident power during the beginning of the filling time. Furthermore, a standing-wave
accelerator can only be matched
for some nominal current.
For either a higher or lower current, power will be reflected from the structure. For low-power
accelerators the solution is normally to put an isolator or a
circulator between the klystron or other microwave source and
the load. However, isolators do not presently exist for the
very high power levels used in most high energy short pulse
linear accelerators. Fortunately, a very simple remedy exists.
If each klystron drives two standing wave accelerator sections
(Fig. 6) through a 3 db hybrid, if the waveguides to the sections are equal in length, and if the two sections present the
same impedance to the waveguide, then the reflections will add
constructively
in the fourth arm of the hybrid.
Accelerator

Time

Sections
(n+i)X

+,--------++

-------

.

.

-*Beam
L

L

2

3
X

\

3dbi

Hybrid

3-3

1

4

Reflected
Power
Goes to Lood

Klystron
5433A12
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Fig. 6. Configuration
wave structure.

for avoidingreflection

t/r
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Fig. 7.

Thus the reflected power will go to the dummy load. This
technique has been tested thoroughly at SLAC, for it is precisely the way the energy storage cavities in the SLED system
work. Each SLAC klystron drives two SLED cavities (loaded
Q = 20,000) through a 3 db hybrid and the reflected and
reradiated power is transmitted through the fourth arm of the
hybrid. In the SLED case the fourth arm goes to the accelerator rather than a dummy load. The reflected power from
the SLED cavities would surely damage the klystrons were it
not for the isolating property of the hybrid when used in this
fashion. The 3 db hybrid gives only 6 db isolation against reflection from arcs in the structures, since the two structures
will only very rarely arc in exactly the same place on the same
pulse so as to produce the desired interference between the two
reflected waves.

3

2

I

0

from standing-

Energy transients

in standing-wave

5

4

5433Ait

accelerators.

If less than full beam current is desired, the same procedure is followed except that when the beam is turned on, the
RF power is reduced. The reduction of RF power can be accomplished by reducing the RF drive to klystrons with fast
solid-state attenuators, or by removing the drive from certain
klystrons with fast RF switches or a combination of both. The
voltage through a standing-wave structure of length L is given
by
?$

v = (rLP)‘I2
(

(I_

c-L/r)-s[I-exp

(-?)I

>

where tb is the time where the beam is turned on and the
current i = 0 for t < tb, and is constant for t 2 tb. If one

203

than most accelerator designers would feel comfortable with
for a long research accelerator. However, a shunt impedance
of 80 Mfl/m
can be obtained at 2856 MHz with a 10 m m
diameter beam aperture.
This cavity is scaled (and slightly
modified) from the structure designed by LANL, for the NBS
Microtron.sp6 The nose cone shape, cavity radius, and gap
length are optimized for shunt impedance.

chooses rb so that
li;LD

- (&P)‘h

f!$

exP

(+)

one finds that for t 2 t)
v = (rLP)‘12

(s)

p-..P(-?l)]

,

Similar optimization can be done for traveling wave structures. Three possible designs are shown in Fig. 8. Figure 8a is
a standard 2n/3 SLAC structure. The figure shows l-1/2 cells
from LALA computer output. Figure 8b is a modified structure with about 15% higher shunt impedance. Figure 8c is a
7rr/8 half-cell with the same shape az the optimized structure
used in the NBS Microtron.
The shunt impedance should be
78 MfI/m.
Magnetic field coupling holes would be required
between cells since coupling through the beam hole would be
extremely small. This cavity has not been physically modeled.
At the 7rr/8 mode, us is only 38% of the midband value, so
the coupling slots will need to be large and the coupling losses
might be excessive. The optimum may be somewhere between
3ir/4 and 7rf8.

so V is constant for t 2 tb. It follows that the right time to
turn the beam on is
irL
tb =

rLn

2/31/2(rLp)l/2

If /I has been adjusted so that there is no reflection from the
structure when the beam is on, this can be expressed as

tb=rtn$$ .
Thii procedure for compensating for the beam
loading energy transient is easier than that employed
in traveling-wave accelerators. With traveling-wave
accelerators, the response of the structure to the beam
has a different functional dependence on time than
the response to an external RF source. Hence, to get
good beam loading compensation, it is necessary to
turn on the compensating klystrons at a number of
different times in order to synthesize the inverse of
the beam loading transient with the klystrons.

,Reflectlon

Plone

-IL

Quantitative

Comparison

6.86

Now that we have discussed the three major considerations
that were once thought to eliminate standing-wave structures
as candidates for short pulse, high energy electron linacs, we
must look quantitatively
at both standing-wavestructures
and
traveling-wavestructures
to see which is superior. From Fig. 4,
we might conclude that the 2rr/3 traveling wave strcture was
the clear choice since it has the highest shunt impedance, about
20% higher than the z-mode. The reason for this is that the
calculations were done for the flat disk-loaded waveguide shown
in Fig. 3. The shunt impedance per unit length falls off to the
left of 2~13 because the increasing number of disks per unit
length increase the conductor surface areas per unit length and
hence the losses. To the right of 2s/3 the shunt impedance
decreases because the transit time factor

---

I

(0)

(b)

w

Reflection

Plone

Magnetic
Coupling
Slot

decreases rapidly beyond a phase shift per cell A4 of 120”.
However, nose cones or drift tubes can be added to the disks
so that the accelerating gap need not increase in length as the
number of cells per wavelength decreases. In this case the shunt
jmpedance increases monotonically with increasing phase shift
up to A mode.

Fig. 8. Traveling-wavestructures:
a) SLAC 2n/3 diskloaded structure, r = 57 MC/m; b) SLAC 2x/3 modified to raise Q, r = 65 Mfl/m;
c) Optimized 7rr/8
travelling-wave structure, r x 78 MfI/m.

The side coupled structure shown in Fig. 2 has been optimized in recent years to achieve shunt impedances in excess
of 100 Mfl/m at S-band as compared with 57 MR/m for the
SLAC strcture. The very high shunt impedances are obtained
by reducing the beams aperture to 6 m m diameter-smaller

The author participated in a design study carried out at
CEBAF which attempted to compare these structures with
side coupled standing-wave structures. For a constant gradient traveling-wave structure the power required to achieve a
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voltage gain of V in an accelerator structure

is

&+/=rq1 - l e-2’) v+; I-- 122e-sr
1 ‘(

e-11

where r is the attenuation

through

For the standing-wave

I

A comparison was also done for a CEBAF design in which
the beam was not recirculated through the linac. For this case
the overall length of the accelerator became a free parameter
to be optimized and the beam pulse length was 1.2 psec. This
case also favored the standing-wave structure by about 10% in
costs.

l

the structure.

Standing-wave accelerator structures are certainly competitive and probably superior in the domain of short pulse electron linacs, which for many years have been considered to be
the exclusive domain of traveling-wavestructures.
The one parameter region in which traveling-wavestructures
are probably
superior is when the beam pulse is negligibly small compred
with the natural time constant of the structure, r = 2Q/w,
such as linear colliders and storage ring injectors. This is particularly true when energy storage cavities are used for pulse
compression (e.g., SLED). The RF pulse from such systems
has the form

structure

P SW = csqv+&]’
4rLP

.

For each of the traveling-wave structures except the SLAC
structure, the attenuation was chosen to minimize the average power required. For the SLAC structure the attenuation
was .57, i.e., the actual value for the existing SLAC structure.
The-following
parameters were 6xed by other aspects of the
CEBAF design:
Linac energy
= 2 GeV
Linac active length = 105 meters
Peak current
= 200 mA
Beam pulse length = 2.4 psec
A comparison

of the different

structures

P(,)=Po(l-c-‘/r)
so the power incident on the structure is maximum when the
reflection coefficient from a standing-wave structure is msximum.

is shown in Table 1.
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Introduction

The SLAC Linear Collider project (SLC) which began formally in October 1983 is nearing completion.
Some systems
of the collider have been completed and brought into service,
some are being completed this month, and the last systems are
scheduled to be finished by the end of November. The project
is slightly behind schedule, having originally been scheduled to
be complete by the end of September, but progress has been
good and no major obstacles now appear to stand in the way
of completion.
The main performance specifications of the SLC are shown
in Table 1. The second column, labeled “First Year”, gives
the performance we hope to attain with the collider in its initial form, and the third column, labeled =Nominal” gives our
eventual goals - goals which exceed those set forth originally.’
The principal differences in the physical machine between the
two columns are in the repetition rate and the final demagnification. The collider will operate initially at repetition rates up
to 120 Hz rather than 180 Hz and the final demagnifying lens
system uses iron magnets instead of superconducting magnets
Table

1.

Luminosity

e’ Booster

e+ Target

Specifications

e’ Return
Line

The performance specifications of the SLAC Linear Collider.
The second column shows the performance expected from
the machine as it is being built, and the third column shows
the performance
goals eventually
sought as the machine
is improved.
First Year

Nominal

Units

Beam Energy
Repetition Rate

50
120 (al

50
180

E(GeV)
j(sec-‘)

Interaction Flux
Normalized Emittance (at RTL)
Effective Emittance (at FF) _
Momentum
Spread
Bunch length
(linac)
Bunch length
UP)
Final Demagnification
Spot Size (IP)
Disruption
Parameter
Pinch Factor
Luminosity

5 x 10’0

7.2 x 1O’O

N*(&Ii>

3 x 10-S

3 x 10-K

7c (m-rad)

4.2 x 10-l’

4.2 x 10-l’

cz,v (m-4

f0.2
1.5

f0.2
1.5

1.0(b)

LO@)

x4(c)
2.07

x5
1.65

0.34
1.14
6.4 x 102’

0.76
2.2
6.0 x 1030

&--.---e-

.-a.

OVERALL

Fig. 1.
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Schematic layout of the SLC.

the consequence that the demagnification is less. Even
these reductions in performance, the expected luminosity
yield about 60 Z”‘s per hour - a sound basis for a vigorous
fruitful experimental program.

A schematic drawing of the SLC is shown in Fig. 1, which
identifies the major systems of the collider, and in the following
sections, we shall discuss the status of each system.
D
H
cm-’ see-l

ta) Assumes technical contingency exercised initially.
(b)Assumes a, compression in arcs due to p/z correlation.
(ClAssumes conventional iron quadrupoles initially.
‘Work supported by the Department
DE-AC03-76SF00515.

Damping Rings
-Existing
Linoc
(Sector I)
e- Booster

of Energy,

contract

2. The Front

End

The SLC front end comprises the electron gun and booster
and the first sector of the linac. (The linac is organized into 30
sectors.) The purpose of this part of the collider is to produce
a pair of electron bunches, spaced apart by about 60 ns; to
boost these bunches to an energy of about 200 MeV at the beginning of Sector 1, where a single bunch of 200-MeV positrons
(which has been transported from the positron source) is injected about 60 ns behind the trailing electron bunch; and to

i

accelerate all three bunches through Sector 1 to an energy of
1.21 GeV. At the end of Sector 1, the three bunches are deflected into the north and south transport lines that lead to
the damping rings. At the output of the electron booster, the
electrons have an energy of about 50 MeV, a bunchlength of
about 2 m m and a normalized emittance 7~ = 15 x lo-” m-rad.
(Emittances in this report are areas in phase space divided by
rr.) In April, 1986, the thermionic gun was displaced 38 deg off
the linac axis to permit installation of a polarized photoemitter, also displaced by the same angle in the opposite direction.
The gun area is shown in Fig. 2. TestingLof the polarized source
is planned for later in the year.

3.

The Linac

The linac downstream of the damping rings (Sectors 2-30)
has a length of 2900 meters and is powered by 229 SO-MW
klystron tubes. A strong-focusing FODO lattice of 282 quadrupoles, together with beam position monitors and pairs of
steering dipoles associated with each quadrupole, constitute
the SLC beam focusing and guidance system. This system is
needed to prevent emittance growth due to wake field effects.
More details of this will be presented by the next speaker.*
Figure 4 shows one station of the system. At this time all of
the magnets have been constructed ss have the beam position
monitors. All of the dipoles have been installed, and 235 of
the quadrupoles have been installed.
All of the dipoles are
operational and the quadrupoles are being commissioned now.

-.
Fig. 2.

The SLC gun area. The thermionic emitter is inside
the corrugated ceramic bushing to the left of center.

iiL
,I

In order to transmit the positrons with their large emittance (76 = 1000 x lo-’ m-rad) through the front end, a very
strong external focusing system, shown in Fig. 3, is required.
As early as October 1984, a pair of electron bunches was accelerated through the front end to full energy with bunch populations of 6 x 10” electrons each and within specified emittance,
and the front end has been in regular use since Autumn 1985.

Fig. 4.

The linac beam focusing and guidance system. At the
left of the photograph is a quadrupole magnet and the
associated horizontal and vertical steering dipoles. A
beam position monitor is imbedded in the bore of the
quadrupole. The positron return line can be seen at
the upper right.

The accelerating gradient of the linac has had to be raised
to accelerate SLC beams to 50 GeV. This is being accomplished by replacing the klystrons with new SO-MW (nominal)
klystrons of SLAC design and manufacture.
They are shown
in Fig. 5. We have found that these klystrons operate better at
60 M W to 70 M W with a shorter pulse (3.6 psec) than they do
at their original design power of 50 M W with a longer pulse.
There are about 150 of these new tubes in service now on the
linac, and they are being manufactured at the rate of 11 starts
per month with a yield of between 70% to 80%.
For these more powerful tubes, the SLAC modulators and
their associated systems are being rebuilt. More details on this
program are reported to the Conference in another paper.3

Fig. 3.

Focusing system on Sector 1.

210

Fig. 5.

Fig. 6.

SLC SO-MW klystrons mounted in their oil-filled pulsetransformer tanks and surrounded by their focusing
electromagnets. The collector is upright and shielded
in lead and the double-window output circuit is next
to it.
4. Damping
Rings

The north damping
6.

ring in its underground

Positron

Source6

The positron source system is shown schematically in
Fig. 7. When a positron bunch and an electron bunch are
launched into the linac from the damping rings to be accelerated and collided at the final focus, a third bunch (electrons) is also launched, trailing them. When the third bunch
reaches the twethirds
point of the lmac, a fast kicker magnet
deflects it out of the linac into a 33-GeV extraction line which
transports it to a heavy metal target where it produces an electromagnetic shower. Positrons are collected from the shower
by solenoids and a high-gradient accelerator.’
They are accelerated to about 200 MeV by a short linac and sent via an
isochronous beam transport line in the main linac housing back
to Sector 1 of the linac. The extraction line and a portion of the
positron return line are shown in Fig. 8. The last parts of this
system are being installed now, and commissioning has started.

The damping rings are located 1130th of the way down the
linac at the end of Sector 1. The north damping ring (to the
left in Fig. 1) is being commissioned now. A photograph of it
is shown in Fig. 6. The south damping ring has been rebuilt in
part and will be commissioned later this month. It was originally built ss a research and development vehicle, and it was
operated in 1984 and 1985.* Its performance revealed several
weaknesses in the original design that have been corrected in
the present design. For example, chromaticity
correction to
combat the head-tail instability was implemented in the original design by shaping the ends of the poles of the dipole magnets to produce local sextupole fields. Since the dipoles are
operated at a field of almost 2 Tesla, the pole pieces are somewhat saturated, and the precise field shape desired is difficult to
achieve in practice. Unwanted higher-order fields tend to arise.
In the present design, the poles are optimized to produce the
highest dipole field - and with it the smallest bending radius
and the fastest damping time - and the sextupole fields are
produced by compact permanent-magnet
sextupoles.

0.

The

SLC Arcs

The SLC arcs are composed, for the most part, of verystrong-focusing alternating gradient magnets with an aperture
of only about a centimeter. In SO-GeV operation, these magnets produce a bending field of about 0.6 TeAa and a gradient of 0.7 Tesla/cm (n B 33,000). The strength of focusing
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to scofel

source system.

The final focus system, filling the last 500 feet of tunnel
on either side of the interaction point, contains the elements
that demagnify the beams to a final spot size of about 2 pm,
steer them into collision, and transport the disrupted outgoing
beams to beam dumps. This system of the SLC, being the last
to receive beams, has been the last to reach the fabrication
stage. At this time, most of the shop facilities at SLAC mechanical, electronics and vacuum - are busy making parts
for the final focus system. Most of the magnets and other major components are finished and are awaiting final calibration
and mounting on their support girders. The final mounting of
magnets with vacuum chambers and diagnostic instruments is
expected to get under way in about three weeks. As each girder
is finished, it will be transported to the tunnel and installed.

Fig. 8.

In the tunnels and the experimental hall, preparations are
being made now to facilitate the installation of the girder assemblies. The cable trays and plumbing in the tunnels are
finished, and the installation of cables is proceeding. The first
racks of control electronics, fully wired and tested, will be installed in the experimental hall in about two weeks.

Photograph showing the 33-GeV extraction line and,
above it, a portion of the 200-MeV positron return
line.

In parallel with the construction activities, the final focus group has been developing instruments and procedures for
measuring the emittance and dispersion of the beams, guiding them into collision, and diagnosing problems. Of particular interest are devices to detect the beamstrahlung radiation
emitted by each bunch as it passes the opposing bunch. This
previously unobserved phenomenon is expected to provide a
powerful diagnostic signal to guide us in tuning the machine
for maximum luminosity.

is dictated by the need to suppress, as much as possible, the
growth of beam emittance due to quantum fluctuations in the
synchrotron radiation.
Each individual magnet core is about
2.5 m long, and all of the cores of an arc are excited by a single
turn of conductor above and a single turn below the gap. The
turns are formed by square aluminum bars measuring about
5 cm on a side. There are, in addition, trim windings on each
core. Figure 9 is a photograph of a portion of the south arc in
an earlystage of alignment. The cores are mounted with their
back legs alternately on the inside and the outside of the orbit.
A pair of the aluminum bus bars can be seen in the center;
the opposing pair is hidden.

Looking ahead, design work has already started on highgradient superconducting quadrupole magnets to replace the final triplet lens. Prototype superconducting quadrupoles, built
at Fermilab specifically for this application, have been successfully tested and shown to meet the strength and field-quality
requirements of the SLC.
8.

Conventional

Facilities

Figure 10 shows the SLC site in an aerial photograph
taken during the underground portion of the construction of
the Collider Experimental Hall (CEH) which is the only manifestation of the SLC readily visible from the air. The status

Fig. 9.

A portion

of the south arc in the process of,alignment.
7.

Final

Focus

All of the 905 alternating gradient magnets have been built,
measured, fitted with their vacuum chambers and assigned to
their locations in the ring. The AG magnets for the south arc
are all installed and 50% of those for the north arc are installed.
Beam position monitors, which span between the AG magnets,
have all been fabricated and are being installed now. The arcs
are scheduled to be ready for beam tests by October.

Fig. 10.

212

Aerial photograph of the SLC site taken during the
early construction of the Collider Experimental Hall.

-

of construction of the CEH in May is shown in Fig. 11. The
near side of the building houses the counting house, and the
concrete pad for the utilities can be seen in the foreground.
The first detector to use the SLC will be the venerable but
improved Mark II which had seen service at both SPEAR and
PEP. It is being installed in the SLC experimental pit now for
use next Spring, and Fig. 12 shows the first of its parts being
lowered into the pit.

Fig. 12.

The first part of the Mark II detector being lowered
into the experimental pit.
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Summary

The linac of the SLAC Linear Collider (SLC) is required
to accelerate several intense electron and positron bunches to
high energy while maintaining
their small transverse diinsions and energy spectra. Many of the linac systems have been
upgraded to the new stringent SLC design criteria.
The remaining systems will be completed in the summer of 1986.
Special instruments and controls have been developed to monitor and manipulate these small but potent beams. A brief
review of the SLC requirements is given. A broad survey of the
recent developments is made encompassing longitudinal
and
transverse wakefield reductions, Landau damping, energy and
position feedback systems, beam diagnostics and beam current
fluctuations.
2. Linac

Overview

and

Parameterr
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Phase

The beams are accelerated to high energy using klystrons
operating with SLED.'*' The power from each klystron is divided amongst four ten-foot accelerator sections. Because of
beam loading, wakefield compensation and radiation in the
ARCS, each forty foot ‘girder’ must provide 252 MeV of available acceleration so that two bunches can arrive at the interaction region each with an energy of 50 GeV. The klystrons
are operated with different modulator pulse lengths. The SLED
gain multiplier and required klystron output power required fork
252 MeV are plotted against pulse length in Fig. 2. Originally,
the klystron was designed to make 50 MW with a 5.0 psec
pulse width.
Recent tests have shown that 67 MW-3.5 pet
operation is more efficient.
The acceleration of a bunch with respect to the timing of
that bunch on the SLED gain curve is shown in Fig. 3. The
curvature of the SLED energy gain with time allows the ratio
of the positron to electron energies to be adjusted.
The phase and amplitude of each klystron is monitored
and adjusted using a new control system’s5 designed to maintain the SLC phase and power tolerances of about 0.2’ and
0.2%, respectively.
Equipment is being designed to monitor
the output of each klystron on every pulse and report to the
feedback systems out-of-tolerance pulses.
The energy spectrum of an SLC beam is determined by
the length and intensity of the bunch and RF parameters.
Bunch lengths produced by the damping ring complex are
in the range of 0.5 to 1.5 mm. At high bunch intensities,
Electrons

sLc L’NAC
e-

e-

e+

Accelerator

Positrons

Schematic of the SLC Linac and Adjoining

of Energy, contract

Space

ACCELERATION:
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by the Department
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Entrmce

3. Longitudinal

where UE is the beam energy spread, u, the bunch length, and
, and u,,(,~) the horizontal and vertical transverse position
2: Itngular sizes. SLC studies
* 112 indicate that the presently
planned transverse wakefield control and feedback should limit
the increases in the transverse dimensions to small values. The
bunch length remains constant by virtue of the relativistic particle velocities. The absolute energy width, however, incresses
about a factor of twelve because of the longitudinal wakefields
and the finite bunch length. The relative energy spread, UE/E,
is more important and, fortunately,
decreases by a factor of
four.

Fig. 1.

Linac

Goals
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SLC

Energy (GeV)
Energy Spread (%)
Bunch Length (mm)
Inv. Emittance
(x lo-’ r-m)
Maximum Beam Size (pm)
Minimum Beam Divergence (prad)
Peak Betatron Function (m)
Average Betatron Function (m)

The primary goal of the linac is to transform the six dimensional phase space volume of a low emittance, low energy
beam to high energy without significant phase space enlargement. Table 1 lists the parameters of both beams as they enter
and exit the linac. The phase space volume can be represented
by a product of the six beam dimensions assuming upright
ellipses.

*Work supported

1.

94305

Location

A schematic of the SLC linac is shown in Fig. 1. The linac
downstream of the damping rings has a length of 2946 m and is
powered by 229 klystrons. The accelerating gradient is about
18 MV/m.
A strong focusing FODO lattice consisting of 282
quadrupoles is used to control the transverse beam size. A pair
of z 2 y correction dipoles and a stripline position monitor are
associated with each quadrupole. Several high resolution profile monitors and wire scanners are located along the linac to
measure the beam sizes. Energy, energy spectrum, and emittance enlargement monitors are placed near the end of the linac
to allow automatic feedback during SLC operations.
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strong intrabunch longitudinal
wakefields’? cause position dependent deceleration within the bunch. For example, at 5 x
lOlo, the tail will be decelerated about 2 GeV. To compensate,
the RF phase is adjusted so that the bunch is centered ahead
of the voltage crest where the RF gradient nearly cancels the
wakefield induced gradient. Two simulated energy spectra representing high and low bunch intensities are shown in Fig. 4.
Both spectra have widths less than 0.2% RMS when 1% energy
cuts are made. The shape difference between the two plots
is quite striking and represents the influence of the longitudinal wakefields. The particles that are far off-energy are due
to the nonlinear nature of the RF and wakefield forces and are
removed from the beam early in the ARCSby momentum defining slits. Radiation in the ARC bending magnets will further
broaden the spectra of Fig. 4 by about 0.08% before the bunch
arrives at the final focus.’

I

I

2
PARTICLE:

6
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8
saci*,

Optimum bunch length as a function of bunch
intensity to minimize the energy spectrum.

ENERGY AND ENERGY SPECTRUM FEEDBACK:
The energies and energy spectra of the c+ and e- beams
will be monitored after the splitter dipole magnet at the end
of the linac (beginning of the ARCS) in a special location where
the dispersion induced beam size dominates the betatron size
of the beam. The energy of each beam will be measured using stripline position monitors8 Each energy spectrum will be
measured using a nondisruptive synchrotron radiation monitor
incorporating a half-wavelength vertical wiggler and an off-axis
x ray position detector.Q These four signals will be monitored
and processed by a stand-alone microcomputer.
Correction
signals will be calculated and broadcast, ultimately at 120 Hz,
to four controls using a dedicated channel on the computer
communications
cable. The bunch phases in the two damping rings, the RF amplitude of the linac klystrons (adjusted by
making opposing changes in the phases of two sectors of eight
klystrons each), and the timing of the bunches on the SLED
gain curve are the control variables. An overview of the feedback system is shown in Fig. 6 and a list of the nominal control
values are included in Table 2.

The energy spectrum at the end of the linac is affected
by the length of the bunch. At low currents the energy spectrum is minimized with short bunches because the longitudinal wakefields are very weak and the curvature of the RF sine
wave is minimized.
At high intensities longer bunches allow
the greater curvature of the RF to compensate for the strong
wakefield effects. The optimum bunch length to minimize the
energy spectrum versus bunch intensity is shown in Fig. 5.
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stop the positron production.
the electron bunches return.
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1.

for 48 GeV per beam at the IP and
49.3 GeV at the end of the linac. SLED timing is for the positron
bunch before the peak SLED gain (Fig. 3).
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Many of the important parameters can be seen by examining expressions for the transverse motion z of the head of the
bunch, the angular deflection given to the tail of the bunch 0~
by transverse wakefields, and the relative ratio of the deflection
to the natural beam divergence angle 8,,.
42)
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Phase

A particle bunch executing betatrons oscillations down the
linac or passing through a misaligned accelerating section will
experience transverse wakefield forces. These forces are due to
asymmetric fields generated by off-axis particles. These forces
deflect trailing particles depending on their longitudinal positions. The wakefields for the SLAC structure were calculated
several years ago6 and analytic methods for calculating their
effects for the SLC were developed.10 The results of some tracking simulations are shown here to indicate how the linac was
modified to minimize transverse wakefield effects.

SLC energy parameters

1.5

Transverse

TRANSVERSEWAKEFIELDS:

Overview of the energy and energy spectrum
feedback system.
Table

Both will recover together when

20 is the initial offset, /3 the betatron function, -r = E/m&,
X the local betatron wavelength and z the position along the
linac. Clearly, the deflection can be minimized compared to
the natural divergence angle by limiting the injection offset,
accelerating as rapidly as possible, and reducing p(z).

RECOVERYFROM BEAM INTENSITY FLUCTUATIONS:

LINAC LATTICE:

From time to time the SLC will experience single pulse
losses of one (or both) beam(s). The linac was designed to
allow for automatic recovery to nominal conditions except at
very high bunch intensities. The problems arise from longitudinal beam loading of the bunches on themselves and on following
bunches. Changes in bunch currents can move the energies of
that bunch and subsequent bunches beyond the finite energy
acceptances of the damping rings (zt 1% of 1.2 GeV) and the
electron extraction line for positrons (* 2% of 33 GeV).

Periodic drift sections in the original SLAC linac occur every 12.3 m. Two styles of quadrupoles have been placed in
these drifts, type QE and type QC. The QE magnets have a
gradient length of 106 kG and are placed in the first 300 meters and the last 2000 meters of the linac. The Q C magnets
have a strength of 87 kG and occupy the central 600 meters.
Beam position monitors have been placed in the bore of each
quadrupole and a pair of dipoles placed nearby allow precise
z - y orbit correction,ll~lz
to below 100 pm (RMS) for two
beams.

In the linac upstream of the damping rings, the electron
bunches are ahead of the positron bunch. A missing positron
bunch will not affect the electron bunches. Those electrons
will generate more positrons and repopulate the SLC. Missing electron bunches cause the positron bunch to be lost also.
However, new electron bunches alone can restart the SLC, as
mentioned above.
This recovery problem for the 33 GeV electron extraction
line required a different solution because the ARCS and Final
Focus were designed assuming the positron bunch came first.
Fortunately, a missing positron bunch at 5 x lOlo particles
causes the second, scavenger, electron bunch only to lose about
25% of its intensity on the extraction line aperture. Thii allows most of the new positrons to be made and recovery to full
intensity occurs in a few pulses. For positron bunch intensities
above about 6 x lOlo a single missing pulse will cause the scavenger e- bunch to be totally lost on the aperture requiring a
careful bootstrap procedure. Missing electron bunches will

Two years ago a program was approved to reduce the betatron function in the first 300 meters of linac downstream of the
damping ring. This program reduced the quadrupole spacing
and betatron function a factor of four in the first 100 m and
a factor of two in the next 200 m. The reduction allowed the
tolerances on injection errors to increase about a factor of two.
To make space for the new quadrupoles, accelerator sections
were removed from the linac and five cells were carefully cut
out. The sections were rebrased, RF tuned, vacuum baked and
reinstalled.
Forty-three accelerator sections were shortened.
High power RF tests at 50 MW have not shown any problems.
The resulting lattice is shown in
function on the right is indicative of
linac. The phase shift per cell is about
1500 m. Whereafter, the quadrupoles
rated strengths and the phase shift per
about 42’ at the end of the linac.
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by introducing a longitudinal energy spread along the bunch.
This is produced by back phasing early klystrons and forward
phasing later klystrons, ultimately
keeping the energy spectrum small at the entrance to the ARCS. This technique has
been studied by many people, e.g., Refs. 14 and 15. Landau
damping has many selectable variables such as the total energy
lost, how rapidly the energy spread is introduced and removed,
and the positioning of the amplitude beats at the end of the
linac. One example of the energy spread introduced in a bunch
of 5 x 1O’O particles at various points in the SLC linac is shown
in Fig. 9. The first 24 klystrons have a phase of -30’ and the
remainder +16’. This phase distribution
is used in all of the
following discussions employing Landau damping.

EFFECTS OF BETATRON OSCILLATIONS:
If a particle is launched into the linac with an error in angle or position relative to the accelerator axis, then the transverse wakefields produced by the longitudinal charge distribution will resonantly drive the particles following the bunch head
to ever increasing amplitudes. The integrated transverse size
of the bunch grows and the effective emittance increases. Thii
transverse enlargement has been observed in the linac during
the Ten Sector Te~ts.‘*~ An example is shown in Fig. 8, where
a low emittance beam from the damping ring is reinjected and
viewed on a profile monitor loo0 m downstream in the linac.
The left photograph shows a beam which is properly aligned
in the linac and shows no enlargement. Its full width at half
maximum is about 300 microns. The photograph on the right
shows the same beam except it was made to perform a 1 mm
betatron oscillation along the linac. The head of the bunch
is at the top of the picture and the tail extends downward
about 1 mm. Results of tracking simulations with these beam
conditions are not inconsistent with these data. Video signals
similar to these photographs from profile monitors at the end
of the linac will be digitized13 and wed as input signals to the
transverse feedback system (described below).

Fig. 8.

Photographs of a reinjected damping ring beam in the
linac with and without a 1 mm betatron oscillation.
The bunch contained 5 x log electrons at 6.8 GeV. The
tail (about 1 mm long) wsz generated by transverse
wakefields.

5
5467A10

Fig. 9.

IO

LONGITUDINAL

15

20

POSITION

(X

25

30

IOOm)

6 86

Induced energy spread in the beam using
Landau damping.

INJECTION TOLERANCES:
Static injection errors in launch position or angle into the
linac can be corrected by static dipole corrections. However,
varying components which deflect the beams (for example, unstable dipole power supplies, vibrating quadrupoles, or unstable klystrons which produce RF deflections) must be carefully
controlled or eliminated.
Acceptable tolerances can be calculated using tracking programs. These programs incorporate
the linac FODO lattice, transverse and longitudinal wakefields,
RF acceleration, and gaussian weighted charge distributions.
The RF phases are always chosen to produce a 0.2% energy
spectra at the end of the linac. A convenient measure of the
tolerance is the value of the injection error at which the centroid of the particles about 1 mm behind the bunch center is
elevated to a phase space position corresponding to the nominal emittance of the injected beam. The corresponding loss
in luminosity is about 10%. Figure 10 shows the calculated
tolerance in the injection position ss a function of bunch intensity. The tolerance falls about three orders of magnitude
over the operating intensity range of the SLC. Landau damping improves the tolerances about a factor of ten.
The transverse wakefields vary roughly linearly with the
bunch length.6 This fact is apparent in the simulations, as can
be seen in the plot of Fig. 11 where the tolerances increase as
the bunch length decreases. Some care must be taken when
interpreting these data because the nature of the bunch enlargement is bunch length dependent and recording only the
results from one position in the bunch may mask additional
considerations.

LANDAU DAMPING:
The reason transverse wakefields are so limiting is that all
particles in the beam oscillate at the same frequency, leading to
resonant excitation. Landau damping is a technique which seg
arates the oscillation frequencies of the particles in the beam
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Simulations’* have been made to predict the effects of these
correlations and the results are shown in Fig. 13. The allowed dispersion is highly current dependent because the wakefields are nonlinear with the bunch intensity. Without Landau damping, the limits become quite small at high currents,
even exceeding those required for the final focus. If in addition carefully chosen injection offsets are used which place
the bunch head near the accelerator axis, then the tolerances
can be relaxed by a factor of three to six. Finally, Landau
damping also has a strong effect on the tolerances of residual dispersion. Landau damping deliberately introduces longitudinal position-energy correlations into the beam which in
the presence of injection position and angle errors produces
longitudinal-transverse position
correlations in a bunch at many
locations along the linac. It is then not surprising that Landau damping and injection offsets and angles can be used to
compensate the dispersion induced correlations and raise the
limits on residual dispersion. The drawbacks are that Landau
damping requires extra acceleration from the RF system and
very sizable offsets and angles are required.

5461A11

tolerance vs bunch intensity.

5 x IO’O

After Compressor

Fig. 12. Compression of the damping ring beam showing longitudinal position - energy correlations at the linac entrance. Residual dispersion Q and these correlations
cause linac wakefield effects.
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LIMITS O N RESIDUAL DISPERSION AT THE LINAC ENTRANCE
The dispersion function n experienced by the beam as it
enters the linac can be determined by extending ?I from the
damping ring through the adjoining transport line (RTL). The
transport line is designed to shorten the bunch longitudinally
using an accelerating cavity and a tailored 9 function. If the
damping ring-RTL complex is not tuned properly, dispersion
will be present in the beam at the entrance to the linac where
a value of zero is expected. A residual dispersion affects the
SLC beam in two ways. The first is intensity independent and
increases the apparent emittance of the beam by widening the
bunch. Calculations16 indicate that r~ must be kept below
about I3 mm at the linac entrance (p = 6.6 m) so that no
detrimental size increase occurs. An associated limit on 9’ can
also be calculated.

lmtlal Emlttance
Growth Only

Landou Domptng

The second effect includes the linac wakefields. With a
residual dispersion and a partially compressed bunch (presently
the SLC design), the particles entering the linac will have correlations between their longitudinal and transverse positions,
which will lead to transverse wakefield enlargement. This effect can be visualized by reviewing the compression process”
shown in Fig. 12. With full compression the head, tail and center particles have the same longitudinal position at the linac entrance and the bunch length is at a minimum (about 0.5 mm).
If the compression voltage is lowered, then the bunch is not
fully compressed and a longitudinal position-energy
correlation exists. The present SLC design calls for a bunch length of
1.0 to 1.5 mm. If a residual dispersion is present in the beam
at the linac entrance, then a longitudinal-transverse
position
correlation results.
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Fig. 13. Allowed dispersion vs beam intensity at the entrance to
the linac, as limited by transverse wakefields. Criteria
identical to those of Fig. 10 have been used.
TRANSVERSE RF DEFLECTIONS:
Small asymmetries in an accelerating structure produce
transverse fields that deflect beams. For the SLC these deflections are in the same direction for both e+ and e- beams, and
can only be corrected by special ‘magic’ dipole bumpslg. If a
klystron is unstable, then the varying deflections will cause the
beams to jitter.
Thus, the size of the structure asymmetries
place corresponding limits on the stability of the klystrons.
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Studies of the SLAC structure have found three asymmetries. The horizontal asymmetry from the power couplers was
largely removed by a special mounting scheme implemented
twenty years ago. Local survey errors in the linac sections
have been discovered and corrected where the beams are most
sensitive. Finally, the irises of the accelerator structure were
observed to be tilted slightly about a transverse axis on some
accelerator sections.20 See Fig. 14. The mean tilt angle measured over many sections is zero, but large tilts have been found
on certain sections. The cause is most likely angles introduced
during the ring brazing technique used during manufacture.
The accelerator sections in the region where the beams are
most sensitive have been measured and the worst sections removed and replaced with superior units.

EU

Beam

6. Schedules

and Plans

The installation of all the equipment for the first 80% of the
linac was completed in May 1986. A straight-ahead undamped
electron beam has been accelerated through the linac and has
been supplied to several experiments.
The remainder of the
linac will be upgraded in July and August. After an SLC beam
is established, the transverse position and the energy feedback
systems will be commissioned in September and October 1986.
In six to twelve months we expect to have many of the experimental answers on which we can make sound predictions for
linacs for future linear colliders.
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Fig. 14. Observed ifis tilting in the SLAC accelerator. Tilt angles can exceed 0.5 mrad (exaggerated in the figure).

TRANSVERSEFEEDBACK SYSTEM:
The transverse feedback system for the SLC linac is schematically shown in Fig. 15. Sensors in Sector 30 near the end of the
linac are used to monitor the enlargements of the beams (z, z’,
y, y’ for two beams). A stand-alone microcomputer
reads the
data, calculates corrections, and sends changes to eight fast
dipoles in the ring-to-linac transport lines. The beam signals
indicating emittance growth are largest at the end of the linac,
but the launching errors must be corrected at the beginning
where the beams are most sensitive. The initial complement
of sensors will be off-axis profile monitors onto which the SLC
beams will be kicked occasionally and the sizes digitized. Beam
centroid shifts will also be measured. A fluorescent tail intercepting monitor and a (4x) more sensitive beam position
detector will be tested, with hopes that a full repetition rate
feedback system can ultimately be made.

Receiver
SLCNET

Link

Eight
Correction Dipoles

-

18. J. Seeman, SLAC Report CN-330
19. J. Seeman et al., ZEEENS-32,No.
(1985).
20. J. Seeman, SLAC Report CN-292
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Sensors:
Off-oxis profile monitors
Beam posItIon monitors

Fig. 15.

(8)
(4)

Transverse feedback system for the linac.
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ADVANCED TECHNOLOGY RECENTLY DEVELOPED AT KEK FOR FUTURE LINEAR COLLIDERS
Jiro Tanaka
Laboratory
for High Energy Physics
Tsukuba-gun.
Ibaraki-ken.
305, Japan

National
Oho-machi,

constructed
in succession
since
the establishment
in
1971.
Until
now,
the
12 GeV proton
synchrotron
the
Photon
Factory
(PF)
2.5
GeV electron
(1977).
storage
ring
and the full
energy
injector
electron
linac
(1982).
the
TRISTAN 8 GeV electron/positron
Accumulation
ring
(1983)
and the
250 MeV positron
generator
(200 MeV e- linac
and 250 MeV e+ linac)
(1985) have been commissioned.
The initial
operation
of the TRISTAN Main Ring (MR) is scheduled
by the end
of this
year.
In Table
I, the existing
accelerator
structures
at the KEK are listed
up.
With increase
of
energy
of the electron
machines,
from 2.5 GeV of the
PF storage
ring to 30 GeV of the TRISTAN collider,
the
high
power rf problem
became more and more serious.
Accordingly,
at the KEK, research
and development
of
the superconducting
rf cavity
and the high power rf
sources
have been started
as the key subjects.
In order
to get more high
field
and more high
power,
It is necessary
to break
through
the rf break
down limitation
and the thermal
problem
in the rf

For the future
high energy
accelerators
such as
field
accelerator
structures
and
SSC and SLC, high
high power rf sources
will
play much more important
role.
However,
in many cases,
ceiling
of the dc or rf
field
strength
and of the rf
power
is practically
restricted
within
a limit
of break-down
at the vacuum
side surfaces
of rf structure
and insulator
or at the
inside
of insulator.
To realize
extremely
high
field
or
super
rf
power, not only basic study of the materials
composing
the rf structures
but also study of production
process
control
of the materials
are indispensable.
In
this
technologies
developed
and
paper,
experienced
at the KEK accelerators
are
described.
Some of them will
be available
for development
of the
next generation
accelerators.
Introduction
At the

KEK, high

energy

accelerators
Table

PL Tank

We
Energy (MeV)
Completion
Freq.
(MHz)
LengthxNumber
of Structure
Structure

D.T
Q.M.
Av. Field
Max. Field

(MV/m)
(MV/m)

I.

been

Accelerator
structures
Llnac
(P,e+,e-)
PL Tank

II

Alvarez
0.75 - 20
1974
200

Alvarez
20 - 40
1985
200

15.5m

13m x 1

X 1

Steel+lmm
Plated

Tank

I

have

Cu

sus-304+1mm
Plated
E.M.
2
10 - 11

SteeliC.2
Plated
cu

e+/e-

Structure
Freq.
(MHz)
Length
(m)
- ZT2 (MQ/m)
Eacc

(MV/m)

500.1
0.6
29

TW,2/3a,DL.
200 + 250
1985
2,856

2m x 162

Superfinished
VMC
Disk 6 Cylinder
6mm Cu Plated

Superfinished
OFC
Disk & Cylinder
6mm Cu Plated

cu

8 - 9 (Test

20)

10 -

11

Ring
TRISTAN
AR

Single-cell-reentrant
1982
OFC Brazing

Positron
Gen.

TW,2/3n,DL.
2.500
1982
2,856

PF

Type
Completion

KEK

PF 2.5 GeV
e+/e- Linac

mmCu

sus-304+1mm
Plated
P.M.
2.2
11-12

at

12-Cell
DAW
1983
Steel+O.Zmm
Cu
Plated
508.6
3.7
A:28.8.
B:21.5

MR

MR
g-Cell
APS
1986
Steel+O.2mm
Cu
Plated
508.6
2.7
23.5

5-Cell

S.C.S
Nb
508.6
1.5

0.7

Q3

1.5

4.5

4

3+(l)

104

16 (30GeV)
40 (33GeV)

2.4
0.25

28.3
2

280
26

IMX

Number
Whole
Total

of

Structures

length
(m)
rf power (MW)
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At present,
structures.
the break down limit
in the
rf structures
seems due to outgassing
from not only
surfaces
but also
inside
of the materials
composing
structures;
metals
the
and
insulators.
For
the
existing
KEK accelerator
structures,
OFC, OFHC, VMC,
SUS-316L.
sus-304,
two kinds
of
electroplated
Nd,
copper and various
high alumina
ceramics
are used as
the main materials.
Various
gases are dissolbed
in
materials
at
the
the
process
of
the
material
fabrication,
and in
some cases
they
are
confined
within
pores
or
voids
and
frequently
form
‘the
impurities
as oxides.
These gases are released
In a
vacuum when the material
were heated
or irradiated
by
energetic
particles
or radiations.
In ceramics
as an insulator
and an rf window of
the rf structure,
gases are also released
from pores
existing
on and in the ceramics
when the ceramics
were
applied
rf
field
and heated
by, for
example,
an rf
loss
and
an
electron
bomberdment
due
to
multipactoring.
Local
heating
of the ceramics
causes
a
thermal
fracture,
a
puncture
and
a
dielelctric
breakdown.
Important
information
on the problems
was
also obtained
from the storage
ring which Is operated
at ultra
high
vacuum
(low9
% lo-l1
torr)
and the
vacuum components
are exposed to a strong
synchrotron
radiation
(2 s 3 kW/m).
Up to the date,
there was no special
trouble
such
as the high field
breakdown
in the PF storage
ring rf
cavities
(made of OFC) and the TRISTAN rf
cavities
(made of
plated
copper)
except
their
initial
rf
Nevertheless,
the vacuum circumstances
excitations.
of the
rf
cavities,
the vacuum chambers
(Al alloy
6063) and the synchrotron
radiation
absorbers
(OFC) of
the
storage
ring
give
us good information
on the
composing
materials.
Because
the materials
and the
fabrication
process
of
the
vacuum
components
are
similar
to those of the accelerator
structure
and the
the
data
on the
Moreover,
high
power
klystrons.
variation
of vacuum pressure
since
the
vacuum state;
the vacuum pressures
before
and
initial
operation,
after
exposure
to air
and on the gas analysis,
have
been recorded
In detail.
Accelerator

the cavities
have released
gases
(Hz. H20 and CO)
whenever
the
cavities
have
been
excited
and the
Increased
pressure
has
once
and
then
gradually
decreased’
(Fig.
1).
Fig.
2 shows a result
of gas
analysis
at the evacuated
s-band
wave guide
system
made of class-l
OFC2.
At the initial
rf power feed,
the released
gases were HZ. H20. CO+Nz, COP etc.
H2
comes from the waveguide
metals.

Hz
!-

z
-”
*lo-

w

z
0

-

--Okw

i0

1

Fig.

1

-II-L

10

20
Mass

Released
gases at
the PF rf cavities

Number

the rf power on and off
(CW 45 kW/cavlty).

for

structures

High conductive
metals
such as copper at the room
temperature
and niobium
at the low temperature
are the
commonly used materials
for the accelerator
structure
Even if the rf structure
and the high power klystron.
the
structure
was vacuum
baked
for
many hours,
releases
gases when the structure
is excited
by rf or
and
strong
particles
irradiated
by
energetic
Most of the gases
existing
in a thin
radiations.
surface
layer
of the metals
are
relatively
easily
removed by vacuum baking,
and if necessary,
by argon
bombardment.
electron
followed
by
discharging
at the Initial
powering
in the accelerator
However,
structure
and at
the
initial
beam storage
of the
storage
ring vacuum chamber.
release
of a lot of gases
is usually
experienced.
OFC (OFHC) rf

-45kw

Ot

Fig.

2

I

I
2

1
3

Changes of released
gases
OFC waveguide
system.

II I
"6

I
time

during

(hrs)

7

baking

of

the

Even a high purity
class-l
OFC contains
gases in
the crystalline
grains
and the grain
boundaries.
02
is usually
contained
as a form of oxides
and H2 and CO
Amount of
are dissolved
during
the melting
process.
the released
gases after
sufficient
baking
depends on
3 shows a manner of
Fig.
the grade
of the metals.
pressure
decreasing
of the vacuum chambers surrounding
the synchrotron
radiation
shutters
made of different
Those metals
were baked with
the same
grade OFCs3.
process.
the high power klystrons
are
As another
example,
baked at the temperature
of 400°C % 500°C in a vacuum
torr
furnace
keeping
the pressure
of less
than 10 +

structure

RF cavities
of the PF ring
were made of OFHC.
The parts
were machined
from the blocks
and brazed
After
to
form
reentrant
type
single-cell
cavity.
released
the
cavities
of
baking
and conditioning
Even after
many hours operation,
gases were detected.

for
about
one week at
their
fabrication
process.
After
the pressure
Is decreased
to less than lo-’ torr
,-at the room temperature,
the tubes are pinched
off.
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The copper Is dense and unform in the microcopper.
structure
and has mirror
finished
surface
inspite
of
Thfs
deposited
copper
is
thick
deposition.
the
superior
for
high
temperature
treatment
such
as
Electron
Beam Welding
and blazing
in hydrogen
furnace.
The second accelerator
tank for the energy up of
the 12-Cell
DAW structure
of the
the proton
linac,TRISTAN AR and the g-Cell
APS have been also made by
means of the electroplating
method (Fig.
4). However,
the thickness
of the deposited
copper
for
those has
been chosen to be 0.1 s 0.2 mm. The copper bath is
different
from the previous
one.
For the bath,
copper
pyrophosphoric
acid with an organic
agent MURATA CP-2
because
the
copper
bath
is
suitable
for
is used,
massproduction
of the accelerator
structure
compared
with the copper sulfuric
acid bath.

1
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around
beam
of the
total
pressures
Changes
shutters
made of
different
grade
OFC’s
(a
group and b group).

In spite
of such a baking,
a conditioning
of many
hours is necessary
to get the final
rf power level.
These results
show that the gases existing
in the
surface
layer
of the metals
are rather
easily
removed
with the usual treatment
but the gases contained
inner
part
of the metals
are not,
because
they
are once
diffused
to the surface
layer
and then released.
The final
finishing
in machining
of the metals
Is
also
Important.
Accelerator
guides
of the PF linac
However,
the
were made by means of electroplating.
main parts;
disks
and cylinders
were made of VMC
super(Vacuum melted
OFC) and the
surfaces
were
lathes
with
oil
finished
usingspecial
diamond
The
roughness
of
the
mirror
floating
spindles.
finished
surfaces
was less than 200 i.
When the high
grade metals
are superfinished
so as to obtain
very
smooth and clean surface
and not to destroy
the grain
structure
the metals
maintain
the clean
surface
for
consequently,
degassing
long time without
corrosion.
of such surfaces
is easy.
Copper

plated

accelerator

Fig.

4

APS of the
Two g-Cell

TRISTAN ring.
cavities
are

combined

in

one unit.

At the test
of the proto-type
APS structure
in
which relatively
thin
(0.1 s 0.2 mm) copper layer was
hydrogen
was
steel
surface,
electroplated
on the
The hydrogen
is
detected
in the structure
vacuum.
originated
from the cooling
water of the structure
and
liberated
according
to the following
reaction.
Fe + 2H20 + Fe(OH)z + H
the
The steel
is
corrorded,
on the
other
hand,
hydrogen
atoms are diffused
Into
the steel
and the
The liberation
copper layer
and released
into vacuum.
of hydrogen
which of course depends on the temperature
is prevented
by 2 % addition
of an anticorrosive
Thus gas
cooling
water.
to
the
(automobile
use)
release
of the structure
was reduced
to the rate
of
The
less
than
2 x lo-l3
torr*!L/sec*cm2,
at 30°C.

structures

The KEK has developed
and constructed
the various
accelerator
structures
by means of a copper
plating
The first
one
method since the establishment
in 1971.
was the Alvarez
type 20 MeV proton
linac
tank (1974).
The structure
-of the tank was designed
to be suited
The Inner surface
of the tank
for the electroplating.
made of boiler
steel
cylinder
and the outer
surface
of
the
SUS 304 drift
tubes
were
copper
plated
to a
uniform
and mirror
thickness
of
1 mm.
A thick,
finished
copper deposits
have been obtained
by using a
cop er sulfuric
acid bath with
an organic
agent U-BAC
R-l I: . The copper plated
surface
of the tank and drift
tubes
have
shown
great
advantage
to
high
power
The surface
maximum field
excitation
and degassing.
The tank
of the drift
tubes was greater
than 10 MV/m.
has operated
for more than ten years without
trouble.
Accelerator
guides
of the PF 2.5 GeV electron
linac
and the positron
generator
were fabricated
by
In this
fabrication
an application
of the method.
process,
disks
and cylinders
of
the
guides
were
machined and then stacked
alternately
under specified
The assembly
compressing
force
with
a long mandrel.
was copper plated
on the outer
surface
in the copper
bath to form a solid
tube with 6 m m thick
deposited

value
is low enough for the accelerator
structure
to
The 12-Cell
DAW structure
be used at high vacuum’.
and the proto-type
g-Cell
APS have been installed
at
the AR and have accelerated
the beams at the pressure
of 10eg torr.
In order
to obtain
thick
and smooth
surface
deposit
extending
a wide area,
it is very important
to
Once
eliminate
dusts
completely
from the solution.
microdefects
such as a pit
and a wisker
were born on
the surface
they will
rapidly
grow up to a deep hole
To get voidless
thick
deposit
a fine
and a lump.
The
controlled
dustfree
copper
bath
is necessary.
chemical
show the
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and spectral
analyses
of the deposited
copper
purity
is same as that of class-l
OFC.

Research'and
Super

Conducting

rf

High

development

1)
2)
3)

4.

Proto-type
S-Cell
the TRISTAN ring.

superconducting

cavity

High fault
rate
(0.1 tlmes/hr)
and puncture
of the
rf window in the 30 MW s-band pulsed Klystrons.
Poor cathode
emission
and poor vacuum In the 180
kW*SOOMHz-CW Klystrons
of the PF.
Poor cathode
emission,
poor vacuum, internal
break
down and fracture
of the rf window in the 1 MW*
5OOMHz.CW Klystrons
of the TRISTAN.

To cure
the troubles
and to get more high
rf
power for a future
machine,
the KEK started
the R C D
for high power rf sources.
Fortunately,
at that time,
R S D was in progress
between
KEK
"150 MW Klystron"
and SLAC under Japan/US
cooperation
and the KEK could
obtain
useful
Information
on the high power Klystron.
The troubles
were mainly
due to poor vacuum baking
at
unsuitable
design
of
the
the
fabrication
process,
cathode assemblies
and lack of basic study on the high
power rf windows including
the materials
as ceramics.
been
promoted
along
Consequently
the
R & D has
following
main items.
1.
2.
3.

5

Klystrons

Just
after
the
start
of commissioning
of
the
Photon Factory
the KEK had to encountered
with various
troubles
of the high power Klystrons
called
"Klystron
The troubles
for each Klystron
were
crisis".

structure

development
of
the
super
and
research
The
conducting
accelerator
structure
have been
started
just
after
the establishment
of KEK.. At present,
in
order
to increase
the energy
of the TRISTAN MR. 508
structure
is under
development.
MHZ S.C. accelerator
The 508 MHz single-cell
niobium
cavity
was built
in
In 1982. a 3-Cell
structure-was
built
and the
1981.
The
beam test
was performed
at
the TRISTAN AR6.
accelerating
field
gradient
of 4.3 MV/m was achieved
gradient
was 8 x
and the Q, at 3.7 MV/m of the field
The maximum rf power transferred
to the beam was
108.
4 kW and 10 mA single
bunched beam was stored
by the
In February
1986,
the proto-type
structure
alone.
5-Cell
SC structure
has been tested
at the AR (Fig.
The maximum accelerating
field
of 4.5 MV/m was
5).
At the beam acceleration,
28
obtained
without
beam.
m4 of the beam current
was stacked
at the energy
of
2.5 GeV and 12.8 mA was accelerated
up to 4.8 GeV at
The energy
limit
of 4.8 GeV
the rf power of 26 kW.
was due to
insufficient
adjustment
of
the
tuning
system of the structure.

Fig.

power

Vacuum baking
process
(degassing
process)
Cathode and cathode
assembly
metals
and ceramics
Tube materials;
Rf window.

and
treatment
of
cathode
In
order
to
study
the
degassing
of the cathode
assembly which is kept at the
highest
temperature
in the operating
Klystron;
various
On the other
hand,
high vacuum furnaces
were build.
cathode
assembly was redesigned
to have better
thermal
Owing to the efforts,
characteristic
of the assembly.
not only uniform
cathode
temperature,
lower electrode
temperature
but also
low heater
power were obtained.
High vacuum resulted
a reduce
of the internal
break
Another
important
problem
for
the high power
down.
The cause of the
Klystron
is break of the rf window.
The
break
Is mainly
due to a multipactor
effect.
breaks
depend on type of the window,
peak and average
rf and mechanical
window structure,
window
rf power,
material
etc.
At
the
KEK.
a pill
box
type,
a
cylindrical
and a coaxial
types of the rf window have
been used.
In general,
for the pill
box window used
at high peak power and low average
power,
a puncture
For the cylindrical
window of the UHF*CW
is dominant.
almost
all
of the breaks
are due to thermal
Klystron,
fructure
although
the coaxial
window withstands
higher
level
of rf power.
in vacuum,
As well
known, the rf window operated
especially
newly installed
window is brightened
due to
The brightness
decreases
effect.
the
multipactor
gradually
and gose to a faint
light
with
recovery
of
The spectrum
shows that
the
the vacuum pressure.
luminescence
of
the
ceramic
emission
is
due
to
The luminous
patterns
of the various
kind
(Fig.
6).
of windows
show that
harmonics
and space harmonics
contribute
the
multlpactor.
in
the
rf
power
also
these patterns
are not necessarily
coincide
However,
In
patterns
of
the
windows.
thermal
with
the
the breaks
are
dependent
not
only
on a
addition.
purity
but also on a microstructure
of the ceramics.

for

The purity
of niobium
used is 99.85
% with
900
ppm tantalum.
The parts
were annealed
at 65O'C 2,
750°C
in
two or
three
steps
during
the
spinning
process.
The surface
layer
of
about
100 urn was
removed by repeating
3 minutes
electropolishing
and 3
minutes
agitation
of the solution.
The parts
were
electron
beam welded
from
both
sides
by partial
penetration
of the beam.
The cavity
cell
was shaped
so as to
tilt
the
end walls
by 7.5'
to
reduce
concentration
of surface
field
at the beam hole edges
and to flow
chemicals
smoothly
during
the
surface
treatment.
the
welded
Prior
to
electropollshing
structure,
stress
was released
by annealing
at 900°C
and low5 torr
for an hour.
After
the removal
of about
30 urn by the final
electropolishing
the structure
was
twice
oxipolished
up to 80 volts.
The temperature
mapping at the quenching
field
level
on the structure
surface
showed that
the bad spots were located
mainly
on the welded equators.
The bad spots were removed by
mechanical
polishing
then
the
surface
was treated
again.
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Spectrum
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(b)
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(d)

99.5

% : B

% : D

( nml

luminous

rf

window.

The microstructure
of the ceramics
depends
on the
Although
dielectric
sintering
process of fabrication.
loss of the high alumina
ceramics
(>99 .%) is usually
dependent
on
low enough, the break is not necessarily
Fig.
7 shows the microstructure6
the nominal
purity.
The large grain
of the various
high alumina ceramics.
ceramics
containing
many voids
are liable
to break.
The puncture
and the dielectric
break down seem to be
some small
At first,
produced
as following
process.
area on the surface
is melted by the electron
bombardment, then the melted
region
propagates
from void to
At last,
the hole
void or along the grain boundaries.
penetrates
through
to the opposite
side of the window
or spreads out in the window.
Evea at the thermal
fructure,
the melted
grains
are observed
on the surface
around the center
of the
fructure.
The fine
grain
and void less high alumina
although
it is not perfect
for the
ceramic Is durable,
multipactor.
It shows that some means to suppress the
It
is clear
At present,
multipactor
are required.
that
secondary
electron
suppression
films
are effecTo study
the multipactor
tive
for
the multipactor.
coating
and
their
effects,
suppression
coatings
s-band resonant
ring to test the window and
equipment,
At the resonant
other
equipments
have been prepared.
the maximum peak power of 300 M W was obtained.
ring.
As the ceramics have a lot of pores or voids,
even the
window coated with
the secondary
electron
suppression
film,
the conditioning
(very
slow increase
of the rf
power keeping
the vacuum pressure
low enough) of the
rf window is effective
means to prevent
window break.
The R b D of the rf window is now continued.
Due to the improvements;
the cathode
assembly,
the vacuum baking
process
and the new rf window,
the
have
been
improved.
For
Klystrons
exceedingly
example,
the maximum output
rf power of 1.2 M W was
obtained
for
the 508 MHz C W TRISTAN Klystrons.
So
far,
the ceramics
used as high power rf windows have
been selected
among the commercially
available
ones
the
characteristics
were
not
necessarily
although
suitable
for
the purpose.
It
is same situation
for
the
other
metals
used
for
the
rf
structures.
Hereafter,
an effort
to
make suitable
materials
satisfying
the future
purposes
seem to be required.

Fig.

(e)

99 % : D

(f)

99.5

(g)

99.5

(h)

99 % : D. SEM
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Microstructure6
ceramics.

% : B, SEM

various
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alumina
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RFQ’s in Research and Industry*
Lawrence Berkeley
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Laboratory, Berkeley, California

Abstract
The Radio Frequency Quadrupole accelerator (RFQ) has now
Many
matured to the point where it has found wide application.
machines are in use as part of a synchrotron injector chain with others
in unique and unusual applications. Several new RFQ’s are now under
construction or operating since the last survey. They are of various
cotigurations,
making use of various techniques of fabrication and
field stabilization.
Duty factors are being pushed up, new beam
dynamics design techniques are be used and emittance blow up
mechanisms are better understood. Finally, RFQ’s are moving from
the laboratory to the commercial marketplace.

Introduction
-The RFQ is fundamentally
a focusing channel with acceleration
introduced as a perturbation.
This permits an arbitrary configuration
of the longitudinal field, allowing adiabatic longitudinal capture and
optimization of the beam dynamics in all three phase planes. The short
focussing cell size, unimpeded by the minimum practical length of a
discrete quadrupole as in a drift tube linac, allows low energy injection,
while the long bunch length at the beginning of the adiabatic
compression process maintains a high space charge limit. In the nearly
20 years since the RFQ principle was discovered by Kapchinskii and
Teplyakovl)
many practical forms of the accelerator have been
developed for various applications.

and
and
user
al.‘)

This paper will continue the spirit of the review papers by Kleinz)
Schribera). New machines and applications will be emphasized,
individual topics of particular interest to the RFQ designer and
will be covered. The reader is referred to the paper of Crandall et
for the theory of RFQ operation and notation used in this paper.

New RF@
At this date, approximately
50 RFQ’s are in operation, under
construction, or are under serious consideration. The widest variety of
machine development is taking place at LANL and at IAP in
Frankfurt. Some novel uses are appearing such as the use of an RFQ at
LEAR to decelerate an antiproton beam and another one also at CERN
to calibrate the BGO crystal array on the LEP L3 detector. Many of the
new RFQ’s will serve as injectors to synchrotrons, and others will
accelerate heavy ions from a hot production target (TRIUMF) and serve
to test the propagation of a 1 MeV beam in the exosphere (LANL).

LANL is currently operating the 425 MHz 2 MeV AT-2 machine
which recently subessfully injected a 5 MeV DTL. The 80 MHz FMIT
RFQ has now been shut down after an informative period of operation
in the long pulse and cw mode where the effects of high r.f. and beam
power levels were fully appreciated.
Both of these machines were
driven from a coaxial manifold. The FMIT machine experienced serious
multipactoring problems until the electron multiplication coefficient of
the surface was reduced by an application of a TiN coatings). Some
trouble was experienced with overheating of the r.f. gaskets on the vane
base and the piston tuners. The beam itself developed a halo which
could melt a metallic object several standard deviations from the core.
In addition to the construction and testing of prototypes of four rod
and spiral structures and a short four vane sparker, a significant new
RFQ has been designed by LANL for the BEAR project and will be built
by Grumman@ . It will test beam propagation at 1 MeV in the
exosphere. This 425 MHz machine that delivers approximately 20 mA
l
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of He with a 0.025% duty factor will be launched on a rocket to an
altitude of 205 km and then recovered. Two 60 kW solid state power
modules will each drive the RFQ with its own coupling loop, located in
diametrically opposite quadrants.
This machine will be constructed of 6061 aluminum vanes with only
four joints with copper plating up to the vicinity of the vane tips. After
tuning, these joints will be covered over by electroformed copper. In a
sparker test cavity, 6061 aluminum vanes achieved a peak surface field
in short pulse operation of 3 kilpatrick,
about 59 MV/m; the RFQ runs
at a surface field of 1.875 kilpatrick.
Of particular interest is the beam dynamics design, developed by
Wangle+), which minimizes the power requirement and output energy
spread. This design lengthens the shaper and shortens the gentle
buncher, with a stable phase of -40’ at the end of the buncher. The
larger bucket and longer bunch length increases the space charge limit
over conventional designs, allowing the injection energy to be lowered,
shortening the machine and reducing the power requirement.
The
larger bucket appears to linearize the longitudinal motion of the bunch,
which together with the lower injection energy, lowers the energy
spread of the accelerated beam.
Another new RFQ at LANL will be the GTA-1 machine, a 2 MeV
machine similar in beam specifications to the AT-2 machine, and
industrially
manufactured.
This machine will be loop driven and
enclosed in a vacuum manifold.
IAP. Frankfurt
Klein’s laboratory is developing a wide range of RFQ types The
four vane HERA injector is under construction, along with a four rod
equivalent, a 49 MHz split coaxial resonator (SCR) heavy ion RFQ,
spiral supported four rod structures, and the 50 and 400 MHz European
Hadron Facility
(EHF) injector RFQ’s are under study. R.F.
stabilization techniques are actively being developed.
The HERA RFQ7) is a 750 keV machine with a 60 mA current limit
operating at 202 MHz. It is a low duty factor four vane structure with
end cell resonant loop couplers to suppress the dipole modes. It is not
yet resolved whether to include vane coupling rings; the structure
length is about 3/4 of a free space wavelength reducing the sensitivity to
tuning errors. The vanes will be industrially fabricated by Balzer. Cold
models at 200 and 400 MHz were constructed to study this machine.
The EHF facilitya), proposed to go into the old ISR tunnel at CERN,
consists of a 30 GeV proton ring and stretcher fed by a 9 GeV rapid
cycling booster iqjected by a 1.2 GeV 1.2 GHz side coupled linac. The
front end is a 50 MHz RFQ followed by a 400 MHz RFQ and a 400 MHz
DTL. The 50 MHz RFQ is required to give the proper beam micropulse
structure to boxcar stack the rapid cycling booster. The 50 MHz RFQ
accelerates a 20 mA beam from 50 to 200 keV over a length of 2.2
meters, with the 400 MHz RFQ accelerating up to 2.5 MeV. A buncher
cavity may couple the two RFQ’s. The mechanical design of the RFQ’s
is not yet available.
The IAP group is also developing a split coaxial resonators’, similar
to Mtiller’s at GSI, but with a four rod configuration. A 50 MHz 70 cm
long machine has been built that has accelerated protons and Hz+ to 50
keV/amu to near the space charge limit of 4 mA. A device 38 cm long
with unmodulated
rods has been built for use as a transport
experiment. Later, a 49 MHz SCR RFQ to accelerate Hz* from 12.3 to
93.4 keV will be built that is 50 cm long.
The four rod structures developed at IAP consist of a simplified
geometry in which the cell profile is essentially trapezoidal instead of
describing the normal two term potential shape. They find that the
field configuration on axis with this simplified electrode shape which
low
can be easily manufactured
on a lathe to have sufficiently
unwanted multipole amplitudes to be an effective accelerator.

an output energy spread of f 14 keV at 50 mA. At an expected Q of 57%
of the theoretical value, the cavity power is 100 kW.
CERN presently has two operating RFQ’s: the RFQl proton injector
and the oxygen injector, both injecting Linac I. The beam dynamics
design and vane fabrication of RFQl were done at LANL with CERN
assembling the vanes in a coaxial manifold driven cavity of their own
design. The oxygen RFQ was designed and fabricated at LBL and then
moved to GSI for successful beam tests. This RFQ is now installed at
CERN and has already produced oxygen beams b the end of the linac at
12.5 MeV/amu.
A switching magnet selects one of the two injector
RFQ’s.

In a separate effort at LBL Cooper and Anderson141 have developed
a sheet beam d.c. accelerator which uses the focusing inherent in
electrostatic deflectors.
They have generalized this device to a two
This device may have applications
in
dimensional
r.f. linac.
accelerating a ribbon b&am of large dimensions and current to high
voltages.
Chalk River

Two more RFQ projects are starting at CERN: an antipreton
decelerator at LEARlo), and an RFQ produced calibration beam on the
L3 detector at LEP. The LEAR antiproton decelerator will take a 2
MeV beam bunched at 200 MHz in the ring down to an energy of 100
keV where an additional single cavity will adjust the energy in the 20 to
180 keV energy range with the phase spread out of the RFQ of only 29”.
The energy spread of the beam can then be further reduced from f4 keV
by a double harmonic debuncher.
In one proposed experiment, the
antiproton beam will be slowed down in pulsed electron traps to thermal
velocity and the gravitational acceleration will be measured.

CRNL has two programs underway: the cw four vane 270 MHz
proton RFQl program, and a four rod 108 MHz sparker. The RFQ115).
originally the injector for the now discontinued Zebra project, is now in
a joint CRNL-LANL
program to develop cw RFQ experience over the
next year. This is a 1.5 meter long machine with OFHC copper vane
tips and copper plated carbon steel vanes and cavity that runs at 1.5-2
kilpatrick with a loop driven cavity to produce 600 keV protons. The
RFQ is expected to be tuned by winter ‘86, with first beam by late ‘87.
The four rod sparkerls) will use 1 meter long rods in a 1.5 meter tong
tank operating at 108 MHz cw. The rods are unmodulated. The high
power tests will begin in the summer of ‘86. This is a joint program
among CRNL, LANL and the University of Frankfurt (IAP).

The LEP L3 detector, an electromagnetic
calorimeter, contains
12000 BGO crystals as an electron and photon detector whose gain
which will drin must be known to better than 1%. An RFQll). supplies
a l-l.5 MeV H‘ beam, neutralized at the exit, which drifts through the
0.5T solenoidal detector field and strikes a lithium target near the
center providing 17.6 MeV photons for detector calibration. The proton
beam is provided by an He RFQ at low duty factor in continuous
operation during experimental runs. Various designs of this relatively
conventional
RFQ are being evaluated by the Cal Tech team
responsible for the calibration of the BGG detector.

TRIUMF
A preliminary
study has been made at TRIUMF with assistance
from CRNL for a q/A > 1160 RFQ to accelerate singly charged heavy
ions produced in a hot reaction target at the ISOL facility at
TRIUMF17). The four rod RFQ structure accelerates a 1 keV/amu beam
to 60 keV/amu at 23 MHz over a length of 9.2 meters. The beam
dynamics design of this RFQ is unusual in that the vane (rod) voltage
rises from 38 kV at the entrance to 97 kV at the exit. As the ion gains
energy, the gap defocusing term decreases, needing less focusing, so
that the aperture may be increased allowing the vane voltage and the
rate of energy gain to increase.

An RFQ will eventually be installed on Linac II, but this program
has been delayed. The RFQ will be built at CERN and may use external
loops on the endwalls to control the dipole mixing.
Institute

for Nuclear Studies. Universitv

of Tokvo
At an exit energy of 60 keV/amu the beam is stripped to q/A > l/20
in a gas cell and further accelerated to 1 MeV/amu in a 23 MHz WiderBe
type structure similar to the Riken, GSI and LBL structures.
The
research funding for this project this fiscal year has been postponed.

INS has completed two RFQ’s, LITL, a q/A = 117 100 MHz test
machine, and TALL, a similar heavy ion machine with an output
energy of 800 keV/amu 7.25 meters long requiring 180 kW. TALL12)
will be part of the injector chain for TARS-II,
a small heavy ion
synchrotron/cooler.
The RFQ has no vane coupling rings and one drive
loop. Each vane consists of four longitudinal
segments with small
separating gaps. The field uniformity is f2% azimuthally and f5%
longitudinally.
The LITL machine, 1.38 m long, has been driven cw ta
full gradient for periods of a few minutes.
At 113 rated power, the
frequency shin of 250 kHz is larger than expected and is probably due to
a temperature rise of the vane tip of 30” C. INS has collaborated closely
with industry,
with major components for TALL fabricated by
Sumitomo Heavy Industries.

KEK is constructing an RFQlsl that will replace the CockcrofiWalton set on either the H- or the polarized proton source. It is not yet
decided which will be replaced. The 201 MHz 750 keV RFQ is injected
at 50 keV and has a vane length of 136.4 cm. The cavity has a
rectangular cross section using electron beam welding (EBW) of the
vanes to the side plates and EBW of the flexible diaphragms joining the
side plates.

Also at INS a quarter scale split coaxial RFQ
prototype a uranium ion accelerator.
The 37.1
meters long and has unmodulated vanes. These
modulated vanes for a proton test. This machine
conjunction with GSl.

ARer the first tests, two sets of vane coupling rings were added to
widen the quadrupole-dipole
mode separation from 1.5 to 6.3 MHz,
dropping the quadrupole frequency 3 MHz which was made up for by EB
welding tuning bars to the sides of the vanes. The structure has run to
full gradient and beam tests are expected to start in May ‘86.

is being developed to
MHz machine is 2.1
will be replaced with
is being developed in

AccSvs Technolopv. Inc.
LBL has produced a silicon injector RFQ for the Bevatron and an
oxygen RFQ for CERN. These 200 MHz heavy ion RFQ’s pioneered the
use ofthe vane coupling rings which stabilize the structure and simplify
the tuning.

This young startup company in northern California
will be
supplying RFQ’s to industrylg).
They have developed an RFQ of
conventional
design for use in hospitals to produce short lived
radionuclides. They will supply an ion source, RFQ and LEBT as a
complete package.

- The LBL group has designed a 750 keV proton injector RFQ under
contract to BNL and FNALlaj.
BNL expects to commission the
fabrication of one unit to be used to replace one of the Cockcroft-Walton
preinjectors of the 200 MeV AGS injector. This 200 MIIz RFQ is of the
same mechanical design as the two heavy ion machines and uses a new
beam dynamics design based on the work of Wangler for the LANL
BEAR RFQ. Here, the shaper is extended and the gentle buncher is
reduced in length for a stable phase at the end of the gentle buncher of
-50” ramping to -40” at the end of the accelerator. The large bucket and
low injection energy of 35 keV provides a current limit of 110 mA and

AccSys has also developed a sparker to test NPB applications of
cavity design and vane tip material. The 490 MHz sparker cavity is 50
cm long with unmodulated vanes and no vane coupling rings. After one
hour of initial tuning the dipole component was 2% of the quadrupole
amplitude. The sparker is space qualified and is designed to withstand
a shaking test without detuning and will be tested soon to high field in
an external vacuum can.
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Other Laboratories

Beam Dynamics Desicm

GSI continues work on the Maxilac, a 12 MHz SCR structure
accelerating U+2. At the present, the structure is completed to the 45
keV/amu point and working well.
BNL and FNAL have contracted a study at LBLl3) for the design of
BNL
a 750 keV proton RFQ as a Cockeroh-Walton
replacement.
expects to commission the fabrication of an RFQ by LBL to be delivered
In 18 months.
The Texas Accelerator Center (TAC) is designing a 2 MeV proton
RFQ to test vane tip materials and modulation shape@). The plan is to
fabricate the RFQ from nonmagnetic stainless steel, and copper plate
the cavity except for the vane tips, which should hold off a larger
voltage than copper. They are also considering a more extreme vane tip
profile to increase the accelerating gradient. Some construction work
will begin immediately with a target date for completion in early ‘87.
The Institute of Chemical Research at Kyoto University has started
construction on a 7 MeV proton linac injected by a 2 MeV RFQ. The
developoment work has been perfomed in close contact with outside
industry. The details of the system are budget driven at the present.
Gdera then at Riken has proposed a chain-like linac structure that
is basically an Alvarez linac but provides RFQ-like electrostatic
focussing21). This structure maintains a higher shunt impedance in the
energy range above the usualy RFQ energies.

Structure Stabilization
The RFQ requires a pure r.f. quadrupole potential on axis without
any dipole admixture.
Some structures, such as the four rod and the
split‘coaxial
structures and to a lesser extent the Soviet double H
structure are immune from dipole interference. The popular four vane
structure, however, does suffer from two degenerate dipole modes
mixing with the quadrupole mode. The RFQ is comprised of four
weakly coupled waveguides at cutoff with the quadrupole field the
algebraic sum of the fields in the four quadrants.
The longitudinal
variation of the field in each quadrant is proportional to the square of
the length normalized to the free space wavelength times the local
variations in the vane tip capacitance. Therefore long RFQ’s are very
susceptible to azimuthal asymmetry and longitudinal field variations.

The complete freedom to specify any form of the longitudinal field
along the length of the RFQ without significantly
perturbing the
transverse focusing strength has resulted in RFQ designs with nearly
100% capture and small longitudinal emittance. In the design process,
three independent parameters are specified, usually B, es and A (see
Wangler@ for notation) along the structure. The design process usually
requires that the acceptance and space charge limit be maximized and
the power, length and emittance growth be minimized with many
additional
constraints
being simultaneously
satisfied, the most
demanding being the peak surface field limitation due to sparking and
the minimum longitudinal radius of curvature of the vane tip which
sets the cutter size.
The method developed by LANL4) to divide the RFQ into four
sections (radial matcher, shaper, gentle buncher and accelerator) has
been almost universally
adopted, particularly
because LANL has
provided design codes to other laboratories.
In the gentle buncher the
beam is adiabatically
bunched, usually holding the bunch length
constant which optimizes the longitudinal
space charge limit, while
simultaneously
adjusting the transverse focusing strength so the
transverse and longitudinal space charge limits are equal at the end of
the gentle buncher. If the gentle buncher started at an input stable
phase of -90” the adiabatic approximation would produce an infinitely
long bunching section, so the shaper provides a short linear variation of
0s and A to get the buncher started. A radial matcher at the beginning
converts a round time independent beam to a beam whose transverse
cross section matches the phase of the uniform transverse focussing in
the structure, and the final accelerator section takes the beam to full
energy, usually with constant values of o and m. Inagakiss) showed in
1980 that even a linear ramp of es and E, can capture nearly 100% of
the beam.
At LBL the design of the silicon injector RFQ where space charge is
not an issue but length is because of the low q/A, Yamada2sJ modified
the LANL design by introducing a prebuncher section in front of the
buncher to ramp the longitudinal field on faster, and a booster section
after the buncher to again ramp up faster, shortening the accelerator at
the expense of reducing the bunch length.
The oxygen machine
designed and built at LBL for CERN used the same design approach.
The LANL design method calls for a short shaper section and then
ramping the stable phase to its final value, usually -30” in the buncher
section.
A recent improvement,
due to Wangler@, and first
demonstrated in the design of the BEAR machine resulted in an
improved space charge limit with a lower power requirement This was
obtained by lengthening the linear shaper and reducing the length of
the gentle buncher, with a stable phase at the end of the buncher of -45”.
The larger bucket and longer bunch reduces the charge density,
increasing the space charge limit. In turn, the injection energy can then
be lowered, shortening the phase oscillation wavelength, and thereby
shortening the machine while keeping the number of phase oscillations
constant.
The shorter machine requires less power. In the BEAR
design, the value of B in the accelerator section was not constant,
causing the local resonant frequency to vary, potentially
causing
variations in the vane voltage along the RFQ.

If the opposing vane tips are connected together with vane coupling
rings (VCR’s), which effectively push the dipole mode to a higher
frequency than the quadrupole mode, the azimuthal symmetry for
quadrupole excitation is strongly improved, and the tuning procedure is
simplified to establishing a flat longitudinal
field22). This can usually
be done by adjusting the position of the endwalls. The VCR’s lower the
frequency of the RFQ, however, and the locally lower resonant
frequency in the vicinity of the VCR’s causes a bump in the longitudinal
field. If this is taken into account in the design of the accelerator, it
causes no problem.
Several other schemes have been invented which separate the
dipole modes from the quadrupole mode without the disadvantages of
the VCR’s
Pirkl23) has inserted loops into the end region which
interact with any dipole component. He has also proposed external
coaxial cables penetrating the endwall and connecting to the vanes
themselves. Schempp has proposed loops traversing the vanes coupling
quadrants, as well as circuits external to the RFQ connecting adjacent
quadrants. Schempp24) has also proposed external resonant lines
periodically penetrating each quadrant for longitudinal stabilization.

This design was further developed at LBLl3) by using even a larger
bucket in the buncher and then ramping the values of A and es in the
accelerator to keep B and the local resonant frequency constant. It was
found that the energy spread of the beam at the exit of the RFQ was as
much as a factor of four below that of the conventional design, as well as
requiring about 60% of the power and a lower injection energy
compared to a conventional design. This design is used in the RFQ that
LBL is supplying BNL as a Cockcroft-Walton replacement.

Potter originally proposed the coaxial manifold as used on the AT-2,
FMIT and Saclay machine. The coupling from the manifold to the four
quadrants is weak, and offers no stabilization.
Resonant coupling from
the manifold to the RFQ would increase structure stability but a high
power solution is elusive. Potter has also developed an interesting TEM
coupler for longitudinal stabilization to be used in conjunction with
vane coupling rings for azimuthal stabilization.
This consists of a
conductor along the center of a quadrant connecting opposing vanes at
particular locations.

The Saclay heavy ion RFQ27) uses a different approach to reducing
the energy spread at the exit. As the beam approaches its Iinal energy
of 183 keV/amu, the acceleration field is ramped to zero to produce a
drti wction with focussing only. Near the end of the RFQ a nonaccelerating bunch rotator section reduces the momentum spread. Due
to the large phase spread at the exit, a six cell radial matching section
must be included to match the beam to the following transport system.
LBL has developed a scenario of using a heavy ion RFQ as a
transport channel for a high energy proton beam. The present Bevatron
229

injector uses a 200 keV/amu silicon RFQ injecting two tandem Alvarez
tanks operating in the 26X mode accelerating to 5 MeVlamu. If an 800
keV proton RFQ is injected directly into the linac operating in the 6X
mode, a 20 MeV beam will be available for the Bevatron.
Since the
heavy ion RFQ is closely coupled to the first Alvarez, the only way to get
the proton beam to the DTL is by drifting it through the heavy ion RFQ.

Therefore. the nonlinearity of the bunch causes emittance increase in
the three phase planes, and equipartitioning
exchanges energy between
the planes in a predictable way. These models may lead to a more
fundamental understanding of emittance growth.

Beam simulations show that if the drift through beam is not
synchronous with the spatial accelerating harmonic in an RFQ that its
energy spread is negligibly affected at r.f. amplitudes sufficient for
efficient transport. There is no program at LBL to pursue this option in
the near future.

The code PARMTEQ, developed at LANL as an descendent of the
DTL code PARMILA, remains the standard. There are several variants
of this code which differ in the choice of the independent variable of
integration through the cell and the treatment of the space charge
forces. Since this code only integrates the particles through the cells
and- does not do any design itself, and is used at all laboratories
developing RFQ’s, it is the standard by which various design methods
can be compared.

The first group of RFQ’s built used a vane profile given by the two
term potential function.
The hyperbolic transverse cross section is
approximated
by a circular cross section and the surface field
enhancement at the closest approach of the vane tips is 1.38 times that
In the presence of
of two parallel planes of the same spacing.
modulations, the field enhancement can be as much as 10% higher than
this, which may induce sparkdown. Analyses by Crandall and Diserens
using 3-D electrostatics codes with the two term pole tip shape and
others, particularly
a constant transverse radius of curvature shape,
showed that the field enhancement could be reduced to 1.25 for a radius
of curvature 0.75ro.
The higher multipole harmonics were more
significant, but simulation codes showed that in most cases they were
not damaging. The Ale spatial harmonic that is synchronous with the
ion velocity of all these various geometries is less than the two term
potential acceleration parameter A, averaging about 93% for the
variable ro geometry, and must be compensated for in the machining of
the modulations.

LANL has developed an RFQ design code, RFQUIK, that applies
the principles of the adiabatic capture section to generate the basic
parameters of an RFQ. The associated CURL1 code analyzes the space
charge response. Other laboratories have developed similar front end
codes such as GENRFQ at LBL specializing in heavy ion RFQ’s and a
code at Saclay for full cell-by-cell
optimization
of parameters.
Wadlinger and Lysenko at LANL have written global RFQ design
optimization codes. These codes search specified parameters in an
attempt to reach an optimized constrained solution.

The modulations are cut into the vanetips by a ball end mill in most
cases. The choice of RFQ parameters influences the minimum
longitudinal radius of curvature of the modulations, dictating the size of
the ball mill cutter. In practice, the selection of the cutter size is a
significant constraint on the RFQ parameters. Tests have been carried
out at LANL with a flying cutter with appropriate cross sectional profile
to produce the modulations, speeding up the vane production process.
The author is not aware of any operating RFQ’s that have been
produced in this way.

The detailed multipole fields at the vane tips in three dimensional
geometry have been determined by Crandall*s), Diseren@), Juniors@
and others. Self-consistent particle simulation codes that solve the pole
tip geometry electrostatics problem in three dimensions with the beam
space charge included have been produced by Drobot, Whealtonzl),
Spadtkezx) and others,

At IAP, Frankfurt,
the four rod
profile that differs considerably
geometryzs). The modulation profile
trapezoidal or even more extreme.
higher multipole amplitudes on axis.

RF Modeling Codes

Vane Tiu Field Multiwles

structures are using a vane tip
from the two term potential
at the surface of the rod may be
Calculations at IAP show small

Chidley and Diserensss) have analyzed the effect of the higher order
multipoles on large bore high current RFQ’s. Using the CHARGJD
code to predict the potential from several vane tip profiles, they find
that the transmission of a high current beam in an RFQl sparker
example to be poor for the LANL POP vane tip profile, improving
slightly for a constant radius of curvature geometry, and somewhat
improved for a geometry that uses a constant center of curvature with
the tip center 1.75ro from the beam axis.

Emittance Growth
A number of numerical studies of emittance growth in the RFQ
have been made over the years. The effects studied have included
mismatch, steering errors, resonances and envelope instabilities.
Haberss) has used FFT techniques to increase the number of particles in
simulations to tens of thousands,
An agreed-upon basis for the establishment of the space charge
limit in an RFQ is an arbitrary one: the space charge limit is defined as
the current that depresses the transverse tune to 40% of its zero current
value. Most simulation experiments which use the SCHEFF space
charge code in PARMTEQ indicate that at half this space charge limit
the emittance blowup is usually negligible and the saturated linac
transmits a current ofon the order of this space charge limit.

Surface Field Limit and Hiah Duty Factor Operation
The space charge limit and transverse acceptance of an RFQ
increase rapidly with the peak surface field assumed in the design.
Expressed in units of kilpatrick (1 kilp = 14.7 MV/m at 200 MHz, 19.8
MV/m at 425 MHz) short pulse RFQ’s operate up to 2 kilpatrick and
long pulse and cw RFQ’s somewhat less: 1.68 kilp for the FMIT RFQ.
Tests of surface sparking show a rate proportional to duty factor to pulse
lengths of about 10 milliseconds, and then flattening out. Very short
pulse RFQ’s may be therefore pushed to relatively high surface fields.

The SCHEFF space charge routine fits the bunch into a set of
concentric rings sliced longitudinally,
removing asymmetries
and
details of the charge distribution.
More elaborate codes by Diserensa4)
and Kuo, for example, which include the image currents on the vane
tips and asymmetries in the beam usually predict a larger loss of the
beam.

Sparker experiments
have been carried out at a number of
laboratories. The results tend to show that pushing short unmodulated
vane sparkers to 3 kilpatrick
is possible for short pulses, even for
aluminum vane tips. No full scale RFQ has yet been designed for a tield
of over 2 kilpatrick.

More recently, Wanglers5J et al. have developed a model for
emittance blowup in continuous or periodic focusing channels from a
guggestion of Cluckstern. In this model, the nonlinear component of the
space charge due to the particular charge distribution produces a selfelectric field energy due to this nonuniform charge distribution.
This
field energy relaxes and is exchanged for rms transverse emittance.
Particle
simulations
show that this model accurately
predicts
analytically emittance growth for various initial charge distributions.

The material near the vane tip will be sputtered away during
operation. Tests at LBL showed that thin copper plating over a mild
steel substrate will disappear in a matter of hours of cw operation at a
low frequency of 60 Hz37). In an RFQ, sputtering of the vane tips would
produce a change in resonant frequency of the machine, which has not
yet been observed in any operating RFQ.

Wangler has recently modified this model for bunched beams by
proposing that the emittances in the three planes equipartition.

Cryogenic (as opposed to superconducting) operation of ion linacs is
an option to reduce the cavity power. Copper structures at 20°K have an
230

r.f. surface resistance lo-15% of that at room temperature.
Many
problems need to be solved, but tests have taken place at LANL for a
single cell cavity.
Experiments by Tanabe at Varianss) in a small
cryogenic electron cavity at fields much higher than those used in ion
linacs showed an anomolous increase in r.f. resistivity at high magnetic
fields that is not yet understood. Cryogenic cavities are of interest to
the U.S. Army as reflected in a recent basic research program
announcement.
Funnelinn

Summary
In just a few short years from the Russian invention and
demonstration of the POP machine at LANL, RFQ’s have matured to
the point where many varieties have been developed and are
successfully operating on a daily basis. New beam dynamics and
mechanical designs will result in improved beam performance in
smaller and lower power machines. RFQ’s are now starting to move to
the marketplace in areas such as biomedical research and materials
detection and testing.
In analogy with the development of small
commercial electron linacs, the RFQ allows the acceleration to McV
energies of protons and light ions in a compact and economical package.
This will open up a whole new spectrum of applications.

and Multiple Beams

Funneling combines two beams of frequency / with bunches
alternating in time to a single beam of frequency 2c As the space
charge limit ofan accelerator system is imposed at the low energy end, a
tree of linacs can be formed with the beginning cells of each funneled
section operating near the space charge limit.
Many such scenarios
were studied for linac loaded synchrotron inertial fusion drivers.
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The difficulties of funneling were not completely appreciated until
Bongardtas’ studied in detail the emittance blowup mechanisms of
funneling two RFQ’s for the SNQ spallation source driver with a
conventional r.f. transverse deflector and careful design of the beam
transport system. He found that the nonlinear tune depression due to
space charge was responsible for a redistribution
of the beam and in
addition, the sinusoidal variation of the deflecting Iield caused some
emittance increase in the plane of the deflection, The outcome was that
the total current was doubled by summing the two RFQ’s, but the
brightness was in fact decreased by the emittance blowup.
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An alternative funneling geometry has been developed by Stokes4o),
but not yet analyzed for its effect on the beam parameters. It operates
on the principle that an offset quadrupole will deflect the beam. An
RFQ focusing channel is provided with a periodic offset that will deflect
a beam depending on its r.f. phase. This satisfies the criterion of
funneling and adds the property of continuous transverse focusing. The
focusing may reduce-the emittance blowup that Bongardt found, and
the addition of a bunching voltage may reduce the emittance growth
caused by a sinusoidal deflecting force by reducing the bunch length. A
practical form of this funnel has not yet been proposed.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

Technoloav Transfer to Industry
The federally funded national laboratories
represent a large
investment in resources. The Congress has found that many new
discoveries and advances in science occur in universities and federal
laboratories and that application of this knowledge depends largely on
actions by business and labor. To strengthen cooperation among these
institutuions,
Congress has passed the Stevenson-Wydler Technology
Innovation Act of 1980 that mandates that each federally funded
laboratory whose budget exceeds $20 million to make available no less
than 0.5% of that budget to support technology transfer to industry.
Multipurpose laboratories such as LBL have no trouble in meeting
this requirement.
Single purpose laboratories such as FNAL satisfy
this requirement, for example, by working with outside agencies in the
area of the design and fabrication of particle accelerators for biomedical
applications and in the transfer of cryogenic technology. At LBL the
technology transfer activities are handled through the OBice of
Research and Technology Applications (ORTA).
The same 96th congress that passed the Stevenson-Wydler act also
passed the Dole-Bayh act that mandates that the national laboratories
Previously
should license patents to industry more aggressively.
handled through Washington, the laboratories can elect to file and
license a patent directly.
In addition, the inventor is now able to
deceive royalties for an invention licensed to the laboratory.
Small business activities, such as AccSys Technology, Inc. are
springing up, staffed by those with strong connections to the national
laboratories to produce RFQ’s as a commercial venture. The national
laboratories are not allowed to compete with private industry. We will
see the maturing RFQ technology, developed in the federally funded
laboratories, move to commercial industry. Already RFQ’s have been
industrially fabricated for LANL, IAP, LBL and others.
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Abstract

Plasma

Current
trends
in the development
of high-intensity positive-ion
sources
for linear
accelerators
are discussed
with
regard
to particle
production,
ionization
principle,
and extraction
system.
A few sources are presented and their most recent beam data given.

Generators

One of the most difficult
substances
to be processed in ion sources
is, undoubtedly,
oxygen.
No hot
filament
lasts long enough
in a pure oxygen
atmosphere
to allow for reasonable
operation
times above 10 h. The
best choice in that case would be a source without
filaments, that is an RF or microwave
driven
plasma generator,
but up to now there appears
no such source to be
actually
working
at accelerators
and delivering
high ion
In this situation,
the DUOcurrents
of 10 mA or more.
PIGATRON
offers
a major advantage
over other sources
because it has two discharge
chambers
and the one where the filament
is situated
can be run in a noble gas
feeding
the oxygen
only to the expansion
environment,
Excellent
chamber
behind
the
anode,’
see Fig.
1.
results
are obtained
using this method:
230 mA beam
current
at 52 kV extraction
voltage,
within
an absolute
emittance
(area divided
by n) of 550 mm mrad. The maximum share of atomic O+ ions reaches 61 %.

The performance
of injection
systems
under
the
influence
of strong
space-charge
action is demonstrated
in an example.
The design of a compound
system where
the
beam is extracted,
focused,
and accelerated
to
injection
energy
in a single structure
with reduced
aberration
is explained
in the following.
In connection
with
this. system the concept
of beam emittance
is critically
examined
and a new interpretation
of fractional
emittances derived.
_

Introduction
The status of high-current
positive-ion
sources for
linear accelerators
has not changed
drastically
since the
last conference
of this series, ’ but improvements
have
been achieved
regarding
the processing
of chemically
aggressive
or
high-melting
materials.
Especially
the
progress
made in developing
MEWA,
a metal-vapour
vacuum-arc
ion source,Z
should
be mentioned
in this
regard.
The availability
of high-current
ion beams with
quite different
species and intensities,
however,
creates
new difficulties
for the layout of acceleration
gaps that
rise the beam energy
to injection
values
and have to
match
a wide
range
of space-charge
conditions.’
An
integrated
extractionand acceleration
structure,
the
so-called
compound
system,
helps
to overcome
these
problems
without
incurring
in brightness
losses.
The optimization
of extraction
systems
as well as
investigations
of beam transport
problems
first
of all
need a suitable
beam quality
criterion.
While for bunched
beams there seems to be no substitution
for the approach
using
statistical
(rms)
emittances*p’
the situation
with
continuous
beams
is more
favourable
and
allows
a
detailed
description
of the beam quality
by the minimum-ellipse
meth0d.s
This method
can be applied
optimizing
extraction
systems
or beam transport
lines to
obtain
either
highest
currents
or highest
brightness
values or least beam halos.

j
DUOPIGATRON
ion source for oxygen,
after
Fig. 1.
Ref. 7. PG, primary
gas inlet (argon).
CC, compressor
F, cathode
filament
made from rhenium
wire.
IE,
coil.
intermediate
electrode.
SG, secondary
gas inlet (oxyAl,
first
anode.
Al, anode insert.
A2, second
gen).
anode.
OE, outlet
electrode.
SE, screening
electrode.
GE, ground
electrode.
These last three electrodes
form a
multi-aperture
triode
(accel/decel)
extraction
system.

The choice of subjects
for this review
is obviously
quite arbitrary
and, with the exception
of M. Shubaly’s
oxygen
source,
determined
by the author’s
direct
participation
in the activities
mentioned
in the following.
This
selection
does not at all imply that there were not many
other development
efforts
going on in this area that are
equally or even better
suited for such a presentation.
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anode
of the source
and reaches
the outlet
electrode
where
a beam can be formed
by adding
an accel/decel
extraction
system.
For the experiments
reported
in Ref.
9, the open area of the extraction
system was reduced
so
as to yield ion beam currents
in the lOO-mA range.
For
example,
77 mA of Ti 2+ were obtained
at 40 kV within
400
mm mrad
absolute
emittance
using
a 163-hole
extraction
system,
and 29 mA of U 4+ at 38 kV within 206
mm mrad using a 7-hole system.

For elements with high vapour
pressure
like iodine,
a modification
of the
hot-running
multi-cusp/reflex
source
CHORDIS
has now been presented.’
Instead
of
the usual vacuum oven,
the source is equipped
with an
external
bottle that is directly
connected
to the cathode
holder tube inside the source,
see Fig. 2.

There
are,
however,
two disadvantages
associated
with the MEWA
source in its present
development
state:
one is the low duty factor
of typically
0.1 % which
is
unsufficient
for many linac applications;
the other
one
concerns
the unsatisfactory
pulse-to-pulse
reproducibility. This latter
feature
was improved
when only the central part of the plasma expansion
chamber was employed
for
beam production,
ID but still the average
deviation
between
the
intensities
of consecutive
beam pulses
amounts to 10 %, and about every tenth pulse will entirely be missing.

ExtractionFig. 2.
Hot-running
ion source of the CHORDIS
type’
A, anode: the inner tube
with external
supply
bottle.
runs hot; the outer,
cold wall is lined with 18 permanent
magnets
producing
a linear
multi-cusp
field for stable
plasma confinement.
The electrodes
that axially
enclose
the discharge
chamber
are usually
connected
to the negative cathode leg. C, cathode made from six tantalum
filaments.
E, extraction
system;
singleor multi-aperture
triode or pentode.
S, vapour
supply
bottle.

and

Injection

General
guide
lines for designing
extraction
systems as well as scaling
rules for the beam parameters
to
be expected
have been published
in the last conference
of this series. 1 In a recent
study of an accel/decel
system, 9 shaping
of the screening
electrode
aperture,
too,
was applied
additionally
to the usual shaping
of the outlet contour,
see Figs. 4 and 5. This procedure
seems to
further
reduce the amount of beam halo, especially
when
relatively
wide
screeningand ground
electrode
apertures are used, as shown in Figs. 4 b and 5 b.

The discharge
burns
in a pure vapour
atmosphere,
and 28mA
I+ ions are so far extracted
at 31 kV within
150 mm mrad absolute
emittance.
The same source type
can also be run in a sputtering
mode by biasing the outlet reflector
to about -150 V and leaving
out the supply
bottle.
In a pilot
experiment
with
aluminum,
a 20 %
share of metal could be reached within
the beam, amounting to 2.4 mA Al+ at 20 kV within
75 mm mrad.

the
3.

Systems

z/cm

A major progress
was made by further
developing
metal-vapour
vacuum
arc source MEWA,’
see Fig.

A

T

c

Fig. 3.
Metal
vapour
ion source
MEWA.*
cathode
made from the material
yielding
the
-species.
T,
triggering
electrode.
A, ring
triode extraction
system.

C, solid
desired
ion
anode.
E,

Fig. 4.
High-brightness
extraction
.. . . .
. code
w~fn the ald ot the simulation
two cases show electrode
shapes
highest
beam current
within 20 mrad
gle (a) or for lowest divergence
(b).
tages of l 50 kV and -4 kV (screening
tolerated
by the 6-mm gap’.

This
source
is capable
of delivering
high-current
beams of multiply
charged
ions up to 1 A of virtually
any
metal.’
The discharge
is initiated
by a triggering
spark
and then maintained
for typically
1 ms by a pulse-forming network.
The plasma expands
through
the hollow
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system,
designed
AXCEL-GSI.
I1 The
optimized
for either
divergence
half-anThe extraction
volvoltage)
are well

50

: .. .. ..-_
-. . . . . . . .
..:.‘“‘-.:T
i..:.
i.
:.
::

a)

’

emittance-normalized
B

I,

ion current

138kV

m

10 -

Column Voltage (kV)
Beam current
measured
at the ground
side of
Fig. 6.
a high-voltage
gap versus
gap voltage,
with extraction
voltage
as parameter.
The broken
line indicates
matched
conditions
that
yield maximum transported
current
for
every
extraction
voltage.
The beam consists
of 58 8 U
4+, 29 % U 3+, and minor shares of other uranium
charge
states.
From Ref. 9.

Even the best extraction
system would be useless,
however,
if the beam quality
could not be maintained
during
the next
acceleration
step,
usually
needed
to
reach
injection
energies
of RF structures.
While there
may be satisfactory
solutions
for direct
extraction
systems in cases where
ion species
and current
are constant,
with heavy ion accelerators
these two parameters
are frequently
changed
according
to the users’ requirements and the maximum currents
available.
In addition,
varies
proportionally
to
the
the
injection
energy
For
a given
mass-over-charge
ratio
of the
ions.
arrangement
of extraction
system,
drift
space,
and
acceleration
gap then there
exists
an optimum
ratio of
extractionover acceleration
voltage yielding
the highest
transported
beam currents.’
This phenomenon
is illustrated
by measurements
using the MEWA
source,’
see
Fig. 6.

with:

I

z!z 30
E
i?
a
EI 20

.

Calculated
emittance
patterns
for the
Fig. 5 a and b.
extraction
systems
in Fig.
3 a and b. System
(a) is
optimized
for highest
current
within
20 mrad half angle,
amounting
to 283 mA (proton
equivalent).
With system
(b), the aberrations
are considerably
reduced
in intensity. The beam core still contains
100 mA, within
5 mrad
half angle.
In terms of brightness
B, system (b) is better by a factor
of 19 than system
(a), according
to the
when
the encompassing
ellipses
are
formula
B = l/r’,
taken to determine
the emittance
values
s. System
(b)
yields 220 mA within
20 mrad at matched
current
density.

the

I

40

-

Using

1

I

Extraction
Voltage

3
rlmm

I

tn
and t n,

divided
by n), in the best
ments a value of Bsn = 1.4

”

brightness

definition’

I

= I/s;
normalized

emittance

(area

case during
these measureA/(mm mrad)’ was measured

at 158 keV energy
for the core of the beam, containing
about
80 % of the total of 40 mA current.
The entire
beam emittance
pattern
exhibited
substantial
aberration
wings.
come
ture
einzel
Such
only
-built

Such aberration
problems
can quite easily be overby using a so-called
compound
system,’
a structhat basically
consists
of extraction,
electrostatic
lens,
acceleration
gap,
and screening
electrode.
a system had been proposed
some time ago, I2 but
recently
a computer-optimized
design
was actually
and tested on the MEWA
source,10
see Fig. 7.

A uranium
ion beam current
of 15 mA was delivered
by this
system
at 159 keV energy
within
an absolute
emittance
of 12.3 mm mrad,
that
is, with 21 A/(mm
mrad)’
emittance-normalized
brightness.
The core of
this beam contains
2.8 mA as derived
by integration
of
the measured
profile,
see Fig. 8, within
2.5 mm mrad.
This means an extraordinarily
high emittance-normalized
brightness
value of 78 A/(mm mrad)‘.

OELHG

S

B

Compound
extraction
system for MEWA.
ID 0,
Fig. 7.
outlet
electrode,
on 159 kV potential.
E, extractor
electrode,
125 kV. L, einzel lens, 154 kV. H, high-potential
125 kV. G, grounded
gap electrode,
0
gap electrode,
kV. S, screening
electrode,
-1.5 kV. B, beam potential
electrode,
0 kV.
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’
with

large

halo even

the 4rms

emittance

ellipse

-2 )
- (x.x’

of size:
1 l/2

= 4*erms = 4.Ip.F
‘4rms
(with:
x, transverse
position
and x’, transverse
angle
of every
trajectory
of the measured
beam)
does not
encompass
the entire
emittance
pattern
but cuts off the
hand,
extends
too
aberration
wings
and, on the other
far
along the main axis,
see Fig. 9. The existence
of
such problems
has already
been acknowledged
in Ref. 5.

m

-20

-10

10
RADIUS

During
a study
on this subject,c
a new algorithm
was
created
that
permits
to calculate
encompassing
ellipses of minimum size for arbitrary
emittance
patterns.
At the same time, the algorithm
yields an objective
criterion to decide which of the individual
points of the distribution
is the one that determines
the actual
size of
such a minimum-ellipse.
Consequently,
this one point is
eliminated
and a new minimum-ellipse
drawn
around
the
remaining
fraction
of the distribution.
By repeating
this
procedure
the distribution
is gradually
reduced,
and a
plot of beam intensity
versus
size of the encompassing
ellipse then clearly
shows the particularities
of the distribution,
especially
the halo and the core, see fig. 10.

of Emittances

At a first
glance,
it might be surprising
to notice
how much the measured
brightness
values differ
for one
single source,
even considering
the fact that the square
of the emittance
value
is entered
into the brightness
formula.
The
data given
above for MEWA,
however,
spread
so much because of two reasons.
The first one is
of purely
physical
nature:
the compound
system
is
designed
so as to minimize aberrations
that are produced
when
extracting
and accelerating
a beam in a conventional way by two separate
structures.
The much higher
brightness
value obtained
by the compound
system then
just proves that this goal has in fact been reached.
The
second effect bases on the arbitrary
choice which part of
the beam actually
to take into account with its emittanceand current
values,
in order
to achieve
a very
high
brightness
result.
This latter
point should explain
why
to have an objective
criterion
with which to
judge
beam emittances.
So far,
the rms
widely
used in the accelerator
community
pose, but it has one decisive
disadvantage:

EHIN - 0,lOOC9E'O3 Bf - O.l0DKlE*DI
BnIN - 0.47BBsE-01 WIN - 0.95357E.02
B?NS - 0.142ME.m
GRHS - 0.41163E.03

Fig. 9.
Emittance
pattern
of a simulated
beam near the
extraction
plane,
with 4rmsand minimum-ellipse
contours.
After
Ref. 6.

20
(rim)

Fig. 8.Emittance
pattern
and profile
of a 15-mA,
159
keV uranium
beam extracted
from MEWA
by a compound
in the dotted wings is less than
system. I0 The intensity
about 1 % of the total intensity.
The emittance
is measured using
a radial pepper-pot
measurement
technique.
To obtain the beam profile,
a kapton foil was exposed to
the entire
beam for several minutes and the radial density distribution
photometrically
evaluated.
The core of
the emittance
pattern
as determined
by the profile
measurement
is shown in full black within
the emittance
diagram.

Quantification

- 0.49mlE+02
t?i
--O.l99B4E*Ol
Rat5 - -0.7598OE'Ol

The great advantage
of the minimum-ellipse
method
consists
in the fact that for every beam fraction
a closely fitting
shape is known that encompasses
all this fraction.
Thus,
by providing
an equivalent
acceptance,
one
is absolutely
shure which amount of beam current
can be
transported.
(The minimum-ellipse
method as well as the
rms method both yield the ellipse orientation
and excentricity,
too, not only the size as discussed
here.)
Also
for studies
of emittance
growth
effects,
the new method
seems
appropriate
because
it enables
to distinguish
between
significant
growth
and cases where only a tiny
fraction
of the halo spreads
away and leads to much
increased
100 % emittance
contours.
It should
be underlined
that
plotting
emittance
sizes versus
beam fractions
is not at all a new procedure.
But
usually
intensity
thresholds
are taken
to
determine
the contours
of fractional
emittances.
l* This
way,
however,
suffers
from two disadvantages:
simulated
emittances
very
often
do not have large enough
trajectory
numbers
to allow the definition
of reasonably
smooth
density
distributions,
and, even for measured

it is desirable
quantify
and
concept’+
s is
for this purfor a beam
235

I

density
contours
generally
have complidistributions,
cated
shapes
with partially
concave
border
lines.
The
minimum-ellipse
approach,
on the contrary,
automatically
leads to completely
convex shapes and does not even use
any definition
of trajectory
density.
For measured
emitthe current
density
is taken
into account
as a
tances,
statistical
weight
for every occupied
area element of the
phase plane.
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versus minimum-ellipse
size for
Fig. 10.
two
different
beams
simulated
by
using
the
code
SNOW. l’ The plot shows that case (b) is much more favourable
than case (a) because for 75 $ and lower beam
fractions
the emittance
values
of (b) are only half as
large as those of (a), even if both values for the 100 %
fractions
are nearly
identical.
On the other
hand,
the
4rms values of the entire
distributions
differ
by only 20
%. After
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In conclusion,
the minimum-ellipse
method is helpful
whenever
a detailed,
quantitative
judgement
of given
emittances
is needed,
whether
they
are measured
or
result
from simulations.
A user of this method anyway
has the freedom
to choose the goal of an optimization
or
matching
process:
either
highest
current
within
a given
acceptance
or. highest
brightness
or least
losses,
to
avoid
excessive
power
loads
under
high-intensity,
high-duty
factor conditions.
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high ionization
degree coupled
to a good plasma confinement
will
be reflected
in high
power and gas
efficiencies,
which may be an Important
consideration
in high current
and/or
steady
state
devices.
An A
ion can be produced
bl back- scattering
of hydrogen
particles
(Ho, A+, 82, At).
or by desorption
of adsorbed
hydrogen
atoms.
d e energy
range of primary
particles
in either
case is between several
tens of
eV to several
hundred
eV.
Parameters
of the emitted
H- ions (yield,
energy spectra)
depend on the process
of formation;
therefore,
characteristics
of a source
brightness)
will
also
depend on
emlttance,
(yield,
the dominant
mechanism.

Abstract
Charge state
of an H- ion can be changed easily
by either
single
(neutralization)
or double
(ionization)
electron
etrfpping,
in
a very
wide
energy
range.
Development
of H- ion sources
has been stimulated
by several
areas of application:
production
of
high power beams of hydrogen
atoms with
energies
of
several
hundred
keV for
plasma heating
and current
production
of high brlghtdrive
in fusion
devices,
ness
beams of hydrogen
atoms in the energy
range
around
100 MeV, and for
use in some accelerators
where H ions facilitate
and improve
the injection
or
ejection
processes.
This paper will
put most emphasis
on the accelerator
application.
Two types
of
sources
will
be considered,
those where H ions are
produced
In processes
on a low work function
surface
and those where they are produced
in collisions
occurring
in the plasma.
After
a short
outline
of
theoretical
work and experimental
studies
of relevant
processes
and phenomena,
a review
of existing
source
designs
will
be given,
describing
their
performance.

Formation
of the plasma.
Gas discharges
that
serve
as a source
of particles
for surface
processes
producing
A- Ions,
can be classified
into
two groups,
one where the cesfated
surface
(converter)
acts also
as one of the electrodes
for the formation
and maintenance
of the discharge,
and the other
where the
discharge
is formed
independently
of the converter.
Magnetron
sources
and simple
Penning sources
(without
converter)
belong
to the first
group,
while
modified
Penning
sources
(with
converter),
multicusp
sources
with
converter
and hollow
cathode
discharge
with
converter
belong
to the second group.
Although
the
addition
of a separate
converter
electrode
for this
specific
purpose
somewhat complicates
the design,
it
has definite
advantages
because
it
offers
the possibflity
to optimize
its
potential
and,
therefore,
the yield
of H ions.
It is also true that
sources
with
an independent
converter
in
general
have a
better
gas efficiency
and a higher
power efficiency.

Introduction
Until
about
10 or
15 years
ago most H- ion
sources
ware actually
adapted
positive
ion sources
delivering
up to 5 mA of R Ions in pulsed
or steady
state mode of operation.1*2
At that
time,
dissociative
attachment
of electrons
to molecules
and dissociative
recombination
of molecular
ions were considered
to be dominant
processes
for
H- ion formation.
In the early
1970’s
it was discovered
that
H’
ions
can be produced
very
efficiently
on low work
function
cesiated
surfaces,3
and several
types
of
sources
have been developed
since
then using
this
method.
They all
have a discharge
chamber where a
plasma
is
produced;
plasma
particles
(fast
atoms,
ions)
bombard a cesiated
surface
placed in the plasma
and produce
H ions either
via back-scattering
or by
desorption.
Achieved
H- ion currents
have reached
1
A in the steady
state
mode of operation
and 10 A in
the
pulsed
mode.4p5*6
A more recent
development
has been in the area of volume sources.
First
experiments
were done at Ecole Polytechnique,7
showing
an unexpectedly
high density
of H ions in some low
density
plasmas.
Further
studies
at Ecole Polytechnique
and elsewhere
have led to present
designs
of
volume
sources,
where
H- ions
are
produced
most
probably
by dissociative
attachment
of electrons
to
molecules
in high
excited
states.
Although
their
total
H- current
and their
current
density
cannot yet
match
the
performance
of
plasma-surface
sources,
there
are
accelerator
applications
where
the
advantages
of
volume
sources
(simple
operation,
no
cesium) may outweigh
their
disadvantages.
Processes

Relevant
for
Plasma-Surface

the Operation
Sources

Cesium Coverage
on the Converter
Surface.
The best
conditions
for
H- ion production
on the converter
correspond
to the minimum in the work function;
only
about
60% of a monoloyer
of cesium is required
for
that.
To maintain
the optimum coverage
of cesium on
the converter
is one of the most difficult
problems
facing
the designer
of long
pulse
or steady
state
sources;
fortunately,
for short
pulse operation
it Is
much easier
to maintain
the
optimum.
cesium
is
usually
injected
into
the discharge
in the vapor form
and reaches
the converter
surface
either
as neutral
atoms or ionized.
During
the operation,
the adsorbed
cesium Is sputtered
away mostly
by Cs+ ion bombardment .
If
the source
operates
with
short
pulses,
cesium
is mainly
deposited
on the converter
during
off
periods
and a close to optimum coverage
may last
during
the whole
pulse.
Even at moderate
plasma
densities
(I 1012 cmW3) most of the cesium would be
ionized*
and the equilibrium
coverage
would be below
the optimum (a high sputtering
rate and a low sticking probabilfty
for
Cs+ ions).
A theoretical
model
developed
later9
agreed with
this
conclusion
(at Cs+
Ion energles
of about 200 eV any increase
in the Cs
ionization
degree above 40% would reduce the coverage
below optimum).
A fully
ionized
Cs flux
would produce only 26% of a monolayer,
corresponding
to a work
function
of about 2 eV instead
of about 1.5 eV at the
opt imum.
On the other hand, measurements
of the work
function
of molybdenum when bombarded with Cs+ ions”
have shown that if CS+ ion energies
are around 100 eV
or lower
it is
to reach optimum conditions.
ossible
prob Pems can be greatly
reduced
by using
Sputtering

of

Performance
of a plasma-surface
H- ion source is
determined
by plasma parameters
and by the processes
on the surface
which serves
to produce
H- ions.
A
*~plcr@&~~d

under
Energy.
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deposition
converter.ll

of

cesium

by

diffusion

through

a porous

consensus
that
most H- ions
in volume
sources
of
recent
design are produced
by dissociative
attachment
(DA) of low energy electrons
to hydrogen
molecules
in
high vibrational
states

Back-scattering
of hydrogen
particles
from surfaces.
In many experiments,
where a low work function
surface was bombarded by fast protons,
it was found that
R- ions
could
be produced
with
a high
conversion
probability12*13
(up
to
60-70%).
However,
large
values
of the angle of incidence
of primary
particles
have been often
studied
in great
detail,
while
for
plasma-surface
sources
the normal
incidence
is most
there
is an optimum proton
important.
In general,
Energy
energy
and an optimum
angle
of incidence.
spectra
and angular
distributions
of II'
ions
are
rather
wide; it has been also found that hydrogen
coadsorbed
with
cesium
on the surface
substantially
reduces
the H- yield.14
Measurements
of angular
distributions
and energy
spectra
of H- ions from ion
sources
do not
point
to backscattering
as an important
contribution
to the total
A- ion yield
since
many of the ions scattered
under wide angles
cannot
reach the extraction
aperture.15

e + H2 (u > 6) + A$ + H- + A.
This
is,
however,
only
the final
step in a complex
process
that
involves
production
and destruction
mechanisms
of
excited
molecules,
together
with
destruction
of H- ions on their
way to the extraction
Studies
at Ecole Polytechnique
by M. Bacal
aperture.
stimulated
further
theoretical
and her co-workersI
and experimental
work.
Distributions
of vibrational
populations
have been calculated20*21
for
different
sets
of
parameters
in
typical
magnetic
multicusp
source
geometries.
Fast electrons
(So-100
eV) are
required
for
the electronic
excitation
of H molecules,
which is followed
by a radiative
decay z eaving
the molecule
in the ground
electronic,
and a high
vibrational
state.
The other production
mechanism is
the neutralization
of molecular
ions on walls,
with
molecules
bouncing
off
in a high vibrational
state.
Atoms are detrimental
because
excited
molecules
may
collide
with
them and fall
into
a lower
state.
Energy of electrons
required
for the production
of R
ions from excited
molecules
by DA is of the order
of
only
1 eV, while
higher
energy
electrons
would only
contribute
to the loss of R ions via collisional
detachment.
Most recent
volume sources
separate
the
region
where excited
molecules
are formed (collisions
with
fast
electrons)
from the region
where negative
ions
are formed
(collisions
of such molecules
with
low
energy
electrons);
density
of
fast
electrons
should
be as small
as possible
in the latter.
Separation
of the two regions
may be done by a dipole
magnetic
field
(tandem
geometry),
or by the cusp
field
itself.
Calculations
of H- ion densities
and
of the achievable
current
yields
have been performed
by several
groups.20-26
In general,
they
predict
that some parameters
of the source
(e.g.
gas density,
some dimensions)
can be optimized
and
plasma density,
that
under
optimum
conditions
extracted
H- current
densities
up to 50 mA/cm* should be achievable.

Desorption
by cesium ions.
II' ions can be efficiently produced
by desorption
of hydrogen
from a low work
function
surface
(cesium
on molybdenum),
using
fast
CS+
ions
as primary
particles.
The investigated
energy
range was 150 - 1000 eV, and the yield,
ang;~:r,~;~;;\~utions
and transverse
energy
spectra
At the minimum work function
the yield
of H- ions was 0.41 at a Cs+ ion ener y of 750 eV.
The R ion temperature
depended
on Cs $- ion energy4
ranging
between
0.35% and 0.65% of the incident
Cs
ion energy
(lower
values
for
high
energies);
practically
all
A- ions
were
emitted
with
an initial
energy
less
than 2% of the incident
Cs+ ion energy.
This mechanism has been suggested
to explain
rather
low measured
values
of beam emittance
in some ion
for
converter
voltages
optimized
sources;
however,
for a good H- yield
and stable
source operation
the
H- yield
should not be larger
than a few percent I6 of
the incident
Cs+ flux.
It seems that
by the
Desorption
by hydrogen
ions.
the most important
contribuprocess
of elimination,
tion
to the R yield
should
be from desorption
by
very little
is known
hydrogen
ions.
Unfortunately,
about this
process
experimentally,
while
theoretical
studies
predict
a wider
energy
distribution
(higher
H- temperature)
than for Cs+ impact.

Muulticusp
sources
have
been
studied
experimentally
as well,
measuring
population
distributions
of molecular
excited
states
using
ULRS.*~ and electron
density
and temperature
and H- ion
density
distributions
by means of probes
and photodetachment.28
H- ion density
shows a proportionality
with
the square of the arc current
at a low plasma density
and a linear
dependence
at higher
values;22
more
have
conrecent
measurements
at high arc currents*'
firmed
the linear
dependence
followed
by saturation.
Plasma
potential
distribution
is another
important
factor
for
the operation
of volume sources:
plasma
tends
to be more positive
than the anode.**
trapping
H- ions.
There
are
two essential
(and
possibly
interrelated)
features
of an efficient
volume source:
the extraction
(or plasma)
electrode
has to be biased
positively
with
respect
to the anode (a few V) and a
magnetic
filter
field
parallel
to this
electrode
has
to be present
in
the vicinity
of the extraction
These two features
modify
the densities
of
aperture.
different
plasma
species
in the
space
around
the
A sharp
reduction
in the fast
electron
aperture.
density
has been found2g
when crossing
the filter
field
toward
the extractor;
source
neutral
gas pressure and plasma electrode
potential
can be optimized
for
the highest
H- ion density
and lowest
electron
deneity.30

Charge exchange.
In many plasma-surface
sources
the
density
of hydrogen
atoms is sufficiently
high that
the charge exchange process
between fast
R ions and
low energy atoms may take place,
resulting
in a fast
atom and a slow R ion.
The energy
spectra
of extracted
ions will
show a very low energy
group
indistinguishable
from ions produced
by other
processes
in volume (in
some sources,
like
the simple
Penning
source,
where there
is no direct
path
between
the
surface
and the extraction
aperture,
this
is the only
Their
temperature
could,
however,
be higher
group).
than the temperature
of atoms as the result
of elastic
collisions
with
positive
ions
in the
plasma.
usually
have
Still,
beams formed from such ions will
a lower emittance
than those including
ions produced
on surfaces.
Processes

Relevant
Volume

for the
Sources

Operation

of

First
R ion sources
deliveriflq,
milliamperes
of
current
were of the Penning
type.
Polar
dissociation
e + H + H- + H+ + e was considered
to be the
dominant
met t anism
for
oroduction
of nenative
ions.
Although
there are still‘argu~~ts
advanced about thf
there
is
a genera
importance
of this
process,

Plasma-Surface
Plasma-surface
of various
devices,
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sources
designs,

of

H'

Ions

re resent
wit K cesiateda

m!i$

of
c!ienum

Designs
difconverter
surface
as a common feature.
fer
according
to the, intended
application
and its
requirements
(current,
current
density,
efficiencies,
phase space characteristics,
duty
factor);
some of
them have reached
the stage
of reliable
operation,
Efforts
while
some of them are still
experimental.
to develop
a steady
state
device
have shown that
increasing
the
pulse
length
requires
reducing
the
with
the result
that
exelectrode
power density,
tracted
current
density
is in general
also
reduced
and that one cannot expect
to achieve
the same source
brightness
as is possible
with short
pulses.

0.2
- 0.8 ms duration,
but it
is doubtful
that
it
could
be scaled
up with similar
parameters
to a long
pulse
or steady
state
operation.
In a smaller
size
version,
developed
for
accelerator
use,
a rather
bright
beam of 100 mA was obtained
through
a slit
aperture
with
dimensions
0.5 mm x 10 asn, in 0.25 ms
pulses.37

Penning-type
sources.
Discovery
of the enhanced Hproduction
on ceeium covered
surfaces
has led to the
modification
of original
Penning eources,38
by changing
the dimensions
and adding
cesium
vapors.
In
Penning
sources
without
a converter,
H- ions
are
produced
on cesiated
cathodes,
but only those resulting from charge exchange collisions
with atoms can be
Therefore,
extracted.
energy spectra
of H ions show
only the low energy group and the brightness
of such
sources
can be much higher
than of those where surface
produced
H- ions
are extracted
directly.3g-41
Extensive
studies
have been done at L4NL and the
characteristics
of two models,
one with
a slit
extraction
aperture40
and the other
with
a circular
aperture
(4X aource)41
are
included
in Table
I.
While
similar
extracted
currents
and current
densities
can be obtained
with both magnetron
and Penning
sources,
the latter
tend to require
more power and
higher
gas flow
for
the same output,
especially
in
the low noise
mode of operation,
which is also the
high
brightness
mode.
This
is the reason
that
it
will
be even more difficult
to extend
the
pulse
length
of Penning sources
beyond a few tens of milliseconds
without
a substantial
sacrifice
of
their
performance.

Magnetron
and other
sources
with
2 x 3 drift.
Chronologically,
the magnetron
was the first
source
of H- ions where the production
was enhanced by adding cesium
vapors
to a hydrogen
discharge.31
The
discharge
is maintained
by 2 x fi electron
drift
in
the narrow chamber between the cathode
and anode.
Iiions
are produced
on the cathode
surface,
while
the
Depending
extraction
aperture
is in the anode wall.
on plasma
parameters
(plasma
density,
neutral
gas
density,
length
of the path between
the cathode
and
extraction
aperture)
a smaller
or larger
part
of
surface-produced
H- ions
will
survive
the
travel
through
the plasma and be directly
extracted
as fast
ions,
while
some of the rest
will
undergo
charge
exchange
with
atoms and be extracted
as low energy
ions.
Several
models have subsequently
been developMagnetron
ed* and many improvements
incorporated.32
sources
serve
presently
to provide
R ions
for
the
charge
exchange
method
of
proton
injection
into
synchrotrons
at Brookhaven
National
Laboratory
and
Fermilab;
the source
has been developed
in cooperatwo
laboratories33*3s
and
its
tion
between
the
are
shown in Table
I.
Its
operating
parameters
operation
is very stable,
after
some initial
conditioning,
and runs lasting
six months are routine
with
Extraction
from a slit
aperthe same cesium load.
ture
yields
a beam with very different
emittances
in
the two directions,
but after
acceleration
in a CockThere are
croft-Walton
machine
they differ
less.34
plans to change the extraction
aperture
to a circular
one.35

The desire
to extract
from a Penning
source not
only
B
ions
produced
in the volume by charge
exsurface
produced
ions as well
change,
but the fast,
has led to the introduction
of a separate
converter
electrode
with
the purpose
of serving
as an R producing
electrode
placed
directly
opposite
extraction
slits . 4* p43
This modification
was a major improvement in the design
of R ion sources,
separating
in
principle
the
plasma
generation
from
surface
pro;
cesses producing
H- ions.
The yield
of A- ions in a
doubled,43
with
about -lOOV
small
source
was almost
A much larger
version
of a
bias
on the converter.
Penning source with converter
was developed
at OENL44
for fusion
applications
(SITEX);
while
small
sources
of the Penning
type have cold
cathodes,
the SITEX
source
has a hot filament
as an electron
source and
well
separated
plasma and B producing
regions.
Hion currents
in excess
of 0.5A have been re orted
through
a thin
slit
extraction
aperture
of 5 cm s .

designed
for
steady
state
A large
magnetron,*
operation
with
electrode
cooling,
delivered
lower
current
densities
compared to short
pulse sources
(60
mA/cm* or 120 mA total
current);
it was difficult
to
maintain
an optimum cesium layer
over the whole surA large
cathode
surface
face of the cooled
cathode.
area semiplanotron
source,
for short
pulse operation,
has been developed
at Novosibirsk;36
it is similar
to
a magnetron
source,
but it has one side of the cathr
ode only.
The source has delivered
llA,
in pulses
of
Parameters
1

-I

20-25

----I

PENNING

1 100-120

V

kV

25kV

-I

4%

60 A

501

I

-250

100 v

3oA

wuLnaw

1 130-150

htuLncusp

1

v

(94 kV)

X1-50

0.5 mm x I
10 mm
7 mm
,,+

mA

with

Discharge

converter.

GAS now
RATE

0.5 ma
5 Hz

0.5 A/cm2

0.6
mghwr

160 mA

2.8 A/cm2

1 mr
5 Hz

4.5-6 scc/mb
(PUW
3-4 scc/mln
(PUld)

up A/cm2
to
0.5

1 ma
50 Hz

260 acc/min
(stacdy state)

mA/cm2

0.0 mr
120 Hz

2
mcc/mln

mA/om2

0.2 ma
20 HZ

7.5
ooc/mln

xl
mghwr
1.25
mg/hwr

#body
rtata

2
wc/mln

50-100
mghwr

I

67-110 mA
(dlft. mcda)
20 mA

18 mm*

21 mA

15
I)

v
70 mA

70 v
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50 mA/cm2

0.25 ma
50 Hz

COLOSS
RATE

2 A/cm2

I

in

a

Sources

100 mA

10 mm+

13 mm+

sources

H- CURRENT PULSE LENGTH,
RATE
DENSN

nEL0

0.0 mm x
5,

MuLnaw

II-

1 mm x
10 mm

20 kV

TABLE I
Plasma-Surface

of

CONVERTER EXTRACTOf ExlRACTlON
1
ARC
1 PARAMETERS VOLTAGE
WLTACE
APERTURE

SOURCE

Multicusp

1 mg/houf

EMII-fANCE(S) 1

fields
traction

magnetic
multicusp
ion source
is maintained
by electron
emission
from a hot cathode
(tungsten,
oxide,
LaB6),
while’ magnetic
cusp fields
produced
by arrays
of permanent
magnets at the source boundary
serve to
Compared to magneimprove
the plasma confinement
.
multicusp
sources
operate
tron
and Penning
sources,
at much lower pressures,
but their
plasma density
and
On the
the
extracted
current
density
are lower.
a steady
state
source
of electrons
(hot
other
hand,
cathode)
makes them suitable
for
continuous
mode of
Addition
of a negatively
biased,
operation
as well.
cesiated
converter
electrode
in the magnetic
fieldfree
central
region
of the discharge4’
has extended
the use of this
source
to the production
of negative
ions.
On their
way from the converter
through
the
plasma
toward
the extraction
aperture,
A- ions
acquire
only
an energy
corresponding
to the potential
difference
between
the
converter
and the
plasma,
hence
the
name self-extracted
for
these
type
of
First
models were meant for fusion
applisources.
cations
and have
grown
into
a long
pulse
device
delivering
in excess
of lA of H- ions.46*47
As a
several
smaller
devices
have been built
and
spin-off,
The first
of these,
developed
at
put into operation.
LASL, has been reported
and described
previously;4B
In a
its
characteristics
are summarized
in Table I.
high
pulse
rate
mode of operation
(120 Hz), with
a
pulse length
of 0.8 ms, it delivers
abut 20 mA of Hcurrent
at a current
density
of 15 mA/cm*.
The emitA relatively
short
tance
is
aperture
determined.
tungsten
filament
life-time
(200 hours)
may be conAt KEK,
sidered
as a drawback
for some applications.
LaB cathodes4’
used in a similar
source have lasted
and the source has delivered
mor,6 than 2,000 hours”
up ,to 20 mA of R ions.
Comparing
the two sources,
one can notice
a much lower consumption
of cesium in
the KEK source,
probably
due to a much lower average
A multicusp
source
with
the
power in the source.
converter
has been tested
in the steady
state
mode of
operation;51
it delivered
more
than 70 mA through
an
extraction
hole of 1.3 cm diameter,
with an excellent
gas efficiency
of 20% (Figure
1).
Volume

Sources
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WA

70 v

5.2 m torr

25 (5) kV

175 A

120 v

2.5 m torr

4.S kV

1100 A

JAERI #l
wLncus

55

5oo A

JmlP
htuLncw

06

with

converter.‘l

Sources

ONII.- YC.I

ExTRACTl
APERTURE

145 v

6’

(3) 25 kV

TABLE II
of Volume

100 A

CULHAM p
uuLnaw,

NAGOYA
68
PLASMA SHEET

EXTRACTION
VOLTAGE

source

ex-

Extensive
studies
of tandem multicusp
sources
(Figure
2) have been done at LBL with
the intent
of
optimizing
the A
eld and improving
other
source
characteristics.
5 3-&i
A list
of subjects
includes
the effects
of the discharge
voltage
and source pressure,
introduction
of magneto-electrostatic
plasma
confinement,
optimixation
of
the
filter
position,
main discharge
chamber length
and extraction
chamber
length
(the
closer
the filter
field
was to the extraction
aperture,
the better
was the performance),
effects
of adding argon and xenon into the discharge,
and effects
of
cold
electron
injection
into
the

It is in the field
of volume sources
that
most
recent
activities
have been concentrated
and where
the greatest
progress
has been made during
the last
However,
in spite
of that,
there are only
few years.
a few sources
that
are operational;
most of them are
experimental
devices
serving
either
for
studies
of
basic
properties
or as a stage
for
scaling
up to
Most of them have magnetic
multicusp
larger
models.

.

1 - Multicusp

and separate
the
discharge
chamber.

Sources for accelerator
applications.
Correlation
of
extracted
H- currents
(and current
densities)
with
plasma
parameters
and understanding
of the source
functioning
are the main objectives
of studies
at
Ecole
Polytechnique.52
Effects
of plasma electrode
bias and size,
plasma density,
H ion density
and gas
pressure
on the extracted
H ion current
have been
determined
for
different
source
geometries;
an ieotope effect
@I- vs D-) was also observed,
but it was
less pronounced
at higher
densities.

H- Ions

Parameters

for
plasma confinement
region
from the main

”

“-

27

mA

4 mA

1 H- CURRENT
DENSIN
38 mA/ci2
12 mA/un’

PULSE LENGTH.
RATE
0.4 mr
7.5 Hz
de.
0.15 mr

10 mA

20 mA/an2

30s

1.5 mm+

1 mA

57 mA/cm2

10

4x4 mm+

6 mA

12 mA/cm2

100 mA

10 mA/om2

0.2 s
l/l50
Hz

200 mA

28 mA/an2

dc.

12x10

mm+

25x8 mm*

240

12(5)

mA

Al-l

DIlllANCE
Tan
mrad
I

0.025
CVI
-(L’) a..,

Id
\“.

15
uo/mln

24 (10)
mA/can2

8 mm*

GAS FLOW
RATE

0.02

11
occ/mln

*

115
scdmh

-

I

extraction
chamber
(both
resulted
in a substantial
High power tests
of such a source were
improvement).
subsequently
performed
at LANL,56 but with
a small
At the highest
arc
extraction
aperture
(Table
II).
current
of 350 A, the extracted
H current
density
a total
current
of 3 mA, but
was 38 mA/ cm*, with
recent
efforts
have
resulted
$p a substantial
improvement
in the arc efficiency.5'

obtained
as with
the smaller
aperture
(26 mA total,
A larger
source has been studied
with an
17 d/cm*).
aperture
of only 1.5 mm diameter,
but at full
power
current
density
was almost
60 mA/cm*,
(110 kW) the
which
is very
promising
for
future
scaling
up.
A
strong
isotope
effect
was observed:
the maximum Dcurrent
density
was only 27 &cm*.

PERWANENT

EXTRACTION

f”J,dENT

l-d
Figure

2 - Multicusp

MAGNETIC
CILTER

volume

eource.53-55

A steady state
operating
source was developed
at
TRIUMF~* and an extracted
current
of 4 mA was obtained through
an aperture
of 0.33 cm* (12 mA/cm*>.
A
magnetic
filter
was used to maximize
the H yield
and
reduce
the electron
drain;
its best position
was 0.5
At the final
energy of
cm from the plasma electrode.
cm mrad
emittance
was 0.02
25 keV, the normalized
The source
is ready
for
final
tests
(Table
II).
before
installation
on the cyclotron.

Figure

3 - Large

multicusp

volume

source.64

The objective
of the program
at JAERI is to
develop
a large,
high current
source for neutral
beam
Initial
studies
have included
investiapplications.
gations
of several
configurations
of source
geomeespecially
the effects
of the length
of the
tries,
chamber on source
performance.65
At optimum conditions,
a 6 mA A beam was extracted
at 10 keV through
the
After
selecting
a 0.5 cm* aperture
(Table
II).
best
source
configuration,
an array
of 12 apertures
10.3 asa diameter,
and 100 mA of
was made, each with
H- current
extracted66
with
a density
of 10 mAlcm*.
A multiaperture
grid has been fabricated
with a total
have begun to
extraction
area of 133 cm* and tests
achieve
a current
of 1A.

While all sources
described
so far have a rather
large volume
(S-10 a), a much smaller
version
(- 1.5
1?) was designed
and put into
operation
on CERN Linac
It has an outside
mild
steel
shell
to hold the
I.
magnets
and increase
the pole
tip
magnetic
field.
The extracted
current
was 12 mA (possibly
with
some
electrons)
through
a 0.5 cm* aperture;
the beam was
injected
into
an RFQ linac
and an H current
of 5 mA
measured at the output
(520 keV)."

A novel
approach
has been introduced
at Nagoya
Although
the dissociative
attachment
University.67
of low energy
electrons
is again
thought
to be the
mechanism
responsible
for the production
of H ions,
plasma production,
confinement
and H ion extraction
differ
from multicusp
sources.
A cylindrical
plasma
is produced
between the cathode
and the anode through
two intermediate
electrodes;
magnetic
field
between
the second intermediate
electrode
and the anode has
such a shape that the plasma column is flattened
into
Fast electrons
(= 50
a wide and thin
plasma sheet.
eV) are confined
by a longitudinal
magnetic
field
to
the center
of the sheet where excited
molecules
are
ions
are
produced
in the boundary
produced.
8'
layer,
where the electron
temperature
is about 1 eV
From an array
of
and the plasma density
much lower.
5 x 5 round apertures
with a total
extraction
area of
state
H current
of 200 mA was obtain7 cm*, steady
ed,68 corresponding
to an aperture
current
density
of
28 mA/cm* (or a wall
area current
density
of 15 mA/
with
deuterium
was done with
9 apercm*>; the test
tures
only
and a small
isotope
effect
was observed
density
for
similar
(about
15% lower
D- current
Compared with
other
source
operating
parameters).
designs,
this
approach
has a better
gas and power
utilization
(Table
II).

The existence
of H ions in a modified
electron
cyclotron
resonance
(ECR) source
has also
been detected;60
it was necessary
to separate
the extraction
region
from
the main ECR discharge
by a magnetic
mirror
(this
is similar
to the dipole
field
effect
in
Preliminary
results
have led
a multicusp
geometry).
to estimates
-of
up to 20 mA/cm* of extractable
ricurrent.
Large sources
of the
Large extraction
area sources.
volume tvoe are studied
at Culham Laboratory
as part
of their
neutral
beam program
for
fusion-applications.
In distinction
from
the designs
at Ecole
Polytechnique
and LBL, the magnets on Culham sources
are arranged
either
to form closed
loop cusps (parallel
to the extraction
aperture
plane)
or in SOcalled
checker-board
configuration
(alternating
in
both directions);
a dipole
field
perpendicular
to the
the
discharge
from
the
extraction
axis
separates
region.
There are two sources
presently
in operation
-at
Culham,61-64
a smaller
one with
closed
loop cusps
and a larger
one, with checker-board
geometry
(Figure
Both have been designed
for long pulse or steady
3).
In spite
of different
sixes,
the
state
operation.
dependence
of the extracted
H current
density
on the
From the
arc current
and source pressure
is similar.
smaller
source a current
of 10 mA has been extracted
through
a 0.5 cm* aperture
in a 30 s pulse (Table
A test was done with a 1.5 cm* aperture
and
II).
with up to 60 A in the arc,
the same current
density
I.

The SITEX source44
has been operated
without
in the volume production
mode6g (VITEX).
In
cesfum,
conditions
are similar
to
this
mode of operation,
those
in Ref.
67:
there
is a dense plasma
sheet
confined
by a magnetic
field
where excited
molecules
241

35.

are produced
and a lower density
plasma region
where
The extracted
H- ion current
H- ions are produced.
(at
17 kV) was not measured
directly,
but from the
extractor
power
supply
load
it
has been concluded
that
a long pulse operation
at 55 mA (22 mA/cm2) is
possible.

36.
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ABSTRACT
The design of rf cavities by means of computer codes is already well
established. Recently, more and more complete and versatile computer codes have been written that cover almost all possible problems
that can be solved by two-dimensional meshing. Cavities without any
simple symmetry ( such as cylindrical or translational
) have to be
treated fully three-dimensionally.
To date, the MAFIA CAD systern- by the DESY/KfA-Jiilich/LANL
collaboration seems to be the
most highly developed family of codes. Three-dimensional
computations of resonant modes have proven their accuracy in comparison
with many measurements. The accuracy seems to be limited only
by the size of available computers. IBM computers can handle up to
100.000 grid points, and the CRAY-2 up to 2.OOO.ooO. nodes, but no
experience has been gathered so far with such large meshes. Threedimensional computations for transient cavity wake fields have been
used in designing accelerator components for some time but due to
complexities, there are no measurements with which to compare. The
largest meshes one can use for transient fields are much larger than
for resonance calculations (over 1.OOO.ooO. on IBM, say). Under the
assumption that bigger computers with memories of some ten mega3D codes can come
words will soon become widely available,
into routine use as have the two-dimensional codes for years. However, even with the restricted core size, these codes can help to gain
significant understanding of truly three-dimensional structures.

Figure 1: Three accelerating cavities
la) DESY cavity as built in the 60’s
lb) PETRA cavity with typical nose cones
(optimized with respect to shunt impedance only).
Parasitic effects are twice as strong as in cavity la.
lc) “Single-Mode-Cavity”
optimized with respect to shunt impedance
and parasitic effects.

INTRODUCTION
In addition, all unwanted but unavoidable cavities along a beams
line used for pumping or monitoring also contribute significantly to
the collective interaction.
Especially the contribution to the transverse impedance is often underestimated.
Figure 2 shows three accelerator components: an accelerating cell, a short bellows and a step
in a vacuum pipe. For a given set of parameters the transverse kick
experienced by particles off axis is of the same order of magnitude.
Obviously the volume of the object is not a good measure of the badness.

In the design of &accelerating
cavities, the major figure of merit
has been the shunt-impedance,
which is a measure of the efficiency
of transferring power into an accelerating voltage for charged particles. However, in most accelerators the particle energy is only one of
many parameters. Of similar importance in many cases is the particle beam current, which often is limited by collective phenomena
such as beam break-up. Such collective effects are often caused by
complicated electromagnetic interactions between the beam and accelerating cavities. Thus in designing accelerating cavities, one has
to envisage the entire accelerator and optimize the system as a whole
towards the design goal. In some cases it may turn out during such
an optimization that a *bad” accelerating cavity with only half the
optimal achievable shunt impedance is in the overall view better by
a factor of two. This can happen when parasitic effects severely limit
the beam current and when at the same time parasitic side effects
of the cavity drop faster than the shunt impedance while lowering
the latter. Figure 1 shows three accelerating cavities. The DESYcavity (Figure la) is a simple set of pillboxes and was built in the
60’s with a measured shunt impedance of about lOMR/m (Using the
definition P = V*/2R).
The PETRA cavity (Figure lb) built in the
late 70’s has the typical nose cones and optimized shunt impedance
of about lIMR/m
(measured). However, while optimizing the rhunt
impedance parasitic effects have been raised by about a factor of two.
This can cause a loss in peak current by a factor of two which may be
a very high price for saving ten percent in power. With the presently
available computational tools it is possible to optimize a cavity with
respect to all these effects and figure lc shows a typical result of such
a cavity (a “Single-Mode-Cavity”
[I]), The shunt impedance is rc
duced by roughly 10 percent but the parasitic effects are reduced by
more than a factor of two. Thus such a cavity may be much more
economic in terms of the overall efficiency of an accelerator.

a
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Figure 2:
magnitude
a) typical
b) bellows
c) step in
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Three accelerator components having the same order of
parasitic transverse effects on off-axis beams.
500 MHz accelerating cavity
a vacuum

pipe

Any cavity is a quite complicated object that leads to a manifold
kind of beam-cavity interaction.
This interaction can be characterized by the coupling impedance Z(w). Below the cut-off frequency of
the beam ports, Z(w) is a collection of resonant modes with typically
very high quality factors Q (103..105 for copper cavities). Damping of
these resonances is due to wall currents and the finite conductivity of
any real cavity wall. Above the cut-off frequehcy of the beam ports
waves can travel away from the cavity and no ideal resonance can
exist anymore. However, when coupling to the travelling modes is
weak there may exist “quasi-resonant” modes with an appreciable Q
value. In those cases damping is caused by radiation into the beam
tubes and by wall currents. Figure 3a shows a typical nose cone type
of accelerating cavity.
Treating the beam-cavity interaction in the time domain yields
the characteristic function called the wake potential w(s) (see figure 3b). This function w(s) is defined as the net change in energy
experienced by a test particle following a leading particle at a constant distance s, after both particles have left the interaction area and
time dependences have settled. Note that the transient time dependence of the electromagnetic forces has been integrated out in this
definition. The complementary characteristic function is the coupling
impedance Z(w). As can be seen, Z(w) is a complicated function with
many peaks above cut-off. All of this function may be important in
the design of a cavity. In some cases only the overall behaviour is
important, in other cases each single peak has to be considered.

---
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----e

in realistic cavities one cannot calculate wake potentials for true
point charges as one cannot calculate Z(w) for infinitely high frequencies. Instead of point charges one has to use short bunches where the
shortest bunch length in use corresponds to the highest frequency for
which Z(w) could be computed.
Impedance and wake potential are simply related by 121:
z(w)

w&4/(

(1)

In addition to the longitudinal
interaction causing a change in
energy there also exist (the much more severe) transverse electromagnetic forces for which all the above arguments count as well.
From the above we conclude that in order to design an accelerating cavity as a part of a complicated system, one needs to know Z(w)
and W(S) for both longitudinal
and transverse effects. Furthermore
one needs to know both quantities for all other accelerator compe
nents as well.
A large number of computer codes have been written during the
last two decades in order to calculate these cavity properties. Historical reviews have been given at other places (e.g. (31 141). In this
paper we will restrict ourselves to the most highly developed codes
only.

4

1.0

eiWrds

Although this relation shows that only one of the quantities Z(w) or
W(8)
is necessary to treat the beam cavity interaction, both are useful
depending on the specific problem under consideration.
When very
abort bunches of particles pass a cavity, the interaction evokes very
high frequencies and the use of Z(w) would require the computation of
Z over a very wide range (single bunch efjects).
In these cases w(s)
is much more adapted to the problem since w(s) has to be computed
only for a short time interval.
The long range, e.g. bunch to bunch interaction is dominated by
the impedance at specific frequencies. In those cases the computation
of Z(w) is much more efficient. Here one would have to compute
w(s) for very long time intervals in order to obtain good frequency
resolution in the Fourier transform (multi bunch e/fects).

------

SG

= /_mm W(8)

3.2 V/PC)

b
One may group computer codes according to the physical dimenaion of the problem:
l 2D codes treat three dimensional structures with either rotational
or translational
symmetry. In both cases one spatial dependence of
the fields can be taken out analytically, leaving only a 2-D problem for
the mesh code. For cylindrical cavities one eliminates the azimuthal
dependence by expanding fields into Fourier series over elrnlp (m=O
monopole, m=l dipole, etc.) and computes one such set of modes
by one for each given m saperately. For translationally
symmetric
cavities the dependence in one Cartesian coordinate is given by an
exponential function.

500.0
400.0
300.0
C

200.0

l 3D codes solve for truly three dimensional

100.0

A second type of classification of codes has been described above and
that is frequency and time domain:
*,Y”=

0.0
0.0

1ooo.0

2ooo.o

3ooo.o

4m.o

structures.

W - codes calculate resonant frequencies (below cut-05)
Z(w) for a given w (below and above cut-off).

l

5ooo.o

Figure 3:
a) Typical accelerating 500 MHz nose-cone cavity with fields excited
by a short (u = Icm) bunch of particles. These fields act back on
particles inside and behind the bunch at a distance s.
b) The wake potential as seen by a test particle at distance s behind
a very short (u = O.?cm) leading bunch of l& charge.
c) The real part of the longitudinal coupling impedance as a function of frequency. Note the sharp peaks below the cut-off frequency
of the beam port (2Ghz) and the continous behaviour above. Wake _
potential and impedance are related by a simple Fourier transform.
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or directly

l t - codes calculate the electromagnetic fields m a function of time
and result in the wake potential w(s) via subsequent integration over
the time variation.
We will use one more classification
that is:

in the headings of this paper and

*state of the art we call what is in routine use at at least a few accelerator laboratories.
*news we call the latest news from codes finished or significantly
modified recently.
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Figure 5:
a) Transient electric fields excited by a bunch of charged particles
traversing a bellows.
b) The net effect of these fields yields the longitudinal wake function
w11(s) in the usual units of V/PC.
c) For a unit offset from the axis the dipole transverse and longitudinal wake functions are shown. Shown are the longitudinal and
transverse dipole wake potentials for a bunch per unit offset from the
axis.

Figure 4:
a) typical nose cone cavity and fundamental T&o
mode, shown are
the electric and magnetic field.
b) electric field of the lowest dipole mode at (p = 0 and (p = 90°.
c) magnetic field of the lowest dipole mode at cp = 0 and cp = W ”.
d) fundamental mode in a reentrant cavity with a ferrite insertion
e,f) electric field of lowest dipole mode
g,h) magnetic field of lowest dipole mode
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OF THE ART

SUPERFISH
(51 is probably the most widespread code for design of cylindrical cavities. However, SUPERFISH
can handle only
cylindrically symmetric modes of type TMo,,,,, (monopole modes with
m=O). For the study of the transverse deflecting resonant modes
URMEL [6] and URMEL-T
[7] are probably the most versatile codes
in this domain. URMEL uses a rectangular grid and URMEL-T
trees
a much more flexible triangular mesh. The latter code also allows for
permeable and permittive insertions. Both codes enable (r - (p - Z)
and (z - y - z) coordinates.
In the cylindrical case they calculate
the lowest N (50, say) resonant modes for any given azimuthal mode
number m, i.e. for monopole, dipole etc.. In the cartesian system
they calculate the waveguide propagation constant in the e-direction
for a given frequency.
In contrast to SUPERFISH which looks for the zeros of a determinant, the URMEL codes yield a linear algebraic eigenvalue problem,
the eigenvalues of which are the resonant frequencies. The algebraic
eigenvectors represent the (r-z) or (x-y) components of the electric
field. Thus the eigenvalue problem can be solved much more easily
by the SAP processor [8] which yields a large number of modes in
one run without missing any.
Both codes have undergone extensive testing and comparison with
measurements. All these tests have proven the reliablity and accuracy
of the programs \9] /lo]. Figure 4 abows typical output from therae
codes.
2D-CODES

: t-

DOMAIN

: STATE

1400 0

1200.0

SINGLE MODE

OF THE ART

STRUCTURE

TBCI 1111 is the most widespread code for calculating wake potentials and has been in routine use for several years, TBCI solves
the time dependent Maxwell equations in a time stepping procedure,
At each time step fields are evaluated from fields at earlier time steps
by simple matrix multiplication.
Figure 5 shows a typical result.
2D-CODES

: w DOMAIN

I

10000

: NEWS
6000

As mentioned in the introduction,
Z(w) is calculated below the
cut-05 frequency of the beam pipe by searching eigensolutions by e.g.
URMEL. Above cut-05 such eigensolutions no longer exist. Here one
has to excite the cavity by a current which is given by the Fouriertransform of a point charge traversing the structure.
The inhomogeneous Maxwell equations have to be solved. From the calculated
fields one easily obtains the impedance.
For pill-box cavities with side tubes a computer program has been
written jl2] based on Bessel function series. For arbitrarily
shaped
cylindrical cavities URMELI
[ 333 can now be used. Similar work on
extending SUPERFISH
1141 is still in progress. Figure 3c shows a
typical output of. URMELI.
Note the quasi resonances above cut05 which may be quite important for superconducting
cavities when
higher order mode losses are concerned. So far, losses into quasiresonances above cut-05 have been mostly neglected since there was
no computational
tool available for this regime.
For long linac structures a numerical computation
may become
less accurate if the number of mesh points is fixed since the number
of nodes available for one cell becomes less and less the more cells
are considered. In such cases it may be advantageous to model the
long chain by an infinitely long one. Then only one cell has to be
taken into account in the computation.
Boundary conditions are then
replaced by Floquet-conditions.
Such extensions have been added to
SUPERFISH
[ 151 and to URMEL [ 161. The latter one now computes
for any given phase advance over one cell the N (50, say) lowest
synchronous modes. Figure 6 shows a typical output. With this new
version of URMEL one may now evaluate the group velocity much
more accurately.
Such application can be quite important for the
design of future high energy accelarators in the TeV region.
These two new extensions of URMEL have so far been implemented only for monopole modes as a first test. Extension to m=1,2,..
(dipole, quadrupole,..)
is in prograss.

I / MHz

600.0

phase / degrees
400.0
45.0

00

900

1350

160 0

Figure 6: One cell of an infinitely long chain of accelerating cavities
of “Singke Mode Type” [l]
a) Second lowest monopole mode at p = 60’ phase advance.
b) dispersion diagram of the lowest five modes.
PD.CODES

: 1- DOMAIN

: NEWS

Thanks to the users at some laboratories running TBCI for many
different examples the (hopefully) last few and minor errors could be
found and corrected ‘.
New features that have been added allow for launching TMoiwaves
or TEM-waves in a structure instead of a bunch of charged
particles.
Thus one may study the transient fields when filling a
cavity or wave propagation along a linac structure. Figure 7 shows a
typical result.
‘K.Baae (SAC)
*ITon
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and B.Zotter(CERN)

h ave been especially diligent at spotting

SD-CODES
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3DCODES

: w-

DOMAIN

DOMAIN

: NEWS

A new release of the 3D-URMEL
of MAFIA enables now three
times as many nodes with the same core size as before. On an IBM
one can have about 14.000 nodes per Megabyte. On a CRAY this
corresponds to 55.000 nodes per Megaword.
Furthermore,
a new
eigenvalue solver has been written 1201 which is specialized for very
large meshes.

Figure 7: TEM
wave launched on
a coax cable into
a three-cell cavity
with coupling slots
between the cells.

BD-CODES

: STATE

: w-

: r-

DOMAIN

: STATE

OF THE ART + NEWS

Three-dimensional
versions of BCI have hardly been used yet.
This is due to various reasons. Some codes 121: were restricted to specific geometries. No code could give reliable results since the number
of meshpoints that could be taken into account was much too small.
Only very recently significant progress was achieved [22].
The major problem with 3D wake field computations was found to
be discretization noise and core limitations.
When bunches traverse
a vacuum pipe with small changes in the cross- section, waves are excited and may travel for quite a while with the particles downstream
the pipe. Thus one must calculate the electromagnetic field for long
mtions.
Firstly this length is severely limited by memory capacity.
Secondly, discretization noise becomes a problem the smaller the effects are that one is investigating and the longer the region of field
computation
is. Both problems could be overcome by a relatively
simple “trick” similar to the one used in TBCI [23]. A separate paper 1221describes this new version in more detail. The new 3D-BCI
is now also available as part of MAFIA.
Figure 9 shows a typical
result for the sliding contacts as used in PETRA. The result shows
that even such small steps in a vacuum pipe can cause transverse
impedances of the same order as relatively big accelerating cavities.

OF THE ART

The three dimensional electromagnetic CAD system MAFIA [17]
is in use at a few laboratories and comparison with measurements
have been done for the resonance program (3D-URMEL)
[18]. Fully
3D resonators with permeable and permittive insertions can be treated.
The code finds the N (50, say) lowest resonant modes in one run.
The special way of discretizing Maxwell’s equations guarantees that
only truly resonant solutions are found and that there are no “ghost”
modes. Final checks of computed eigensolutions sort out automatically eventually occuring unphysical fields. Figure 8 shows typical
output of this code. For more examples see [IQ]
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cavity cells
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\\
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232 vacuum chamber junctions

Figure 9:
Geometry of the PETRA sliding vacuum chamber joints and the
quarter used in the computation.
b) Vertical average kick k, experienced by a bunch passing PETRA
vacuum chamber joints off axis as function of bunch length in comparison to the cant ri hution of 300 accelerating cavity cells. Note that
for short bunches ?3? small steps of only a few millimeter in height
cause as much transverse kick as 300 cavity cells, each of which has
a diameter of 40 cm and a gap of 20 cm.
a)
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/’
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---_
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Figure 8: (A quarter of) a 3-cell Jungle-Gym cavity and the dispersion curve as computed by the BD-URMEL of the MAFIA CAD
system.
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SUMMAR)
Two-dimensional
cavity
wide range of problems.

w3 H.Henke, Point Charge Passing a Resonator With Beam nbes,

codes are well developed and cover a very
Although one still may be able to improove

the one or other codes in some detail, the area of two-dimensional
field computation
can be considered a solved problem.
3D codes are just now becoming used more widely and the future performance will depend highly on the number of users and
their cooperation with the program authors. 3D cavity modes can
be computed using reasonable amounts of cpu time. The maximum
number of mesh points ranges from 100.000 (IBM) to up to 2.000.000
(CRAYZ).
The 3D transient wake field codes have finally been settled and
can now be used for even small objects in the vacuum system. The
maximum number of meshpoints is almost unlimited.
On an IBM
computer one already can handle about 1.000.000 nodes.
The MAFIA collaboration now provides a coherent set of 3D codes
with only one common input processor and one post processor. Together with the 2D codes URMEL, URMELT
and TBCI they are
now accessible in the USA on the MFE Cray. For users that have
no access to the MFE computer center DESY provides source codes.
(Please contact the author for more deatils).
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Abstract

Introduction
For
proper
beam dynamics
field
amplitudes
and phase
along
the
accelerator
structure
must
be kept
constant.
Therefore
RF stability
during
opqration
and tuning
tolerances
are
very
important
for
the
design
of RF structures.
New schemes
for
stabilising
RFQs have
been
proposed
using
resonant
loops
and changing
the
operation
to n/2-mode'.
This
is especially
important
for
the
four
vane
structure,
which
is
mostly
used
for
light
ion
injectors.
The problems
of RF stability
influence
the
beam dynamic design
too,
because
the
length
and frequency of the
structure
are
not
longer
free
parameters.
The four
vane
resonator
can be described
as
four
weakly
coupled
cavities
operating
in approximately
TEZlO-mode.
The first
part
of this
paper
deals
with
the
development
of coupling
loops
for
azimuthal
stabilisation
to minimize
the.influence
of neighbouring
TElll-modes.
The
lonaitudinal
Dart
is a less
soecific
RF0 orobled
and is determined
by the'influence‘of
the
highermodes
TEpll,
TEZ12,
etc.
The coupled
resonator
model
is not
a good
approximation
for
because
the
properties
are
more
rethis
case,
lated
to a transmission
line
at cut-off.
So
stabilisation
via
postcouplers
like
in the
Alvarez
structure
is the
corresponding
method.
Stabilisation

Several
schemes
for
azimuthal
stability
have
been
proposed.
At first
vane
coupling
rings
which
correspond
to Mag(VCR)
have
been
used',
netron
straps.
They
work
very
efficiently,
but
besides
mechanical
problems
they
have
the
disadvantage
that
they
drive
the
four
vane
cavity
below
cut-off,
thus
reducing
the
group
velocity
along
the
structure
furthermore.
Applying
the
VCR rings
only
in the
end cell
and using
them
for
tuning
in addition,
as we
first
thought
to do in our
HERA RFQ: is a possible
solution
for
short
cavities.
A solution,
which
makes
use of resonant
coupling
and n/2-mode
operation
are
inductivly
or capacitivly
coupled
short
resonant
transmission
lines.
For capacitive
coupling
a position
near
to the
vane
tip
must
be chosen
and the
capacity
must
be as high
as possible.
A direct
connection
to the
vane
is possible
too,
being
equivalent
to a resonant
VCR. Inductive
coupTing
can be made strong
without
coming
close
to the
sensitive
electrode
region,
therefore
these
solutions
have
been
developed.
Fig.
1 shows
several
schemes
of resonant
lcop
line
couplers
(RLC),
as first
presented
inl.
In figs.
2a,b
one line
is excited
to X/2
oscillations.
The resulting
flux
can be switched
by choosing
the
orientation
of one of the
*

supported

by

BMFT

WES-4

COUPLERS*

Frankfurtam
am Main
1,

Main,
FRG

loops
corresponding
to a phase
shift
of
180 deIn fig.
2c the
flux
in a cavity
forces
grees.
the
line
to give
an energy
flow,
but
there
is
no excitation
or stored
energy
W in the
RLC.
An unbalanced
flux
in the
cavity
(or
different
effective
loop
sizes)
gives
a contribution
from
2a and 2b.
Other
modes
of
the
modes
of figs.
the
couoler
(N x X/2)
can be used
as well.
The
orientation
of the'lbops
must
be changed
like
between
fig.
2b and fig.
2c to give
the
proper
phase
of the
oscillations
and stabilisation
of
the
operating
mode.
The direction
of the
current
I is assumed
to be parallel
to the
line.
The coupler
scheme
can be adopted
to the
case,
where
the
magnetic
field
B is parallel
to the
line
by turning
the
loops
by 90 degrees.
If
the
flux
and the
currents
are
orientated
in
this
way,
the
current
in the
coupler
line
is
perpendiculare
to the
cavity
current,
the
whole
stabilizer
can be arranged
inside
the
cavity,
as shown
in fig.
2d.
For azimuthal
stabilisation
the
two 100~s
are
to be placed
in two different
quadrants
as
1. Our beam dynamic
design
indicated
in fig.
for
the
HERA RFQ facilitates
the
RF stabilisation,
because
we have
a relatively
short
(u =
202 MHz. lenath
1~ = 1.2 ml structure
and so
we looked
fo;
a srheme
with
only
two
stabilizers.
The next
step
was the
installation
of the
coupler
at the
endplate,
which
avoids
any mechanical
problems
with
the
vanes,
the
most
sensitive
part
of the
RFQ. Fig.
3 shows
a schematic
view
of the
mechanical
arrangement.
The magnetic
flux
squeezed
around
the
vane
end respectively
the
current
in the
end cell
charging
the
vane
end to end plate
capacitor
induce
a voltage
in each
sideloop
of the
resonant
loop
coupler
(RLC).
With
proper
orientation
of the
loops
this
voltages
cancel,
when
the
magnetic
flux
in the
end cell
is equal
and
produced
by the
quadrupole
working
mode.
The
nonresonant
power
flow
between
the
two end
cells
connected
can be deduced
also.
In case
of inbalance
of the
quadrupolefield
the
loop
will
be excited
into
X/2 oscillations.
This
equalizes
the
power
in'the
end cells
and loads
the
dipole
modes.
The frequency
of the
working
mode is not
affected
in first
order,
while
for
the
dipole
modes
the
RLC is an additional
inductance
and changes
the
stored
energy
and the
4 shows
mode
spectra
for
a
frequency.
Fig.
which
demonstrates
the
simi440 MHz RFQ model,
lar
action
of the
shortening
strap
VCR and one
resonant
ring
RLC at one end of the
structure.
One RLC-couoler
at each
end of the
RF0 is sufficient
for'shifting
the
dipoles
away:
With
choosing
a ring
instead
of a straight
connection
like
in fig.
2 it
was possible
to place
the
coupler
completely
inside
the
cavity,
because
the
currents
in the
ring
are
always
perpendicular
to the
cavity
currentas
indicated
in fig.
2d.
The tuning
of the
ring
to the
proper
frequency
of the
quadrupole
mode is done
by changing
the
distance
to the
end plate
thus
havina
a simole
tunina
ranae
of + 20 %. It
should
bementioned
that
a single
ring
with
four
loops
cannot
work
on both
dipole
modes.
The
phase
between
the
dipole
modes
is an additio-

A new concept
of field
stabiiisation
of RFQ
structures
has been
tested.
Applications
of
these
ideas
on other
RF acceleration
structures
are
presented
and properties
of these
resonant
line
couplers
are
discussed.

Azimuthal

LINE
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nal
degree
of freedom,
which
allows
a four
loop
ring
only
for
very
strong
detuning.
The
measurements
showed
that
these
resonant
loops
connected
with
the
ring
are
very
efficient
and mechanically
simple.
For
RFQs with
length
lc to vane
length
X, ratio
of 1,/X,
s 1 one
loop
per
vane
end gives
sufficient
mode sepaSo for
the
HERA RFQ project'
we will
ration.
apply
the
resonant
loops
to improve
azimuthal
RF stability.
Longitudinal

Stabilisation

As for
the
azimuthal
stabilisation
the .
first
attempt
to stabilise
the
RFQ longitudinallr
was done with
the
use of a coaxial
manischeme
corresponds
to a multidrive
fold
. This
system
but
suffers
from
weak coupling
between
Schemes
using
a loop
have
the
two
resonators.
at first
been
thought
to improve
this
coupling
strength
respectively
to make it
resonant5.
Using
the
loops
themselves
as a resonant
coupling
device
between
parts
of the
RFQ resonator
gives
a flexible
and strong
stabilisation.
In the
longitudinal
case
the
problems
of
unflatness
can be characterized
by the
small
group
velocity
of resonant
structures
near
cut-off.
Stabilizers
have
to improve
this
energy
flow
by bypassing
the
longitudinal
impedance
as indicated
in fig.
5 . A resonant
line
can simply
be represented
by a series
L,C with
vanishing
impedance
at resonance.
The coupling
to the
"TE-line",
represented
by
the
impedance
Z,,
can again
be done
galvanic,
capacitively
or inductively.
Capacitive
as
well
as direct
coupling
seem to be simplier,
but
they
are
difficult
to tune
and give
always
an additive
capacitive
load
for
the
structure.
As in the
case
of azimuthal
stabilisation
mechanical
and operational
reasons
favour
inductive
coupling.
Fig.
6
shows
basic
set-up.
The electric
length
of this
coupler
is a multiple
of A,/2.
Fig.
7 shows
the
dispersion
diagram
for
the
cavity
and the
coupler.
Fig.
8
shows
the
field
tilt
D as function
of a
symmetric
frequnecy
perturbation
of the
end
cells
of the
RFQ.
Tuning
of the
coupler
was done
with
a phase
shifter
outside
the
cavity.
The effects
are
described
in fig.
9 , which
shows
mode spectra
for
increasing
coupler
frequency.
Properly
tuned
and with
RF drive
in the
cavity
center
the
coupler
has the
effect
of taking
away
the
TE211-mode
response
as shown
in fig.
10 for.
the
detuned-440
MHz RFQ and the
5xh/2
coupler.
The frequency
difference
between
TE210
and
TE 211 has been
increased
by RLC from
8 MHz to
13 MHz indicating
a change
of group
velocity.
Tilting
of a balanced
field
distribution
can be done
by changing
the
orientation
of one
of the
loops
to the
magnetic
field.
A field
ratio
of 3:l
at both
ends
of the
RFQ could
be
achieved.
In case
of a TE-resonator
the
RLC
could
be placed
inside
the
cavity
and tuned
like
the
end cell
coupler
for
the
azimuthal
stabilisation.
Application
for
other
structures
is possible
too.
For an Alvarez
the
RLC looks
like
in
-fig.
2c.
A chain
of single
couplers
could
be
taken
as well
as a number
of loops
in series,
as shown
in fig.
11.
First
experimental
results
with
the
RFQ indicate
that
such
a single
multiloop
line
is effective
too.
A longer
cavity
is needed
to make more
detailed
experiments.
The distance
between
loops
is a multiple
of X,/2.
They
can be compared
with
post252

couplers,
which
are
excited
by the
electrical
field
of the
drift
tube
and being
excited
change
the
magnetic
field
of both
sides
of the
stem.
As for
postcouplers
the
number
of RLCs
can be chosen
according
to the
unflatness
expected.
Geometrical
problems
related
with
coupling
strength
and tuning
to resonance
in case
of
permanent
quadrupole
drift
tubes
are
difficult
to solves.
For
the
RLC this
would
have
no effect.
Up to now no real
disadvantagesof
the
RLC
could
be seen,
tuning
range,
high
average
power design
and mechanical
simplicity
seem to
be favourable.
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The mechanical
adjustment
is done with
two
3D-positioners
per
vane,
rf-contacting
between
vane
and tank
is done
with
a contact
bar
on each
side
of the
vane,
rf-tuning
and
stabilizing
are
done
in the
end cell.
Only
the
outer
cylinder
is cooled
and vacuum
can
be applied
from
the
outside
at the
very
last.

INTRODUCTION
For
the
HERA project
at DESY a RFQ is being
built
as injector
for
the
50 MeV Alvarezlinac"'.
Fig.
1 shows
the
RFQ preaccelerator
layout
using
a FNAL H- ion
source
and two
CERN type
solenoids
for
beam matching
into
the
RFQ. The application
of the
H
injection
allows
for
a design
current
of only
20 mA.
Beam dynamic
calculations
showed
that
a short
RFQ with
an injection
energy
of only
18 keV
(final
energy
750 keV)
and a modest
electrode
voltage
of 70 kV can be chosen.
This
has advantaoes
for
the mechanical
desian.
the
RF
prope;ties
and the
operation
reliability.

Fig.
2 shows
a cross
section
3 shows
a vane
positioner.

The beam dynamics
design
has been
done
using
mostly
the
standard
approach
developed
in
resulting
in a high
current
transLos Alamos'
mission
and a good
beam emittance.
Table
1
gives
some parameters
of the
HERA-RFQ.
The
RF resonator
has to provide
the
designed
electrode
potential
and should
have
good
mechanical
stability,
reasonable
dimensions,
and good
efficiency.
Because
of the
experience
with
operating
RFQs a four-vane-structure
has
been
chosen
as RF resonator.
It
consists
of a
cylinder,
in which
four
electrodes
are
mounted
symmetrically.
In order
to provide
a
proper
axial
field
distribution,
the
manufacturing
of the
electrodes
and the
adjustment
has to be done
with
high
precision.
In
addition
the
RF properties
of this
type
of
resonator
require
a highly
symmetrical
strut
ture
to avoid
dipole
components
in the
axial
field,
which
lead
to beam quality
deterioration.

*

present
Beijing,

address:
China

design

differs

University

from

of

of

the

RFQ,

fig.

The vanes
as the
main
part
are made out
of
Cu-Cr
alloy,
which
has favourable
mechanical
properties
but
still
very
good
electrical
and
heat
conductivity.
The vanes
have
been machined
out
of a solid,
forged
block
which
has
been
annealed
at high
temperature,
in order
to avoid
bending
by residual
internal
stresses
An inherent
part
of the
design
after
milling.
is the
independent
control
of the
critical
parts
and the
mechanical
alignment
with
help
of a computarized
3D measuring
machine
with
+ 2 urn seem possible.
very
good
accuracy,

RFQ-DESIGN

mechanical

FRG

4 vane
RFQs.
We tried
to make a separated
function
structure.
Mechanical
adjustment,
rf-contacts,
rf-tuning,
stabilization.
and
vacuum
cooling
can be done
independently
resp.
changed
indepently.

The HERA injector
is a 18 keV_to
750 keV RFQ
for
acceleration
of a 20 mA H
beam.
The RF0
is-under
construction
and will
be ready
for‘
rf-tuning
in June
1986.
Specific
properties
of this
RFQ will
be discussed
and first
measurements
will
be presented.

The

52,

Careful
machining
has been
done
at Pfeiffer
(Balzersl
at ABlar.The
vane
tio
dimensions
and the
modulatibn
proofed
to have
deviations
below
10 urn from
the
theoretical
values
for
two test
vanes
and two final
vanes.
This
was
measured
independently
from
the
production
by
Measurement
was done
comparing
Komeg (Zeiss).
2,300
points
along
the
vane
with
theoretical
values
and the
straightness
of the
reference
edges.
Two vanes
showed
deviations
up to 20um.
A "banana"
like
bending
along
the
axis
of
highest
momentum
indicated
residual
stresses.
After
remachining
these
vanes
had the
same
precision
as the
other
ones.
Fig.
4 shows
plots
for
the
mechanical
measurements
along
the
vanes.
The deviations
are
enlarged
by a factor
of 150.
The maximum
deviation
occurs
at the
low energy
end at the
transition
from
the
radial
matching
section
to the
shaper.
There
the
theoretical
set
of
values
had not
been
smoothed
out
as had been
done
for
the
milling
machine
values.
The
wheel
milling
tool
(6 min 12 mm) cuts
with
an angle
of 15'
giving
a very
clean
cut
and
resembles
150'
degree
of a circular
arc.

other

Beijing,
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Table

y

RFQ parameters
18
750
202.56
20
117.7
135
70.5

Input
energy
Win
Output
energy
w. t
Y
Radio
frequency
Beam current
I
Total
length
Ltot
Total
cell
number
N
Intervane
voltage
V"
Maximum
electric
field
Vane modulation
m
Minimum
aperture
radius
Average
radius
r.

All
parts
of the
RFQ have
been
produced
and
controlled.
The only
part
giving
a delay
has
been
the
outer
tank,
which
seeaedto
be simple
and was given
to a subcontractor.
Problems
with
the
capacity
of this
branch
resulted
in
a delay
of 3 months
for
this
part.
After
completing
the
tank
will
be copper
plated
at
GSI and then
the
vanes
will
be installed
and
adjusted
with
help
of the
Zeiss-3D-machine.
The promised
date
for
delivery
now is the
end of June.

21.9

Emax
1 to
5.0

-

1.88
3.5
5.2

keV
keV
MHz
mA
cm
kV
MV/m
mm
mm

RF ASPECTS
A basic
problem
for
four-vane-structures
is
the
balancing
of the
four
quadrants4",
which
is one reason
for
the
required
precision
of the manufacturing
and tuning.
The
four
quadrants
are
very
weakly
coupled
with
the
result
that
the
frequencies
of two dipole
which
have
unwanted
polarity
of the
modes,
electrode
voltages,
are
approximately
0.5
MHz
aside
the
quadrupole
modes.
This
gives
rise
to mode mixing
which
makes
the
voltage
distribution
in the
resonator
"unflat".
The
next
longitudinal
mode will
be approximately
15 MHz higher,
because
the
length
L of the
structure
is smaller
than
the
free
space
XO
of the
frequency
and the
perwavelength
turbation
of this
mode is proportional
to
the
flatness
is proporIn general,
(L/xo)2.
tional
to the
mode separation.

Fig.

We will
apply
our
resonant
rings&"
to stabilize
the
HERA-RFQ.
There
will
be one loop
ring
coupler
(RLC)
at each
end plate
of the
RFQ. Fig.
5 shows
a scheme
of the
coupling
ring
together
with
two vanes,
the
end cells
of which
are
tied
together.
The dipole
modes
are
symmetrically
shifted
away by the
rings
because
the
stored
energy
of the
RLC is added
subtracted
to that
of the
dipole
modes.
resp.
The RLC concept
allows
for
the
use of only
one slow-tuner
for
thermal
frequency
shift
and an adjustable
single
drive
loop
to match
four
different
beam currents
because
the
induced
imbalance
does
not
tilt
the
field
distribution.

1

Layout

of

RFQ

BAR

Fig.

2

Cross

section

Fig.
6 shows
the
end tuner
for
frequency
tuning
together
with
the
RLC in the
vane
cut
back
area.
Fig.
7 shows
a drawing
of the
rf
part
of the
adjustable
drive
loop
featuring
a phase
shifter
near
the
fixed
end,
a
movement
of the
total
loop
and vacuum
window,
and a tuning
window,
and a tuning
insert
for
balancing
the
perturbation
by the
loop.
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Abstract

Introduction
Since
several
years
interest
in high
current
beams
with
a new specially
shaped
microstructure
is increasing.
For
reasons
of experimental
set-ups
in nuclear
physics
of for
proper
injection
into
booster
synchrotrons
respectivley
accumulator
rings
pauses
between
adjacent
beam bunches
should
be between
2 and 100 buckets,
e.g.
IO
nsec
and
1 usec1p2*3,4.
For
high
current
machines
like
the
EHF injector'
2/8
are
planned.
This
means
that
two 400 MHz buckets
are
injected
with
a repetition
rate
of 50 MHz respectively
25 nsec
between
the
microbunches.
This
is proposed
in a straightforward
way with
a
jump
in frequency
by a factor
of 8 and then
by forming
of two 400 MHz bunches
out
of one
50 MHz bunch.
For neutron
sources
the
pulse
pauses
must
be even
longer,
so for
a bunch
to pause
ratio
of l/l00
a frequency
jump
in the
normal
way is
not
possible.
A high
energy
buncher
for
1 MHz at 2 MeV
beam energy,
which
should
focus
severalmicrobunches
into
one longitudinal
spot,
would
need
a voltage
of approximately
7 MV and a drift
length
of 20 m. A main
problem
would
be the
transport
of this
beam to that
focal
point.~
Buncher
and chopper
schemes
are
hard
to realize
for
high
current
beams,
because
the
second
important
boundary
condition
of these
systems
asks
for
a clean
beam pause
and good
emittance.
This
is difficult
also
in the
EHF case,
in
which
the
reforming
of two bunches
gives
an increase
in longitudinal
emittance
and single
particle
calculations
show that
with
space
charge
the
adjacent
buckets
are
not
totally
empty6.
In addition
the
low frequency
of the
first
stage
is far
from
optimum,
so only
15 mA
can be accelerated.
In the
following
a scheme
is presented,
-which
can
shape
the
pulses
and pauses
with
help
of asynchronous
acceleration
of RFQs.
The
idea
uses
the
well
known
properties
of the
RFQ
like
high
beam transport
capability
and adiabatic
bunching
as well
as the
selectivity
of
the
fixed
velocity
profile
to filter
the
proper
beam microstructure.
supported

by

BMFT
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ACCELERATOR*

Frankfurt
am Main

Basic

For neutron
time-of-flight
experiments
short
proton
beam bunches
with
pulse
pauses
of up to several
usec
are
needed.
Such
hig.h
pulse
current
proton
accelerators
can replace
electron
linacs
of the
ORELA type.
The injector
of such
a new system
will
favourably
be
an RFQ. An RFQ-design
is presented,
which
produces
single
pulses
of 5.10'
protons
(1 nsec
width)
with
repetition
rates
between
1 Hz and
20 MHz.
Such an RFQ-scheme
can also
be used
to produce
empty
buckets
(beam
pauses)
for
high
current
linacs
injecting
into
synchrotrons,
as discussed
for
the
European
Hadron
Facility
accelerator
(EHF).

*

PULSE

I,

am Main,
FRG

System

An accelerator
system
would
consist
of an
ion
source,
matching
lenses
and two RFQs with
matching
elements
in between,
as sketched
in
fig.
1.
At the
end of the
first
RFQ the
beam is
bunched
and has a size,
which
can be expressed
in phase
width
A$ of approximately
341, (4,
synchronous
phase).
Beam dynamics
then
shows
that
a stable
region
exists
(bucket
fig.
2),
which
size
depends
on particle
energy,
frequency,
accelerating
field,
specific
charge
and synchroThe beam pulse
now must
be matched
nous
phase.
to the
bucket
of the
second
RFQ, which
width
is different
according
to the
frequency
change.
Asynchronous
acceleration
now takes
the
train
of bunches
and only
those,
which
fit
into
a
bucket
for
the
new frequency,
which
is not
a
multiple
of fl,
are
accelerated
stable.
After
a few accelerating
cells
all
buckets
in between
will
be empty.
Fig.
3 illustrates
this
principle
for
a frequency
ratio
of
1.25
.
Fig.
4 shows
single
particle
calculations
for
fl/f2
= 90/100
MHz resulting
in a bunch
repetition
rate
of 10 MHz.
The properties
of the
synchronous
bunch
could
be calculated
with
a
too.
The missing
space
normal
particle
code,
charge
of the
neighbouring
bunches
has to be
taken
into
account
in this
case.
In the
usual
design
a 10 MHz preaccelerator
would
have
to compress
a bunch
such
that
it
fits
into
the
approximately
10 times
narrower
one at the
higher
frequency.
A first
attempt
to get
a lower
bunch
repetition
rate
vr for
a neutron
source
injector
would
apply
two RFQs with
98 and
100 MHz resonance
frequencies
(vr
= 2 MHz).
Unfortunately
the
pulse
pause
would
not
be empty,
because
the
neighbouring
bunch
centers
are
shifted
by
only
3.6
per
bucket.
This
is illustrated
in
fig.
5, which
shows
the
beam current
as function
of time.
The centers
of the
neighbouring
bunches
oscillate
around
the
stable
phase
I$
which
detoriates
the
beam.
To provide
a pha$i
shift
for
the
adjacent
bunches
tobe
outside
of
the
separatrix
the
minimum
frequency
ratio
must
be f2/fl
> 21~/(2n
- A$).
as illustrated
in fig.
A 90/100
MHz system,
4 gives
a 10 MHz repetition
rate,
when a bunch
width
of
10 % is achieved
in the
first
stage
(@s = IO",
A$ = 36").
In a next
step
to reduce
vr a 1 MHz prebuncher
could
be applied,
but
which
would
partly
fill
all
buckets
and would
need
a long
drift
length,
which
is not
favourable
with
high
current
beams.
Another
RFQ stage
is a better
solution.
The second
stage
cleans
the
neighbouring
buckets,
the
third
can use a small
frequency
ratio
like
99/100
to give1
MHz for
vr.
A higher
average
beam current
requires
higher
values
of I$~. The problem
can be solved
with
choice
of a subharmonic
for
RFQl,
which
increases
the
charge
per
bunch
additionally.
Fig.
4 shows
phase
widths
along
the
RFQ system.
The two adjacent
10 MHz bunches
from
fig.
4
now vanish.The
injected
proton
beam at 45 MHz
was 25 mA, the
output
beam (Vr
= 5 MHz)
is
1 MeV.
Iav
= 2.2 mA at

Realisation
of such
a system
suggests
transition
energies
as low as possible
to minimize
power
losses
in the
structures.
Frequency
tuwhich
is possible
in a wide
ning
of RFQI,
range
using
the
four-rod-RFQ
structure'
allows
a change
of the
repetition
rate.
Beam losses
in the
structure
have
shown
no influence
on
sparking
as long
as a good
cooling
of the
electrodes
can be preserved,
which
has been
tested
with
the
four-rod-structure,
too.
Because
only
the
ratio
of frequency
detuning
determines
the
repetition
rate
vr,
results
are
valid
for
applications
for
200;400,
800 and
1200 MHz,
too.
Even for
electron
beams
in high
gradient
structures
or wake field
accelerators
asynchronous
acceleration
can be
used
to isolate
single
bunches.

Table

Ti

1

150/400

MHz

EHF

injector

[keVl

(v,.

= 50 MHz)

cell
number
length
[ml
aperture
[mm]
voltage
[kV]

100
70 - 30
50

300
2.0
400
200
30
52

:*i
Ii0

00 [“I

90

1.85
150

05O3

TF [MeVl
f [MHz]
Ilim
WI

1;o

OS [“I

60

Applications
The starting
point
was the
search
for
a design
giving
a 1 nsec
pulse
with
l psec
pause
(1 MHz repetition
rate
v,),
as would
be necessary
for
a neutron
source
injector1*3.
The 45/100
MHz system
as a starting
point,
the
bunch
repetition
rate
vr has to be further
reduced.
The logical
solution
is another
45/99/100
MHz would
give
frequnecy
transition:
a clean
v = 1 MHz.
Fig.
7 shows
the
longitudinal
output
emittance
for
an injected
beam
of 25 mA at 20 keV and an output
beam of I =
1.1
mA. This
was achieved
by adding
other
prebuncher
with
20 MHz in front
of RFQl.
Tuning
the
RFQI to 47.5
MHz would
give
a
MHz. Now,manipulating
the
RF pulse
Vr‘
= 0.5
of RFQI such
that
the
accelerating
field
amplitude
E, stays
smaller
than
E,cos@
and than
f ength
is
a small
spike
of less
than
1 usec
added
with
a fast
regulation
system,
pulse
repetition
rates
of arbitrary
low frequency
can be produced.
The advantage
of this
system
would
be less
beam losses
in RFQ2.
Applying
a
fast
chopper
with
p. e.
1 MHz (or
an asynchronous
one with
a higher
frequency,
too)
the
two stage
system
45/100
MHz could
be used
as
well.

RFQI

IQ

I

I

1

Fig.

J

RFQ

I

WI

I

I

system
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DESIGN OF AN RFD-BASED. H- INJECTOR FOR
THE BNL/FNAL 200 MeV PROTON LINACS*
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synetry.
Among the
several
source
options
a cesiated
Penning
study
are the magnetron,
and a multicusp.
cesium-free,
volume source.

AN LBL/BNL/FNAL
collaboration
has been formed to
design
an
RFQ-based
Cockcroft-Walton
replacement.
suitable
for
use at the Brookhaven
and Fermilab
200
A comaon design
for
the
ion
WeV proton
linacs.
source
and the
RF0 will
result
in an economical
construction
and testing
program
compatible
with
both
applications.
The technical
requirements
have been
evaluated
and it appears
that
they
can be satisfied
with
identical
RF@.. capable
of accelerating
50 mA of
frequency
of
H- from
35 to 750 keV. at a nominal
200 MHz.

under
source,

The source now in use at the AGS is a single
slit
It
is presently
magnetron
with
a grooved
cathode.
capable
of delivering
the required
50 mA current,
but
at 20 kV and with
normalized
emittances
of 0.14 by
the
directions
parallel
and
0.035n
cm-mrad
in
perpendicular
to
the
extraction
slit
respectively.
This
asyrmaetry
is
due
in
large
measure
to
the
extraction
through
a 1 by 10 mn2 slit
oriented
the
source
magnetic
field.
perpendicularly
to
Geometrical
modifications
to the anode slit
and to
the cathode
groove
of this
source
will
be made to
achieve
a more symmetric
beam.

Introduction
the many advantages
of RF!)-DTL
In recent
years,
linac
combinations
have been realized
with
a number
routine
operation
and
several
of
devices
now in
The RFD
others
either
planned
or under construction.
offers
a compact
and low-maintenance
alternative
to
the
traditional
Cockcroft-Waltons
with
a number of
It
has
a low
input
energy
additional
benefits.
requirement,
typically
a few tens of keV, placing
the
ion
source
on a low
voltage
platform
with
easy
access.
A high
capture
and transmission
efficiency
through
the
RFD can be achieved,
approaching
100
percent,
and the output
beam is well
matched
to the
input
requirements
of
the
DTL.
These
and other
considerations
led
to
the
have
successful
implementation
of RF@ at several
injectors
worldwide
including
those
at
Brookhaven
Saclay
(2).
(1).
Berkelev
(3).
and CERN (4).
These installations
are
all
in -accelerator
operatibns
environments
where high
essential,
reliability
is
and
the
collective
experience
of over
12 years
of operations
has been
extremely
good,

In
order
to
avoid
beam losses
and emittance
degradation
in the low energy beam transport
line,
it
is desirable
to mount the source
as close
to the RFQ
as possible.
Both
magnetron
and
Penning
sources
require
a continuous
injection
of cesium
vapor
to
achieve
high
extracted
Hcurrent
density,
and
diffusion
of cesium
vapor
may limit
the attainable
voltage
gradients
required
in the
RFQ.
In recent
years,
a substantial
effort
has
been
devoted
in
several
laboratories
to
the
development
of
a
cesium-free
H- ion
source,
and the
best
candidate
seems
to
be a multicusp
volume
source.
As an
additional
advantage,
this
type of source
produces
a
rotationally-synraetric
beam and
it
should
have
a
lower
emittance.
Sources
of this
type
are already
within
a factor
of three
of the required
current
and
current
density,
and efforts
are planned
at BNL over
the next
two years
to develop
a cesium-free
volume
source
suitable
for
RFD injection.
This source-type
is
also
under
development
at
LBL and
LANL to
demonstrate
beam parameters
that
would
meet
(or
exceed)
the requirements
of this
application
(6).

At
Brookhaven.
where
a
low-current
polarized
proton
RFQ has
been
in
successful
operation
for
several
years,
plans were developed
for a second RFD.
a high-current,
H- device
to be independent
of the
polarized
proton
line
and to eliminate
the need for
the
Cockcroft-Waltons.
Plans
for
an RFQ were also
under
consideration
at
Fermilab.
Because
of
the
similarity
of the 200-HeV
injectors,
a joint
design
study
was undertaken
among LBL,
BNL and FNAL, to
evaluate
a cofmion
design
option
for
a possible
front-end
upgrade
of both injectors.
In this
report
we discuss
the current
status
of these activities.

RFQ Desiqn

A program
has been initiated
at BNL to develop
an
H- source
whose parameters
are well
matched
to the
requirements
of the RFD (5).
The goal is to provide
a 50 mA beam at 35 keV with
approximate
rotational

The design
for
a Cockcroft-Walton
replacement
must
not
only
provide
enough
beam at
the
right
but also enhance the existing
injection
linac
energy.
system.
In this
design,
the longitudinal
phase space
at the DTL entrance
is small
compared
to the linac
bucket
that
is
usually
filled
with
a conventional
will
result
buncher.
This
in
a
more
linear
longitudinal
motion
and less
longitudinal-transverse
coupling.
One hundred
percent
capture
of the
RFQ
beam in
the
DTL is
expected,
leading
to
a more
satisfactory
operation
of the first
DTL tank.
If the
DTL is followed
by a high
frequency
structure,
the
frequency
jump and matching
the beam into the smaller
bucket
of the following
structure
will
be enhanced by
the brighter
beam.

*Work
under

A detailed
RFQ design
has been developed
new approach
to the beam dynamics
design
that
the RF power requirement
and the output
energy

Ion

Source

Development

supported
by the
U.S.
Department
Contract
No. DE-AC03-76SF00098.

of

Energy
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using a
reduces
spread,

I
conduction
to
the
cavity
through
the
RF spring
contacts
used along the base of the vane, and through
the
vane
mounts
located
periodically
along
the
Precise
vane positioning
is achieved
by
structure.
referencing
the vanetips
to accurately
ground
flats
on the outside
of the cavity
cylinder.
Copper bars
are introduced
along
the sides
of the vanes to trim
These
devices
are
readily
the
final
frequency.
inserted
and removed without
disturbing
the precise
In the present
design,
each bar
vane alignment.
shifts
the frequency
0.94 MHz per square
centimeter
The natural
frequency
of
of cross-sectional
area.
single
controlled
with
a
the
structure
is
auto-tracking
tuner,
in this
case a shorted
rotating
loop.

while
raising
the
space charge
limit
over previous
proton
preinjector
RFQ designs.
This
allows
the
injection
energy and RF amplifier
power to be reduced
while
still
retaining
the desirable
characteristics
The mechanical
design
is
of the
RFQ accelerator.
based upon the LBL concepts
that
were developed
and
one now in
implemented
on two
earlier
machines,
service
at
the
Bevatron
in Berkeley
(3).
and the
The
other
operational
at
Linac
I at
CERN (7).
general
characteristics
of the RFQ are sumnarized
in
Table 1.
Table

1:

Ion
Frequency
Energy
Current
limit
Normalized
emittance
Vane Length
Mean radius
(ro)
Surface
field
Peak cavity
power
Max duty factor
Stored energy

Surmaary of

RFQ Parameters

Hf
201.25
35 - 753
> 100
O.lr
161.89
0.418
20.3
100.5
0.007
0.5

MHz
keV
mA
cm-mrad
3m

Adapting
the
design
concept
to
the
present
applications
led to certain
special
considerations.
The earlier
LBL RFQs were
designed
for
use with
heavier
ions
(Siti
and 0+6)
and for
shorter
duty
factors.
The vacuum requirements
for
H- beams and
under
the
thermal
response
of
the
structure
conditions
of
higher
average
power
have
been
evaluated.

:!/rn
kW
Joules

Vacuum Considerations
Beam Dynamics
Loss cross
sections
for
H- on hydrogen
decrease
in
this
energy
range
from
8 down to
1 x lo-16
cm2/molecule,
fully
an
order
of
magnitude
lower
than
for
0+6
or
Si*.
(For
residual
air
or
hydrocarbons,
the cross
sections
are approximately
a
factor
of three
higher.)
Thus, negligible
losses can
be expected
for
an on-axis
pressure
of
1 x 10-6
Tort
or better.
Using conservative
outgassing
rates
of
1
x
10s6
T-n/cm2s
for
organics
and
1
x
10-9
T-P/cm2s
for
metal
surfaces,
the
structure
has a predicted
total
gas load of 1 x 10s3 T-l/s,
dominated
by organics.
Even with
moderate
gas loads
through
the small
end holes,
adequate
pressures
can
be achieved
readily
with
two 1500 l/s
pumps each
pumping on one of the four quadrants.
The pump ports
consist
of a matrix
of holes
in the cavity
wall with
the length
to diameter
ratio
determined
to prevent
RF
leakage.
The net pumping speed on the cavity
is 480
Experience
with the first
two LBL RFQs
l/s per pump.
demonstrates
an actual
base pressure
after
RF cleanup
of 3 to 5 times
lower than calculated
with the above
outgassing
rates.

A new beam dynamics
approach
has been taken
in
using
(and
extending)
an idea
first
this
design,
developed
by Wangler
(8).
where
the
linear
shaper
section
is extended
and the tapered
gentle
buncher
is
shortened.
The beam is accelerated
from 35 keV at
injection
to a relatively
high value of 68 keV at the
end of the
shaper
where
the
stable
phase
is -76
At
the
end of
the
gentle
buncher,
the
degrees.
energy
is only
180 keV and the stable
phase is -50
The large
bucket
at the end of the buncher
degrees.
reduces
the
bunch
compression
and
the
charge
density.
The bunch
remains
small
compared
to the
linearizing
the
phase
motion.
This
bucket
area,
linearized
motion
in the bunch is responsible
for the
very low energy
spread
of 514 keV (at 50 mA) with
a
phase
spread
of
2
33
degrees.
For
a
design
normalized
input
emittance
of
0.1~
cm-mrad.
the
emittance
blowup is about 12%.
The accelerating
section
is
71 cm in
length,
almost
one-half
the 162 cm total
length
of the RFQ.
The accelerating
parameter
(A) varies
from 0.344
to
0.597 along
the accelerating
section
with
a constant
The large
fraction
focusing
parameter
(B) of 9.08.
of the machine devoted
to acceleration
increases
the
average
shunt
impedance.
With an estimated
Q of 57%
of the theoretical
value,
the cavity
power for full
excitation
is 100 kW at a vane voltage
of 67 kV.
The
design
surface
field
is 1.48 Kilpatrick.
The capture
efficiency
is 97% for a 50 mA beam, gently
degrading
to 81% at 100 mA.

Since it
is proposed
to pump on only two of the
Monte
Carlo
were
four
quadrants,
calculations
performed
to
determine
the
pressure
distribution
The
within
both
a pumped and unpumped
quadrant.
results
indicate
a 20% pressure
increase
on-axis
and
a 60% increase
at the highest
point
in the unpumped
relative
to the region
closest
to the pump
quadrant,
port.
Thermal

Mechanical

Considerations

Design
The
maximum
anticipated
duty
factor
(in
the
Brookhaven
application)
is 0.007.
With a peak cavity
power of 100 kW. this
results
in an average
power
dissipation
of 700 watts.
Because of the relatively
inefficient
heat
transfer
between
the
vane
and
cavity,
the
structure
is not
isothermal,
the vanes
running
several
degrees
hotter
than the cavity.
This
leads to a net reduction
in the bore aperture
during
RF turn-on
with
a resulting
decrease
in the natural
frequency
that
must
be
compensated.
The
time
constant
for
this
behavior
is long,
requiring
about
It is important
to
100 minutes
to reach equilibrium.
determine
the magnitude
of the frequency
shift
and to
ensure
an adequate
range
of the
dynamic
frequency
tuner.

The mechanical
design
is based
on the
concept
first
conceived
for
the Bevatron
RFQ (9)
and later
used for
the 0+6 RFQ (10)
built
by LBL for
use at
the CERN Linac
I.
It is a design
optimized
for
low
It
is
a
-duty
factor
applications.
four-vane,
loop-driven
structure,
stabilized
azimuthally
with
vane
coupling
rings
(VCRs)
with
an
("1,
easily-adjustable
end geometry
to flatten
the axial
field
distribution.
The cavity
and vanes are made of
copper-plated
mild
steel.
Thermal
stabilization
of
the
structure
is
maintained
by
circulating
temperature-controlled
water
through
a tube
that
makes good thermal
contact
with
the outside
of the
cylinder.
Heat generated
on the vanes is removed by
261
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With
the
heat
load distributions
specified
by
a finite
element
analysis
code
SuperFish
as input.
(ANSYS) was used to study
the
thermal
behavior
of
both the Bevatron
RFQ structure
and the new design.
This code is capable
of calculating
both steady-state
Measurements
of
effects.
the
and
transient
thermally-induced
frequency
shift
associated
with
RF
using
the
Bevatron
RFQ.
turn-on
were
made
The
measured
shift
(df)
of 80 kHz at equilibrium
implies
Using
a change
in bore
radius
(dr)
of 3 microns.
this
result
together
with
the
ANSYS code and the
a
thermal
heat
distributions,
contact
SuperFish
resistance
between
the vanes and the cavity
of 6.5
This
result
is in good
Watts/m/oC
was established.
independent
engineering
estimates.
agreement
with
With finite
element
techniques,
it was also possible
to
correctly
predict
the
observed
time
constant.
Using this
contact
resistance
for the new design,
the
ANSYS code projects
a net change in the bore radius
of -dr = 11.7 microns
at full
power with
a 0.007 duty
new
design,
the
frequency
factor.
For
the
sensitivity
is
df/dr
= 156 MHz/cm,
leading
to
a
This
worst-case
frequency
shift
df
= 183
kHz.
frequency
shift
falls
comfortably
within
the range of
a single
tuner
loop which can be designed
to cover a
The calculated
time
total
range
of 300 - 400 kHz.
constant
is approximately
30 minutes.
RF Considerations
The total
length
of 162 cm is just
over one free
space wavelength
of the
operating
frequency
of 201
MHz.
Three
sets
of vane coupling
rings
(VCRs),
one
set'near
each end and one set in the center,
will
stabilize
the
field
distributions
azimuthally
and
They will
eliminate
concern
about
the dipole
modes.
introduce
a total
variation
in the longitudinal
field
RF power can be provided
distribution
of only
6%.
through
a single
drive
loop;
100 kW of cavity
power
In the present
and 36 kW of beam power at 50 mA.
design,
the
number of tuning
bars
attached
to the
vanes has been reduced
from B to 4, thereby
reducing
by one-third
the number of RF joints
in the current
path.
This reduces
the number of components
required
for fabrication
and assembly
and reduces
the RF joint
losses.
The expected Q is about 6500, or 57% of the
theoretical
value
for
pure
copper
with
no joint
losses.
Twelve monitor
loops
are provided
for phase
and
level
control,
monitoring
field
balance,
and
spark
detection.
The maximum surface
fields
in the
structure
never
exceed
1.5
times
the
Kilpatrick
criterion,
leading
to a short
initial
conditioning
period
and
promise
of
high
the
operationdl
reliability.
Conclusions
Based on the studies
completed
at this
time,
it
appears
technical
that
all
requirements
for
an
RFQ-based
front-end
upgrade
of the
200 HeV proton
linacs
at
either
Fermilab
or
Brookhaven
can
be
satisfied
with
a comnon
design.
The
ion
source
options
include
the
magnetron
source,
similar
to
those
now operating
at
both
labs,
a cesiated
PIG
source,
or a cesium-free,
multicusp
volume source.
A
development
effort
is underway
at BNL to evaluate
these
options.
The RFQ requirements
can be satisfied
with
a design
developed
at LBL.
The beam dynamics
design
for
this
machine
offers
several
advantages
over
earlier
proton
RFQ designs,
including
improved
longitudinal
phase space and lower
RF power demand.
It
appears
that
the
requirements
for
the
BNL/FNAL
applications
can all
be satisfied
with
the mechanical
design
concept
developed
at LBL for
low-duty-factor,
heavy-ion
applications.
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THE SUPERHILAC UPGRADE PROJECT*
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Feinberg
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Sumnary
A high current
MEtal Vapor Vat-uum Arc (MEVVA) 'ion
source1
is
to
be installed
in the
third
injector
(Abel)
at
the
SuperHILAC,
representing
the
first
The MEVVA
accelerator
use of this
novel
ion source.
source has produced
over 1 A of uranium
in all
charge
states,
with
typically
more than
100 electrical
mA
(emA) of Us+.
A substantial
fraction
of this
high
beam
be
successfully
current,
heavy
ion
must
transported
to the entrance
of the Wideroe
linac
to
approach
the 10 emA space-charge
output
limit
of the
Wideroe.
Calculations
show that
up to
50 emA of
u5+ can
be transported
through
the
present
high
voltage
column.
A bouncer
will
be added
to
the
Cockcroft-Walton
supply
to handle
the increased
beam
current.
The Low Energy
Beam Transport
line
vacuum
will
be improved
to reduce
charge
exchange,
and the
phase matching
between the 23 MHz Wideroe
and the 70
MHz Alvarez
linacs
will
be improved
by the addition
of two
70 MHz bunchers.
The installation
of the
MEVVA source
along
with
the modifications
described
above are expected
to result
in a five-fold
increase
in beam delivered
to Bevatron
experiments,
increasing
the 'extracted
uranium
beam to 5~10~ ions/pulse.

r,‘:.-~’.-Figure
iWOlVeS

upstream

The SuperHILAC
serves
as an injector
for
the
Bevatron,
injecting
ions
as heavy
as uranium
at
energies
up to 8.5 MeV/nucleon.
The Bevatron
then
further
accelerates
the ions
to 2.1 GeV/nucleon
for
the lighter
ions or 1 GeV/nucleon
for uranium.
This
combination
of accelerators,
called
the BEVALAC, is
the
only
facility
in
the
capable
of
world
to
relativistic
accelerating
the
heaviest
nuclei
energies.

MEVVA Ion

No.

upgrade
both

Source

The plasma is created
directly
from the solid
by
means
arc
discharge
between
two
metallic
of
an
electrodes
in vacuum.
A characteristic
of the metal
vapor vacuum arc is the formation
of 'cathode
spots'
These are minute
on the
surface
of the
cathode.
regions
of
intense
current
concentration
(many
megamps/cm2
at a micron-size
spot)
where the metal
plasma
is
generated
from
the
solid
surface.
In
general
many cathode
spots
will
participate
in the
constitutes
a
arc,
and
the
assemblage
of
spots
prolific
source
of metal
plasma
produced
from
the
cathode
material.
This
quasi-neutral
plasma
plumes
away from the cathode
toward
the anode and persists
for the duration
of the arc current
drive.
The anode
of the discharge
is located
on axis with
respect
to
the cylindrical
cathode
and has a central
hole in it
through
which a part
of the plasma plume streams;
it
is this
component
of the plasma that
forms the medium
from which
the ions are extracted.
The plasma plume
drifts
through
the post-anode
region
to the set of
grids
that
comprise
the
extractor
- a three-grid,
accel-decel,
multi-aperture
design.
A small magnetic
field,
producedby a simple
coil
surrounding
the arc

Increasing
the beam intensity
by a factor
of 5
will
open
to
exploration
wide
fields
of
atomic
physics
research.
One notable
example
would
be the
measurement
of the Lamb shift
in H-like
and He-like
uranium.
Such measurements
would be of considerable
interest
to
quantum
field
theorists
because
one
cannot
use
perturbation
theory
to
accurately
calculate
the Lamb shift
of such high-2
ions.
Thus,
measuring
the
Lamb shift
of He-like
uranium
would
almost
certainly
stimulate
theoretical
activity
in
nonperturbative
quantum
field
theory.
The present
intensity
permits
measurements
of the Lamb shift
to
an accuracy
of 10%. while
the upgrade
will
allow
the
accuracy
to be increased
to about 0.5X.3

DOE Contract

The
injector,
linac.

The
source
uses
a
metal
vapor
vacuum
arc
discharge
as the plasma medium from which
the ions
are extracted.
The metal
plasma
is created
simply
and efficiently
and
no carrier
gas
is
required.
Beams have
been
produced
from
metallic
elements
spanning
the
periodic
table
from
lithium
through
uranium,
at extraction
voltages
from 10 to 60 kV and
with
beam currents
as high as 1.1 Amperes (electrical
current
in all charge states).

The BEVALAC now produces
beams of low-Z ions such
as neon at intensities
up to 1 x lOlo
ions/oulse.
and 960 HeV/nucleon
uranium
beams have been delivered
to experimenters
at up to 1 x lo6 ions/pulse.
In
addition
a new operational
mode has been demonstrated
in which
uranium
of
somewhat
lower
energy
can be
produced
at
intensities
of
1 x 107
ions/pulse.
Results
show
that
different
conditions
can
be
selected
by
passing
uranium
beams
through
thin
targets
to
produce
high
yields
of
either
fully
stripped
uranium
u9’+( 50%).
OF
(65%).
u90+( 40%) .2

by U.S.

- The SuperHILAC
accelerator.
modifications
to
the
Abel
and downstream
of the Wideroe

The recent
development
of the HEVVA ion source
provides
the
basis
for
the
SuperHILAC
upgrade'.
Figure
1 shows the SuperHILAC
accelerator.
Since the
object
of
the
upgrade
is
to
increase
the
beam
intensity,
the chief
concerns
of the project
are the
production
and transport
of low energy,
high current,
heavy
ion
beams.
Transporting
this
increased
beam
intensity
to the Wideroe
linac
of the Abel injector
will
enable
better
use of the 10 emA output
capacity
of
the
Wideroe.
In
addition,
improving
the
longitudinal
phase matching
between
the Wideroe
and
the
Alvarez
linacs
will
further
increase
the
beam
intensity.
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region
and
to
help
direction
source
is
is 2 cm as

The distribution
is peaked
at
shown in Figure
3.
The
charge
Us+ and
extends
from
U2+ to
U7+.
state
distribution
can be varied
to a small
extent
via the arc current,
but this
effect
is small.
(As
the arc current
is increased
more cathode
spots form
to participate
in the arc,
but the physics
of each
spot is not greatly
changed.)
The spectrum
is clean,
showing
no contamination
from
the
stainless
steel
trigger,
the
alumina
trigger/cathode
insulator,
or
other
components
of the source,
presumably
reflecting
the fact
that
the origin
of the plasma is indeed the
cathode
spots,
which form only on the cathode.

of magnitude
up to about 100 gauss,
serves
duct
the
plasma
plume
in
the
forward
A schematic
of the
but is not essential.
The extractor
diameter
shown in Figure
2.
is the initial
beam diameter.

lectrode
.
x vacuumchamber

Terminal

ant

and
the
Figure
4
shows
the
Abel
terminal
beginning
of the LEBT line.
At present
the ions are
produced
in the
source
magnet
using
a PIG source.
This
source
is capable
of producing
about
5 emA of
u6+ at the entrance
of
the
accelerating
column.
The MEVVA source
will
be mounted
outside
of the
source
magnet
as indicated
in the figure,
since
it
cannot
operate
within
the
strong
magnetic
field
of
the
source
magnet.l
Note that
the installation
of
the
MEVVA source
in
no way interferes
with
the
operation
of the PIG source,
so that
either
source
can be used as required.
In between
the ion source
and the source magnet a quadrupole
triplet
and a pair
magnets
of
steering
will
provide
the
necessary
optical
elements
to
transport
the
beam into
the
magnet.
The source
magnet
will
then
be used to
separate
the
charge
states
produced
by the
MEVVA
An existing
source.
making
use of 69'of
analysis.
quadrupole
triplet
will
transport
the analyzed
beam
to the entrance
of the present
medium gradient
column.

flow

Magnetic field coil

Figu,re

2 - Schematic

of

the

HEVVA ion

Modifications

source.

High current
beams of Li.
C, Mg. Al, Si, Ti,
Cr.
Fe, Co, Ni.
Cu.- Nb. MO, Sn, La. Gd, Ho. Ta, W. Au,
Pb, and U have been produced
by the MEVVA source.
The cathode
may also
be made from
a conducting
compound,
which
produces
a beam containing
a mixture
of the component
species;
beams from FeS. PbS, LaB6.
It is
CdSe. SmCo. Sic,
and WC have been produced.
noteworthy
that
in this
way beams can be made which
contain
non-metallic
species,
such as B from LaB6 and
S from FeS and PbS.

;‘=-.,

/
.,,

,*

Proposed
MEWA sowce

ABEL
terminal

The emittance
has been measured with
a pepper pot
diagnostic.
Typically
half
the beam current
resides
within
a normalized
emittance
of from
0.2 to 0.5%
mn mrad.
The charge
state
spectrum
of uranium
is

Accelerating column

a

IIII

I

3 - Charge

I

CL7654
3
2
/
\
Uranium

Gate
Pulse
Figure

I

state

distribution

for

Low-Energy
BeamTtrnspottLine

Figure
4 - The Abel terminal
and the beginning
of the
LEBT line.
Note
the
MEVVA ion
source
placement
upstream
of the-source
magnet.
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ion
intensity
This
increase
in
will
be
accomplished
by the addition
of a MEVVA source to the
Abel
terminal
along
with
the
appropriate
focusing
elements
and
by
increasing
the
current
handling
capability
of the
Cockcroft-Walton
power supply
to
accelerate
50 emA of beam through
the existing
medium
-The LEBT line
will
be modified
to
gradient
column.
improve
the vacuum,
reducing
charge
exchange
losses.
Finally,
the phase matching
between
the beam exiting
the 23 MHz Wideroe
and the acceptance
of the 70 MHz
prestripper
will
be improved
by the addition
of two
70 MHz bunchers
upstream
of the prestripper.
These
improvements
in
a
factor
of
5
should
result
improvement
of beam intensity
for the heaviest
beams,
such as uranium.

Computer
calculations
usin
show that
up to 50 emA of U3: ,“,eRm,,en;zp,;;$
Modifications
are needed
through
the present
column.
to the
Cockcroft-Walton
power
supply
to handle
the
increased
current
of the MEVVA beam.
A small bouncer
will
be installed
to maintain
the voltage
regulation
increased
of
the
terminal
at
20.1%
under
the
loading
of the high current
beam.
Low Enerqv

Beam Transport

Modifications

Vacuum improvements
will
be made to decrease
the
residual
gas
pressure
from
the
present
average
This
pressure
of B x 10-7 Torr
to 1 x lob7 Tort-.
decrease
in pressure
combined
with
the switch
from
~6+ to
U5+ should
increase
the
transmission
from
less than
60% to greater
than 98% by decreasing
the
The vacuum in the LEBT line
charge
exchange
losses.
will
be improved
by modifying
the
line
to
allow
1ow:temperature
baking
and replacing
diffusion
pumps
Since
an average
pressure
of 10m7
with
cryopumps.
it
is not necessary
to rebuild
Torr
is sufficient,
the line with ultrahigh
vacuum components.
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The vacuum will
be improved
by providing
and
maintaining
a clean
system to reduce
the outgassing.
Several
improvements
are needed to achieve
this.
The
Wilson
seals
will
be replaced
with
bellows
seals,
which
should
eliminate
the slight
air
leaks when the
All
neoprene
"o-rings"
will
be
seals
are activated.
replaced
with
Viton.
and all
epoxy and lucite
will
be
removed
from
the
system
to
allow
low-temperature
(100" C) baking.

1.

2.

3.
While
it
is difficult
to quantify
the expected
improvement
in pressure,
these
changes
should
result
Eliminating
the
in a great
reduction
of outgassing.
leaks and providing
for
low-temperature
baking
should
contaminant
being
hydrogen
result
-in
the
major
instead
of water
vapor.
Since
hydrogen
is of the
order
of 10% of the background
pressure
at present,
the required
reduction
should be attainable.
Medium

Energy

Beam Transport

The authors
would like
to thank
Dr. J. R. Alonso
his
guidance
and the
BEVALAC engineering
staff
their
support
in planning
this
upgrade.

Modifications

The longitudinal
bunch
structure
in the Medium
Energy
Beam Transport
(HEBT) line
has been measured
to determine
the best way to improve
the matching
of
the 23 MHz beam bunches produced
by the Wideroe
into
the 70 MHz buckets
of the prestripper.
Measurements
of the bunch width
were made at three
positions
along
detectors
in a fast
the
HEBT line
using
crystal
timing
mode.
The measurements
in the MEBT line
show that
the
amount
of beam captured
in the
prestripper
can be
increased
by bunching
the
beam at 70 MHz with
two
bunchers
upstream
of the prestripper,
filling
one out
of every
three
prestripper
buckets.
The quantity
of
beam accepted
by the prestripper
can be increased
by
more than a factor
of three
by this
means.
Since a
recently
installed
single
buncher
has demonstrated
a
factor
of two increase
in intensity
it
is expected
that the calculated
improvement
will
be realized.
Conclusions
The SuperHILAC
Upgrade
Project
will
increase
the
uranium
output
of the BEVALAC heavy-ion
facility
from
the
rurrently
available
lo7
to
5~10~
ions/pulse.
This upgrade
will
open to exploration
wide fields
of
atomic
physics
research,
such as enabling
detailed
Lamb shift
measurements
to
be made in H-like
and
He-like
uranium
with
important
applications
to
nonperturbative
quantum electrodynamics
field
theory.
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Introduction
The Argonne Tandem-Linac
Accelerator
System'
(ATLAS) is a heavy-ion
accelerator
consisting
of a
superconducting
linear
accelerator
that is injected
by a 9-HV tandem electrostatic
accelerator.
As is
seen in Fig.
1, the linac
has two major parts:
the
original
prototype
booster
linac
completed
in 1982,
and the ATLAS-proJect
addition
completed
in 1985.
Each of these sections
provides
about 20 MV of
acceleration.
Various
parts
of the linac
have been
used for research
since 1978, and beams from the
full
ATLAS system have been used steadily
since
October
1985.

The planned
positive-ion
inJector
for ATLAS
consists
of an ECR ion source
on a 350-kV platform
and a superconducting
inJector
lieac
of a new
.
The objective
is to replace the prerent
kind.
tandem injector
with a system that can increase
beam
intensities
by two orders
of magnitude
and extend
In the first,
the mass range up to uranium.
developmental
stage of the work,
now in progress,
the ECB source will
be built,
the technology
of
superconducting
accelerating
structures
for lowvelocity
ions will
be developed,
and these
structures
will
be used to form a 3-MV prototype
Even this small system,
designed
injector
linac.
for ions with A < 130, will
be superior
to the
present
FN tandem as a heavy-ion
injector.
In later
the injector
linac
will
be
phases of the work,
enlarged
enough to allow ATLAS to effectively
accelerate
uranium
ions.
The injector
system is
The
expected
to provide
exceptional
beam quality.
status
of the work,
expected
performance
of the
accelerator
ryntem,
and the technical
issues
involved
are summarized.

ATLAS was deeigned
for the needs of highresolution
nuclear
physics.
Thus, the primary
objectives
of the system were to achieve
beam
energies
that are much greater
than are available
from the 9-W tandem alone but at the same time to
preserve
the excellent
beam quality
and easy energy
have
variability
of the tandem.
These objectives
been achieved.

ATLAS

N

FiR.

1

Layout

of

ATLAS and

(on

the

left)

the
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planned

layout

of

the

positive-ion

injector.

I

POSITIVE -ION

followed
by strongly
focusing
supercoaductingFor this,
the good emittanct
solenoid
lenses.
the ECR source is important.

INJECTOR

Perhaps the main
excellent
longitudinal
required.
Three design features

challenge
is
beam quality
help

2

Schematic
injector.

representation

of

the

of Positive-Ion

Injector

this

need:

structures
solenoids

art

for

(2)
The RF frequency
of the accelerating
structures
is 48.5 MHz, a much lower value than haa been used
in other
superconducting
linacs.
The large
resonator
size required
to obtain
this
low frequency
raises
questions
about mechanical
stability
and the
feasibility
of phase control,
but this potential
problem has been solved4e5.

positive-ion

Lookfng
toward the future,
however,
we
recognize
that ATLAS has two important
limitations:
(1) the beam intensity
is less than is needed by
some users and (2) ions in the upper part of the
periodic
table
cannot be accelerated.
Since both of
these limitations
art caused by the tandem and
especially
by the short
lifetime
of the stripping
foil
in the tandem terminal,
we have undertaken
to
replace
the tandem and its negative-ion
source with
a suptronducting-linac
injector
and a positive-ion
tourct . The ultimate
objective
is to develop
a
allow ATLAS
positive-ion
injector
system that will
To be fully
to accelerate
uranium ions efftctlvtly.
succtssfuly,
this positive-ion
injector
system must
have a beam quality
that ia competitive
with
the
tandem.
Description-

the

is

that

to satisfy

(1)
The gaps between accelerating
minimized
by using superconducting
transverse
focusing.

Fig.

to obtain

of

(3)
The incident
beam is bunched into very narrow
pulsts
(- 0.3 us FWHM) by means of a two-stage
system consisting
of a room-rtmptraturt
griddtd
bunchtr
on the voltage
platform
followed
by a 48.5
IiHe accelerating
structure
at ground potential.
This concept
is similar
to that now used with our
tandem injector6
except
that Lht sawtooth
wave form
on the grids
of the first-stage
bunchtr
will
be
driven
by a broad-band
linear
amplifier
rather
than
by harmonic
oscillators.
This more refined
approach
is feasible
because of the small energy spread of ions
from Lht ECR source.
Also,
the absence of a
stripping
foil
between t.ht two bunchers
implies
that
for
the first
buncher to form a
it is not necessary
narrow beam pulse;
the only requirements
are that
this bunchtr
operate
in a highly
linear
mode and
that it form pulses
that fit
within
the linear
part
of the wave form of the second bunchtr.
Construction
Plan

System

The main components
of the planned
positive-ion
injector
art shown in Fig.
2, and the relationship
to ATLAS is shown in Fig.
1. The source is an
electron
cyclotron
resonance
(ECR) ion source on a
350-kV voltage
platform.
Ions from this source are
mass analyzed,
bunched,
and feed into
the injector
linac,
which consists
of an array of short
independently-phased
superconducting
accelerating
structures.
The ECR source provides
ions with very
and thus the injtcror
linac
can
high charge states,
be rather
small.

The construction
of the positive-ion
injector
will
be carried
our in several
phases,
depending
on the availability
of funding.
In Phase
I, now under way, the goal is to develop
the
technology,
build
the ECR source,
and build
a linac
that is Just large enough to compete favorably
with
system

I

The rtchnology
of the ECR source is well
developed
and our design3
is being strongly
influenced
by the work of others.
Major design
features
art that both the first-stage
and secondstage plasma ate driven
by a single
10 CHz
Lransmi tter,
and the second-stage
chamber is
Since the
relatively
small (- 10 cm diameter).
source must be mounted on a high-voltage
platform,
effort
is being devoted
to the reduction
of power
requirements.
Also,
since our unit must be able to
product
ions from all kinds of solid materials,
convenient
access to the interior
of the plasma
chamber is being emphasized.

I

1

1

1

1

1

I

I

0

As is discussed
in detail
in a companion
paper4,
the planned
superconducting
injector
linac
consfsts
of four kinds of 48.5~MHz indtptndentlyphased resonators
that art sited
to form an
appropriate
velocity
profile
between the lowerr
incident
velocity
(6 = 0.008)
and the velocity
required
for inJections
into ATLAS (6 2 0.04).
The very low inciden_t
velocity
B- 0.008 amplifies
all design problems.z
The strong
radial
defocusing
generated
by the acceleration
process
is controlled
by using very short
acctleraLing
structures2*4s5

0
0
Fig.

3

I

1

1

1

I

I

1

6

IO

20

30

40

50

60

70

80

II
90

2

Performance
of ECR sources.
The plotted
points
were obtained
by interpolation
from
the best results
reported
before
Oct. 1985.
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I
ATLAS

PERFORMANCE
FOR
BEAM ENERGY = 5 &V/A

PERFORMANCE
OF ATLAS
FOR URANIUM BEAMS

CwSEm
WV
3
2

42
UYAC

l-

I-

:
Fig.

4

Performance

of

ATLAS for

several

4

3.

0
Fig.

injectors.

A 3-HV linac
(which will
the tandem as an injector.
allow ATLAS to accelerate
all ions in the lower half
of the periodic
table)
is adequate
for thfs
The planned
Phase II will
enlarge
the
purpose.
inftcror
linac
to 8 MV, which will
allow
ATLAS to
acceltrart
ions up to about A - 200. And finally,
in
Phase III
the infector
linac
will
be further
enlarged
to 12 tiV, enough to allow ATLAS to
accelerate
uranium
ions well
above rhe Coulomb
barrier.

The energy-mass-beam
in~tnsity
performance
of
ATLAS was calculated
for several
injector
linacs
under the assumption
that
the source intensities
art
given by the curves of Fig.
3.
The main features
of
the results
obtained
art summarized
by Fig. 4, which
gives the beam current
out of ATLAS as a function
of
projectile
mass for a rtprtstntativt
output
The general
behavior
of such plots
are
energy.
similar
for a wide range of energies.
Our
conclusion
is that even
the 3-MV linac
outclasses
-the tandem injector
for lone with A 2 30, whereas
for A < 30 the greater
maximum energy
available
from
the tandem may be marginally
advantageous.
Thir
advantage
of the tandem disappears
rapidly
aa the
linac
voltage
increaats.
More important,
the
greater
output
energy provided
by a larger
injector
linac
allows
ATLAS to accept
a wider
range of ions
for effective
acceleration,
aa shown in Fig.
4.
between

injector

size

I
1
I
1
4
6
BEAM ENERGY

I
I
I
8
IO
(MeV/A)

1

I
12

I

I
14

Performance
of ATLAS for uranium
beams
provided
by an ECR source and two different
injector
linacs.

The most interesting
question
about. the
performance
of our positive-ion
injector
is whether
its beam quality
can really
be competitive
with
that
from a tandem.
The answer
is yes, as may be Judged
from calculations
outlined
in Ref. 4 and 5.
The
main reason for this perhaps
surprising
conclusion
is that
Lhe beam quality
of the tandem is dominated
by angular
and energy
straggling
caused by the foil
stripper
in the tandem terminal,
a problem
that is
avoided
entirely
with
the positive-ion
infector.
Whatever
srrippiag
may be carried
out after
the
injector
need
not cause much dtteriorarion
in beam
quality
because
the stripper
can be located
at a
waist
in both transverse
and longitudinal
phase
space.
In short,
we expect
our positive-ion
injector
to set a new standard
of beam quality
for
heavy ions.

The performance
of the injector
linac
depends
on the performance
of the
stnsitively,
of course,
ECR source.
In order
to estimate
beam inttnsitits
and charge states
for the many source materials
that
3,
have not been studied
yet,
we make use of Fig.
which summarizes
most
of rhe data available
in
1985.
These data are consistent
with
the hypothesis
that the behavior
of all isotopes
available
in pure
form
fall
on curves
such as are drawn through
the
data.
The few casts
(such as gold)
that fall
well
below the curve can be explained
by the fact
that
the technique
used to vaporize
these substances
was
inadequate.
This is thought
to be a practical
problem
that can be solved.

rtlatioaship

I

ATLAS performance
is illustrated
in Fig.
5 for the
special
cast of a uranium
beam.
For the lo-MV
injector,
the velocity
of the beam entering
ATLAS is
too low to match properly
the design
velocity
A better
match can be achieved
by multiple
profile.
stripping,
but this
results
in a large
loss of beam
current.
In contrast,
for the larger
injector
the
ATLAS accelerating
srruct.urea
can work tfficitntly
for output
energies
up to at least
10 HeV/A.
The
planned
12-MV Phase III
injector
will
give perform
somewhat above the lower curve.

Performance

The

5

I
2
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Abstract
LIOUID

Pour types of supercooducring
aictltraring
sbructurts
art being developed
for use in a lowvelocity
positive-ion
injector
linac
planned
for
ATLAS heavy-ion
accelerator.
A pr.otoLype
of the
.
first
of these,
an inttrdigital
four-gap
structure,
has been completed
and tested
ar accelerating
gradients
up to 10 NV/m, corresponding
to a maximum
4
surface
electric
field
of 40 MV/m and an effective
accelerating
potential
of 1 MV/resonator.
The 48.5
MHz resonant
cavity
has an active
length
of 10 cm
and is designed
for particle
velocities
in the range
Prototypes
of the remaining
0.007c < v < 0.014c.
three resonator
types required
for the ~linac are
under construction.
Introduction
Earlier
work has suggested
the ftasibility
of a
superconducting
heavy-ion
linac
which could be
directly
iojtcrtd
by an electron-cyclobron-resonance
(ECR) positive-ion
ourct on an open-air
hfghA companion
paper describes
voltage
plarf9rm.l"
to replace
current
plans
for using the above system
the present
tandem iojtcror
of the Argonne
taodtmlinac
acctltraror
system (ATLAS).
The proposed
lfnac
is based on the fact
that
short,
high-gradient
superconducting
(SC)
accelerating
structures
can be closely
interspersed
with short,
powerfully
focussing
SC solenoids.
The
rapid~alternarfon
of radial
and loogitudinal
focussing
elements
maintains
the beam in much rhe
same way as does a Widtrot-type
rf structure
with
quadrupolt
lenses
in the drift-tubes,
but with
the
simplicfry
and versatility
of independently
controlled
modular
elements.
Such a linac
must
accelerate
ions in the velocity
range 0.007 >
f3 = v/c < 0.06,
which is a factor
of six lower than
currently
possible
in a SC linac;
thus a substantial
extension
of present
technology
is required.
In what follows
the very low velocity
linac
resonator
design art briefly
reviewed,
then work
date on prototype
SC resonators
is discussed.
Cinac

and Resonator

and
to

Design

The primary
technical
problem with very low
velocity
SC accelerating
structures
is to maiotafo
adequate
mechanical
stability
for the close drifrtube spacing
and low rf tigtnfrtqueocy
required.
To accelerate
particles
in t.he velocity
range
.007 < 8 < 0.03 we propose
to use three different
versions
of the inrtrdigital
geometry
shown in
The resonant
structure
conaiara
of a
Figure
1.
tapered,
coaxial
traosmiasioo
line,
shorrtd
at one
end and etrminartd
at the other
in the capacirivt
-load
of a four-gap
iorerdigital
strucrurt.
The
interdigital
element
is formed by using a forked
high-voltage
drift
tube to straddle
a low-voltage
counter
drift
tube and so provide
four accelerating
gap=.
The choice
of number o of accelerating
gaps
a trade off between voltage
gain per resonator,

is

0
I0

Fig.

1

SCALE (Inches)

Cross Section
of a 48.5 MHz. 10 cm
interdigital
resonator.
A coaxial,
tapered
quarter-wave
line
is berminaotd
in a four-gap
inttrdigital
capacitive
cavity
can accelerate
load.
The resonant
particle
with vtlocitits
below .Olc and has
an active
length
of 10 cm.

proportional
to 0, and the velocity
range
roughly
accepted
by a given resonator
type, which is roughly
inversely
proportional
to n.
Also,
radial
defocussing
effects
become larger
with
increasing
For the lower half
of the velociry
range,
where
0.
the accelerating
gaps art short,
we have chosen a
four-gap
structure.
The upper half
of the velocity
covered
by a single
resonator
type
structure
is employed.
A possible
vtision
be a 48.5 MHz, low-velocity
"half-wave"
resonant
gtomt try.

range can be
if a three-gap
candidate
would
of the so-called

Figure
2 shows voltage
gain versus
entrance
particle
velocity
for the four resonator
geometries
The discrete
points
shown on each curve
discussed.
correspond
to the single
resonator
velocity
iocrtmeota
for a uranium
beam of charge state
20+.
Thus, a rather
modest 22 resonator
lioac
is entirely
IO fact,
a very few
adequate
for ions of any mass.
resonators
can form a useful
accelerator
for the
lighter
ions because of the higher
specific
charge
available
from an ECR source,
and also because ATLAS
will
accept
light
ions aL a lower velocity
than for
uranium.4
A Prorotypt

Superconducting

Interdigital

Prototypiog
was started
ar
velocity
range since
it was felt
technical
problems,
particularly

Structure

the low end of the
rhat the greatest
with mechanical
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48.5 MHz RESONATORS
FOR PII
LINAC
I
0.03
VELOCITY

I
0.04
(v/c)

I
0.05

0.06

Voltage gain per unit charge per resonator
for four different
resonator
geometries
The
which can form an injector
lfnac.
discrete
points show single-resonator
velocity
incrtmtots
for a 20+ uranium
beam.
would be encountered

0

E, (M/m)
Fig.

at. the outset.

Figure 1 shows the cross section of a 48.5-MHz,
accelerating
B - 0.009, four-gap-inttrdigital
The outer cylindrical
housing has an
structure.
8-in 1.d. and an overall
length of 42 in.
The
tapered center conductor has a diameter of 4 in. at
the shorted cod and tapers to 2.5-in.
diameter Just
before the drift
tube.
The forked drift
tube
straddles a low-voltage
counter drift
tube, borh of
5.5-10. diameter in rhe rraoavtrat
plant.
The
counter drift
tube and base plate art dtmountablt,
using a previously
developed dtmountablt
superEonducting
Joint.

Resonator Q vs effective
accelerating
gradient E, Gasured at 4.2 K for the
superconducting
10 cm ioterdigital
Also shown is the rf power
structure.
loss at various field
levels.

Jitter
is generally
about 200 Hz p-p and was not
The radiationobserved ever ro exceed 500 Hz p-p.
pressure induced eigtnfrtqutocy
shift was 49 Hz at
This level of stability
indicates
rhar
Ea = 1 HVlm.
existing
phase-control
systems
can easily phaststabilize
the resonant cavity.
Discussion

and Conclusions

Although several resonant geometries must yet
tests of a prototype
be developed, the successful
superconducting
in~trdigital
structure
have answered
the major outstanding
technical
questions,
and the
ftasfbility
of a superconducting
interdigital
linac
stems established.

The diameter of the drift
tubes is
substantially
larger than needed to shape the fields
on the beam axis, and provides a large capaciofvt
load.
This shortens the length of rransmission
lint
required,
and makes a stiff,
mechanically
stable
8 true turt.

The prorotype 10 cm iottrdfgital
strucrure
performs sufficiently
well that ir will be Lht only
such resonator required even for a full-scale
injector
for uranium beams. Although we have no
plans to make use of the feat.urt,
it is interesting
to note that at the gradients
obtained,
the 10 cm
structure
could accelerate
many of the lighter
ion
species from very low, 10 fact zero, velocity.

The outer housing of the resonator and the
counter drift
tube are constructed
of explosively
bonded niobium-copper
composite which provides good
thermal stability
together with high mechanical
strength.
The resonator exhibits
peak surface electric
and magnetic fields
of 4 UV/m and 104 Gauss and a
total rf energy
of 26 milliJoules
at an effective
accelerating
gradient E, of 1 hV/m. E, is defined
as the energy gain per unit charge
per unit length
for a synchronous particle,
averaged over the
interior
length (10 cm) of the resonant
cavity.

Further development
work is in progress.
Construction
of a probotypt 16.5 c m niobium
inttrdigital
resonator is well advanced and should
be complete in the latrer
part of 1986. Modeling of
the rtmaioiog
two resonator gtomttrita
is in
progress and construction
of superconducting
niobium
units will begin rhis year.
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MICROWAVE UNDULATOR
Kenneth Batchelor
Brookhaven
National
Laboratory
Upton,
NY 11973
Abstract

A0 is

At the present
time the use of a static
magnetic
field
has been the dominant
method by which undulator
synchrotron
radiation
has been produced.
A microwave
undulator
utilizing
a plane rectangular
waveguide
operating
in the TElon mode presents
a possible
alter
a e smans of producing
this
aynchrotron
radiation.‘p’
Also,
since a typical
resonator
may be
many guide wavelengths
in length
it Is possible
to
make the undulator
source tunable
over a broad spect ral range.

For the
length,

x

Theory

xO

=
g

Jl

the

Jl

E

Waveguide

general

for

a

the

cut-off

wave-

0

(3)

p

sin

fields

are

given

by the

ot

g
2nx
COB r
CO6 lot
g

where

E

field

s:rengths

and B. are
of

The equation
is given by

tron

Rectangular

and in

relationship

and magnetic

= E, sin

Y

Bx - B.

(1)

1.

wavelength

(ao/2a)2’

-

The electric
relations

- (Ao/ac)2

Figure

space

TElnn mode we see that
.Ic - 2a and hence

g

Consider
a rectangular
waveguide
operating
in
TElo mode and having
the dimensions
shown in Figure
1. It will
operate
with field
patterns
as shown in
Figure
2. where for guides operating
with air or
Ag is &ven
vacuum dielectric
the guide wavelength
by the relation:

free

(2)

x

x

the

TE Imn mode we have- the

the
the
of

peak

electric

microwave
motion

and magnetic

field,

of

respectively.

a relativistic

dP
x - -e(E

+ v x B)

substituting
transverse
undulator

equations
(4) and (5) in
motion of electrons
in the
as :

elec-

(6)

Resonator.

CO8 (wt

(6) gives
microwave

the

2nz
+ +
g

2nz
-

(1 - 5

CO8 (wt

ZW)

(where
the

B. = p H
00
velocity

group

impedance

to

is

- Go

- +)
g
E. from

vs - X0/I
given

by Z, t

Each of these waves will
radiation
but we are interested
wavelength
radiation
contributed
component.

*This
U.S.

2.

TElon

Mode in

; 2,

Maxwell’s
the

( SIg/Ao)Zo

equations;

transverse
and By is

wave
the

electron
velocity
in the transverse
direction
divided
by the velocity
of light.)
This shows that the electron is undulated
by both a forward
and backward wave
component of the standing
microwave
fields.

b

Figure

(7)

Rectangular

work was performed
under
Department
of Energy.

the

Although
the forward
wave contribution
to the
undulator
radiation
spectrum
may be made small by
operating
in a region
where Xg is very nearly
equal
to A0 there will
always be a component
in the radiation
spectrum
resulting
from the interaction
of this
wave component.
Let us investigate
the nature
of this
radiation.
If we start
with the equation
of motion
given by expression
(7) we may compare this
equation

Waveguide.

auspices

of

give rise to coherent
in obtaining
the short
by the backward wave

the
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I
with the
magnetic

expression
for the
which is given by

us define

We may choose

conventional

2x?
eB
-t
CO8
- may
x,

dSy
dt
Let
Buf

equivalent
undulator

(8)

an equivalent

forward

undulator

field

as

equivalent

(9)
This may be compared with
for the backward wave.

the

equivalent

-

ub

expression

undulator

w

111
-I--A
uf
111
--I-+x
ub
For

or
xo

A
uf

Ag

equivalent

=%

g-

forward

and backward

0rX

ub

xg

a conventional

-*

UU

0

undulator

2vmoc

= 0.093

(15)

is

strengths

BUb and Buf.

.I

Operating
Wavelengths
Wave Undulator.

1
ub

uf

*

ub

I)

that

BU(KG)

we also

define

a factor;

(13)

A,, (cm)

Kuf = 0.093

here

i.e.
the
ub 'ub - Kub
backward wave components
pass device
there will
and
of wavelengths
A
uf
the ratio
(Ag-Ao)/(Xg+
B

BUf Auf = AoEo/2c

uf-

K factor

for

both

forward

and

is

the same.
For a single
be components
in the spectrum
defined
by
Aub of amplitudes
X0).

This

will

give

x x

g

But

for
m+l
-9
m-l

;\

the

83

TElo

"g

mode.
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E

Let us consider
further
the effect
ward and backward waves on the undulator
Returning
to equation
(7) xez may integrate
tion of motion
to obtain.

eE X 2

( Ao/2a)

O O

Y'

8n2moc2y

-1

E

of both forspectrum.
this
equa-

- 2a /,-

(15)

+*cos
B

Ao+l

dy

-dz

1
(r-x
0

0

eE X
4n2; 12,
0
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1

(J

that

x
X

0 . Obl.5 Eo.a
c

xO

I

or

Lo

In order
to eliminate
the effect
of the forward
wave ve would need to operate
with A, very nearly
equal to Xg or X0 << 2a.

(14)

m-l

- (~o/Ac'2

1
Jl

Or

IO

Jl

1

I

a

Xo(m+l)

=

a

a long

In order that these waves give no net deflection
of the beam we require
that mAu backward
= X, forward where m is a positive
integer,
i.e.,

X -A
g 0

for

- 0.093

wavelength
noise superimposed
as the desired
short
For an undulator
in
wavelength
radiation
spectrum.
storage
ring this
component could result
in a net
deflection
of the electron
beam which may ultimately
destroy
the beam.

mX A
o-23io+i

The

=o
i;

E

Note

satisfied

(12)
g

eB X

K ='-

II

0

)r x
Ao

.I

.
-2

g

we-also
msy define
the
wave wavelengths
as

field

Possible
Standing

I.

(10)

&+

equation

allowable
operating
wavelengths
and equivalent
undulator wavelengths
and magnetic
field
strengths
are given
in Table I for a waveguide
of broad dimension(a)
cum.
Table

B

X0 so that

and then,
outside
of the undulator
region
itself,
there is no net deflection
of the electron
beam by
There is, howeither
the forward
or backward waves.
undulator
output
spectrum
ever, a contribution
to the
from the forward
wave interaction.
Note that K is the
same for both forward
and backward wave contributions
so that the wavelength
and power of the undulator
radiation
from the forward
and backward waves depends
only on the undulator
wavelengths
Xub and Auf and

.os(-+

J--)

Ao

I3

2nz

x8

2nz)

',

(16)

B

(.in(+

+ >)
0

g

2nz - sin(>

- k)
0

g

2nij7)

From Equation
(16) we see that the maximum amplitude
of the backward and forward
wave oscillations
are
given by:
2

KX
I o
+-)
2vY Ao+x

eW0

YbM

8n2moc2y

YfM

(-lg)
X0+X

g

(26)
Since the particles
in
longitudinal
distribution
than the wavelength
of
not coherent
and ue can
each particle.
So for
length
d we obtain

(18)
g

(19)

-

P
We may also determine
deflection
of both forward
Equation
(17) as

($, MAX
-2

the maximum angular
and backward waves from

-f

beam have a statistical
of a length
much greater
the radiation,
the radiation
add up the powers radiated
a current
I and an undulator

U

I-.

OI

4neo

Figure

3'.

is
by

2

e4y2B

Id

the

(27)

3moc (1 + $2
2

(20)

Y

0

Expression
(21) is exactly
that obtained
for the
static
magnetic
field
undulator
in reference
(3).
It
is also possible
to operate
the undulator
in a travelling wave mode and thus avoid the effects
of the forAlternatively
an external
magnetic
field
ward wave.
could be applied
in order to suppress
the effect
of
the forward
wave.
Radiation

Characteristics

The characteristics
of the radiation
from the
microwave
undulator
are exacsly
the saom as those ftom
a static
magnetic
undulator.
According
to Hofmann
the wavelength
and intensity
of the undulator
radiation
are given by

2Y2

dS

(21)

2
. 1+2;2&1-2

e2cy4K2

Em

cos2+)

+ t4e4

*2
Y s-Ll+F

y;)2(1

where

PO is

given

by

total

XI is

for

in

radiated

power

from

from

xc-

an electron

For

of

+ (;)’

transverse

are

the
have

(28)

electric

TMQmn modes.

both of which
given by

TELmn or

Those

with

the

TM

and TE
lln
Iln
a longest
cut-off

transverse

longest

families

cut

off

of

modes

wavelength,

)Lc

2a
(29)

m

a standard

guide

with

a/b

- 2 this

gives

X

-

C

0.894a so that the useful
wavelength
region
for
ation
of a resonator
in the TE lon mode is given

3mzc (1 + $2
wavelength

either

wavelength

(25)

the

0’

magnetic

(24)

-0

4nco
and
i.e.

the

Modes

For a resonator
installed
in a storage
ring
possible
resonant
modes are of concern
since the
may excite
them.
For a plane guide of dimensions
as shown in Figure
1 there are many possible
X
with resonant
wavelength,
given by the

xo- 4&)2

42
2
e Y B,,

1
PO-

++z?;

Order

Angles
6 and +.
^
the cp - u plane.)

relation

(23)

K2

The angles
8 and 0 are observation
angles defined
Figure
3 and co is the permittivity
of a vacuum.
Integrating
equation
(23) over $ and substituting
(22) we get
dP
-3
dX

other
beam
a,b.d
modes

(1 + ;2e2>5

coXU2 (1 + xz,"
2

where

of Observation
undulate
in

Higher

K2
+-+yw>

A-&l

Definition
(Electrons

the

on-axis

radiation,

0.895a

< A0 < 2a.

cut-off

wavelength

restrict

the

This clearly
nearly
equal
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Note

that

Xc - a,

operating
conflicts
to X0 or

for
so it

wavelength
with the
A0 << 2a.

the

TE20n family

may be desirable
region
need

to

to

operby
the
to

a <lo<2a.

make Xg very

Possible

Undulator

Configuration

Let us consider
a standard
waveguide
dimensions
a - 2 cm, b - 1 cm and a length
The lowest' practical
operating
wavelength,

of internal
of 100 cm.
Ao, is

given by equation
(15) which defines
the cut-off
wavelength
for the TElln,
TMlln mode families
at
Let us choose
cm.
cut-off
wavelength

X0 - 2 cm which
of 4 cm for the

The resulting
follows:

undulator

is well below
TEIoR mode.

parameters

Operating
Frequency,
fo
Undulator
Length
Guide Wavelength,
Xg
Equivalent
Undulator
Field,
Bu
Undulator
Quality
Factor,
K
Undulator
Wavelength,
X,
Shunt Resistance,
R/b
0 Value
Number of Undulations,
n
Peak Electric
Field
Strength,
E,
Power

at a wavelength
of 2 cm we obtain
wavelength
A, - )ig/2 - 0.746 cm.

are

an undulator

Conclusion
The microwave
undulator
represents
a viable
option
for undulator
wavelength
down to about 1 cm
where peak voltage
and available
microwave
power considerations
limit
its effectiveness.
For undulator
a pulsed microwavelengths
in the 5 to 10 cm region
wave undulator
is an attractive
proposition
for either
storage
ring or linac,
single
pass, operation.

1.95
the

as

References

15 GHz
100 cm
2.31 cm
466 Gauss
0.05
1.07 cm
306 Ml/m
14750
87
15 WV/m
367 Kw

We are interested
in attaining
undulator
wavelengths
in the order of 0.5 cm to 1 cm so let us consider
a waveguide
half
filled
with a ceramic
dielectric
or a ferrite
material
as shown in Figure
4.
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INTRODUCTION
The acronym MAFIA stands for the solution of Maxwell’s equatidns by the Finite Integration Algorithm, and i! the name given to
a set of codes intended for use in the computer-aided design of threedimensional magnets, rfstructures, and structures in which wake-field
effects are important.
Figure 1 shows the interconnection of the various codes in the MAFIA collection. M3 is the mesh generator used
by all the MAFIA codes, T3 is the wake-field code, R3 generates
the matrix whose eigenvalues and eigenvectors yield the frequencies
and electric field components, respectively, of the normal modes of
electromagnetic
oscillations of an rf structure, E3 is the eigenvalue
solver, and P3 is the postprocessor that calculates the quantities of
physical interest, such as shunt impedance, quality factor, deflection
integrals, etc. The code S3, now being written, will solve electro- and
magnetostaatic problems.
The collection of programs M3,R3,E3, and P3 are also known as
URMELSD.
The program T3 is described in another paper at this
conference and so will not be further described here. We proceed to
give a quick description of the FIT method, followed by brief descrip
tions of the codes M3,R3,E3, and P3. Finally we describe how one
can get and use these codes.

THE

----I

M

M3 I

3-D Mesh generator

A

----I

F

s3 I

Electra-magneto-static8
I

I

I
’

A

---+

---I

Direct

R3
generation

Matrix

E3X I

Eigenvalue

solver

ACXXSS

File
Base

FIT METHOD

---

The Finite Integration Technique[l,2]
is an algorithm that produces a first-order approximation
to Maxwell’s equations by replacing the line and surface integrals, appearing in Faraday’s law and
Ampere’s law, by mean field values times path lengths and areas,
respectively.
Figure 2 shows the basic cell geometry used in this
method. Note that the electric field components are not defined at a
single point, but at the midpoints of the sides of the rectangular cells.
The magnetic field components are defined in the center of the faces
of the cells, and taken together form a mesh dual to that defined for
the electric field. Only continuous components are involved in the
assignment of field values to the mesh, and thus the cells of the mesh
may be individually
filled with arbitrary permittive and permeable
media. Using the FIT method one can write the discrete form of
Faraday’s law as

+I

P3
MAHA Postprocessor

L---.--A

Figure 1: The Mafia System

r--------7
I
I

/F
I

/”

where e and b are vectors of length 3N where N is the number of
nodes of the mesh, C is a 3N by 3N matrix containing only the values
O,l, and -1 and which corresponds to taking the curl of a field, D.
is a 3N by 3N diagonal matrix containing the lengths of the sides of
the mesh cells, and DA is a 3N by 3N diagonal matrix containing
the areas of the mesh cell surfaces. Similarly Ampere’s law can be
written
Cfi).h=fiA(d
+ J),
where the tilde indicates that the matrix corresponds to the dual
mesh. When the material distribution
is taken into account and a

Figure 2: Geometry
FIT method
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and allocation

of field components

used in the

’I
The system matrix is symmetric, and is written on the direct
access file in block form to be read by the eigenvalue solver E3.

leapfrog integration technique in the time variable is used, one finds
the recursive algorithm for the calculation of time-dependent fields:

b”+’ = b’ - &(D;%D,)

e”+si’

=

en+l/l

+

6t

(D;‘I)-$,j,,,;‘),,n+’

en+‘/‘,
_

&,,;‘J’+‘,

where the superscripts refer to the time step (t, = n6t), and D,
and D, are diagonal matrices describing the filling of the mesh with
permittive and permeable media. These last two equations are solved
by T3; given the initial values of the fields, fields at a subsequent time
require only two multiplications
of a matrix with a vector, per time
step.
If we are interested in free oscillations (i.e. undriven oscillations)
of the electromagnetic field, we find that combining Faraday’s law
and Ampere’s law yields a linear eigenvalue problem, in which the
eigenvalues are the squares of the angular frequency of oscillation:

For the practical solution of this eigenvalue problem, this equation
can be transformed into one in which the matrix is symmetric. The
program R3 constructs this symmetric matrix, incorporating material
distribution
and boundary conditions into the process of construction. A more detailed treatment of the application of this method to
problems of electromagnetism may be found in Ref. 13)

The mesh generator for all the MAFIA codes, M3, can be used
either interactively or in batch mode. It can produce two and threedimensional (perspective) color plots of the mesh, the material distribution(s),
and the input geometry. Two and three-dimensional
(plane by plane) prinier plots of the material distribution can also be
produced. Figure 3 is a three-dimensional
mesh plane plot of a typical cavity, produced by M3. A large number (approx. 25) of shapes
are predefined for ease of input, and provision is made for repeating
a shape any number of times at a fixed interval. The individual cells
of the cartesian mesh can be filled by two materials separated by a
diagonal plane joining opposite sides of the cell.
As input to the program, the user specifies a number of mesh
planes and their spacing. A program option permits the code to
insert planes as needed to improve the fit. Filaments can be defined
(for magnet coils). An option to produce an output file for use by
the three-dimensional magnet code PROFI[5] is available. The code
can produce either a sequential output file or a direct access file. The
output file contains all the mesh and material distribution
data.

Figure 3: Typical

hi3 mesh plot

E3
There actually two rigcnvalue solvers, currently named E31 and E32.
E32 uses a multigrid
j4] method and is presently undergoing final
testing. E31 uses a semi-analytic procedure [S] and is a modification
of an EISPACK]7] routine. The user specifies the number of eigenvalues and eigenvectors to be calculated. Both E31 and E32 then try to
solve the problem holding the entire matrix in core, but if this cannot be done, they automatically
switch to a block-by-block mode of
operation. The solutions are checked to insure that Maxwell’s equations are satisfied, and then a user-specified number of eigenvectors
is written to the direct access file for further analysis by P3.

It3
This code uses the direct access file and reads the mesh data and
material distribution information written by M3. An additional input
file provided by the user supplies boundary conditions and information about material properties.
That is, the program M3 specifies
the distribution of materials 0 through 8, but the specification of the
characteristics of the materials is left until it is necessary to have that
information to form the system matrix. Aside from material numbers O,l,and 2 which are defined to be vacuum, perfectly conducting
metal, and an infinitely permeable medium, respectively, the user can
specify (complex) tensor permittivity
and (complex) tensor permeability for materials 3 through 8. The tensors must be diagonal, and
the imaginary part is not used at present. The user can also specify
metals with differing conductivity, although in setting up the system
matrix these are treated as perfectly conducting.
The conductivity
of various materials is stored on the direct access file and used by the
postprocessor program P3 in the calculation of power dissipation,
using a perturbation
formula.

P3
The postprocessor P3 is intended for interactive use, although it
can be run using a command file to produce either online or offline
output. An interactive session can be run mixing terminal commands
and command-file commands. A log file of a session can be kept and
can then be used as a command file to a subsequent session. The
program itself creates arrow plots of the field vectors in any plane,
produces isometric plots of functions in any plane, displays graphs of
functions along a line, calculates line integrals of the Lorentz force for
arbitrary particle speed, calculates quality factors (Q) of the modes,
and in general enables the user to determine what he wants about
the eigenmodes found by E3. Figure 4 shows a typical arrow plot
of the electric and magnetic fields of the TMrro mode of a circular
pillbox cavity coupled to a waveguide. P3 can also be used to display
the electromagnetic
fields at any given time produced by T3, and
277

can view and analyse the magnetic fields produced by the PROF1(5]
code. Figure 5 shows a correction dipole for HERA, calculated using
PROFI, and Fig. 6 is a Pbgenerated isoplot of the dipole field versus
position in the midplane.

i
I
I
I
I
i
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At present we use PROFI to calculate 2Dand 3D nonlinear static
field problems. We are writing a new static solver named S3 as part
of the coherent MAFIA package.

Y
-I

T3

I
I

As stated previously, T3 solves the discretized time-dependent
Maxwell equations driven by a line current density with a specified
spatial and temporal dependence. A further description of T3 and
some of its applications is given in an accompanying paper at this
conference[B].

II

AVAILABILITY
The MAFIA codes are written in FORTRAN 77 and currently run
on IBM 3081. CRAY, and VAX computers. They are also available to
the public in executable form on the magnetic fusion energy (MFE)
CRAY-Is. machines C and D. On these machines they are available
via a typical file storage read command:
filem

read

for M3, say. Documentation
filem

read

.3011

.mafiac

xm3
Figure 4: Arrow

is available with the command
.3011

.mafiac

plots of electric and magnetic fields

doclib

For those users who want to use the rodes at their own installation, there are three graphics interfaces available: DISSPLA, PLOT
10, andGKS. The distribution
center for the codes is DESY, and the
codes are available without charge to non-profit organizations. Users
are asked not to modify or distribute the codes, and to be friendly
and sometimes patient.
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INTRODUCTION
The existence of a code that solves for the resonant electromagnetic modes of oscillation in arbitrarily-shaped
three-dimensional cavities opens new possibilities in rf-structure analysis and research. The
URMEL3D
code, the product of a multi-year collaboration between
DESY, KFA-Jiilich,
and Los Alamos, has been used in some exploratory studies to determine the feasibility 41 using a 3-D code
to calculate the properties of several practical rf structures. The results are reported here for three cases: the jungle gym, two coupled
cavities, and a waveguide-cavity coupling problem.

THE JUNGLE

GYM

Jungle Gym is the name given to a slow-wave rf structure long
investigated as an accelerating structure.
The advantages of this
structure are its relatively simple, rugged construction and ease of
cooling. Early studies on Jungle Gyms were carried out at the Hansen
laboratories at Stanford, and a four-period structure was used for a
time in the Cornell electron synchrotron[l].
A thoroughgoing analysis
of this structure is not known to the authors to exist. We have
performed preliminary calculations with URMELSD
which indicate
that the code is capable of modeling such a structure.
We have taken an approximation
to the Jungle Gym as used at
Cornell. In the interests of economy of computing and data preparation, a rather coarse description of the geometry was used. Whereas
the round loading bars (vertical and horizontal) of the actual structure were tapered to reduce current densities at the joints, we have
taken untapered square bars with approximately the same transverse
dimension the actual bars had in the midplane. The right-circular
cylindrical waveguide is approximated by horizontal, vertical, and 45
degree segments as shown in Fig. 1, which shows one-quarter of the
structure.
The resonant frequencies of a cavity consisting of three
cells and having alternately short-circuited
and open-circuited end
conditions were calculated. Figure 2 gives a plot of resonant frequencies versus phase shift per cell. We interpret the slight staggering
between the short and open circuit modes as resulting from the fact
that the boundary conditions are not exactly those required to model
a truly periodic structure. Table 1 gives the frequencies, shunt impedance per unit length, and r/Q values for the modes plotted as
circles in the figure, calculated for traveling-wave application. Theee
values are in good agreement with those found in the literature.

TWO

COUPLED

Figure 1: The Jungle Gym as modeled (one quarter of the structure)

Phase shift
Figure 2: The calculated

CAVITIES

Table

Frequency
616.1

658.5
671.7
716.4
772.7
845.1
918.2
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Jungle Gym dispersion curve

1: Frequencies and parameters of Jungle Gym modes

As a second example calculation

we have taken two identical
cavities made from 9.750” x 4.875” waveguide loaded by circularcylindrical posts (referred to BS “nose cones”). One end wall is a
shorting plane, while the other wall, common to the two cavities, has
a horizontal slot centered on the midplane. Figure 3 shows one-fourth
*of one cavity as modeled by the code. We have studied the two lowest
modes of oscillation of the coupled system m a function of the length
of the slot, the slot height being held constant. The two lowest modes
have, repectively, even and odd parity about the plane containing the
coupling slot. The odd mode is essentially the odd mode of a double
cavity with the slot wall removed, perturbed only by the thickness of
tbe wall when inserted. That is, this mode is essentially unaffected by

per cell

Phase shift
per cell

2s
6%/S
4rp
2n;3
r/3
0

impedance
rW/m)

Shunt

0.04
0.08
6.02
26.00
10.86
3.42
0.92

r/Q
(n/m)

2.6
4.4
317.2
1274.2
464.2
133.6
23.0

the coupling slot. The even mode, however, corresponds to a mode
of the double cavity which has an electric field maximum at the coupling plane, and is therefore severely perturbed by the insertion of the
slotted plane. Figure 4 shows the even mode frequencies as a function of slot length, both computed and measured in the laboratory.
Note that the difference between the computed frequencies and the
measured values is less than 1 per cent. The substantial agreement
indicates that the 3D code can be expected to be useful in the design
of structures lacking a high degree of symmetiy.

WAVEGUIDECAVITY

COUPLING

The application of a code, designed to celculate eigenmodes sf oacillation, to the solution of rf problems involving wave motion is not
straightforward.
The energy of an eigenmode is a constant, whereas
wave motion often implies the transport of energy. In the case of
the jungle gym we were able to deduce the traveling-wave properties of the structure because one envisions waves of equal amplitude-s
propagating in opposite directions yielding standing waves resembling
those in a finite structure. In the case of a waveguide terminated in
a cavity we can use the fact that at some cross-section of the wave
guide removed far enough from the cavity that one can consider only
a single mode to be propagating (e.g. the dominant mode), the imput impedance of the waveguide-cavity combination ce+nbe expanded

Figure 3: One fourth

For a lossless system, the frequencies ~.,,~,2,etc.
are frequencies
at which the input impedance vanishes, i.e. there is no transverse
electric field. One can calculate these frequencies, then, by calrulating
the resonant frequencies of the waveguide-cavity system taken as a
single cavity with a shorting plane at the waveguide cross-section
at which the input impedance is to be calculated.
Similarly, the
frequencies c+,,,w,z,-etc. are frequencies for which the impedance is
infinite, and can be calculated by imposing the boundary condition
H Lonpcn~ol = 0 at the specified waveguide cross-section. To take finite
Q into account one can simply take the resonant frequency w,, for
example, and multiply it by (1 + j/2Q,) in the impedance expression
Eq. (l), where Q, is the quality factor of the mode in question.
For waveguides propagating TE modes, the characteristic impedance is given by[t]
ZTE = d&,

of one of two cavities coupled by a slot

0 measured
A calculated

b
590.0 L ’
0.0

a

’

’ ’
0.1

1

’

’

’
0.2

s

’

’

’
0.3

Slot Length in m.

(2)

Figure 4: Computed and measured values of the lowest mode of the
coupled-cavity system

where t and p are the permittivity
and permeability respectively of
the medium filling the guide and k, is the cutoff wavenumber of the
TE mode. For these calculations we have therefore taken the quantity
L, in Eq. (1) as
L =c(o=lloD
0
(3)
k,
x’

Figure 5 is a plot of the input impedance h. (1) near the TMllo
resonance using the results tabulated in Table II, along with the waveguide characteristic impedance. A matched situation is obviously not
achieved. Figure 6 shows the same impedances resulting from moving the corresponding frequencies further apart by 2OkHz. A much
better matching condition results. It is worrisome to have such a
large effect result from such a small difference; it may be that the
code can in fact produce relative frequencies more accurately than
absolute frequencies, but accuracies of 1 part in 10’ seem at present
difficult to achieve. We are presently investigating whether this close
spacing is a natural concomitant of the method.

where o is the width of the waveguide, which we consider to be prop
agating the TElo mode.
The objective in matching the waveguide to the cavity, then, is to
arrange that the waveguide input impedance Eq. (1) be purely real
and equal to the simple waveguide characteristic impedance Eq. (2)
at the desired frequency of operation, presumably at or near a resonant frequency of the cavity alone. As a numerical example, we have
modeled a cavity built for the Los Alamos free-electron laser pre
gram, and designed to operate at 1300 Milz in thca TMll,, deflecting
modr. The cavity is a simple pillbox with radius .I399 111and bright
,105 m and is coupled to a rectangular waveguide 6.500 in x 3.250
in. The coupling aperture is 1” wide and was cut by a 1” end mill
tool traveled through an 8 degree arc relative to the center line of the
cavity. This structure achieved a VSWR of 1.04. This arrangement
was roughly modeled with URMEL-31). Table II gives the five lowest
resonant frequencies for the system consisting of the cavity with a .I4
m long waveguide coupled to it through a slot 2.6 cm x 4.7 cm.

SUMMARY
In addition to the quantitative results produced by URMEL3D,
the field plots generated by P3 give one a qualitative feeling for the
structure of the modes. Figure 7 shows the electric and magnetic
fields of the 2% mode of the Jungle Gym, shown in a plane containing
the horizontal bars. Figure 8 shows one quarter of the waveguidecavity soupled system, as well as the electric field arrow plot of the
TM,,0 mode in the cavity midplane. Figure 9 shows the electric and
magnelir field plots of the TM210 mode.
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Figure 5: Input impedance to waveguide as a function of frequency
near the TfvIllo resdnance of the pillbox cavity. The real part of
the impedance is shown solid, the imaginary dashed. The waveguide
characteristic impedance is shown with a dot-dash pattern near the
top of the figure.
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Figure 8: One quarter of the waveguide-cavity
field plot of the TMllo mode

system and the electric

Figure 6: Same plot as previous figure, with open and short circuited
frequencies moved 20 kHz further from,each other.

.
Table 2: Resonant

frequencies

of waveguide-cavity

coupled

waveguide

shorted

waveguide
opened
mode
frequency
Q
T&o
26843
827.609
21819
WC;
1092.194
35465
TMIIO
1305.596
38565
TMzlo
1723.992
41717
TMozo
1883.788

mode
TMolo
TMllo
WG
TMzl,,
TM,,20

frequency
827.610
1305.576
1494.168
1724.057
1884.276

system

I am

1 l @@

Q
26844
35461
28360
38571
41580

Figure 9: Electric and magnetic field plots of the TM*l,,
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Breaking up the time axis in pieces with length St, using the central
difference operator for the time derivative with the notation
I” := /(nEt) and equating e,b at half time steps and 8, b at full time
steps, we obtain an alternating explicit time scheme first introduced
by Yee[lO] (also called the leapfrog scheme of Maxwell’s equation):

SLC,

b”
en+l/a

=
=

b-1
en-1/a

- 6tR.

.-l/a

+ 6tD;‘(fi&

+ jn).

(7)

x B(z, y, pet - e,t)).
This algorithm fulfills the law of energy conservation(1 l] and requires
only matrix multiplications,
while the band structure of the matrices
allows the use of large numbers of mesh points.
A discussion of
stability limitations and convergence can be found in [11,12:

(1)
For 7 > 1 the time dependent force is a rapidly varying function
compared with the particle motion (betatron oscillations for deflecting forces and synchrotron oscillations for decelerating forces), thus
in most cases it is sufficient to consider the averaged forces along
the passage of a structure.
These integrated forces are called wake
potentials:
@'GY,S)

(~I,....E,N,E~~,...,E~N:E.I,...,E.N)’.

and the magnetic field components into b, the current densities into
j lead us to the following matrix equations (cornpare

LEP and HERA. In general these wakefield forces are functions of
space and time coordinates. For particles moving in the s-direction
with velocity j3c these forces can be described in a comoving particle
frame with the relative particle position s = Bet - z, thus yielding:
F’(z, Y>2, t)

52,FRG

Using the generalized finite integration theory ]8] (FIT) the field components will be allocated as shown below. A deeper discussion about
the characteristics and advantage of this method can be found in
[9j. Here we will only mention the continuity of all field components
used in the discretized equations at material boundaries. Putting all
unknown electric field components in the grid into a vector.

A bunch of charged particles passing an accelerator component or
such as cavities,
bellows,
any other structure of varying geometry,
monitors etc., excites electromagnetic fields. The resulting Lorentz
force consists of decelerating
and deflecting components, the strength
of which is proportional to the number of particles in the bunch, and
acts back on the particles inside the bunch. Single-bunch instabilities
due to these sc+called wakefields have been realized as a strong limitation
on maximum
beam current in accelerators such as PETRA
and will

Hamburg

DISCRETIZATION

INTRODUCTION

PEP,

WEs-lS

A measurable quantity resulting from zl is the fundamental headtail mode tune shift in a storage ring!3]. Further applications can
be found elsewhere[4]. A natural approach to calculating these wake
fields and wake potentials is the solution of Maxwell’s equation in
the time domain{5]. For cylindrical symmetric structures this can be
done by the TBCI code [6), which has already become a standard
code for this purpose. The study of various components of the beam
tube without any cylindrically
symmetry requires a fully 3-D BCI,
which will be introduced in this paper. A 3-D extension of TBCI for
elliptical geometry only has been performed by Chin[‘l].

The new MAFlA
code T3 is introduced,
belonging to a
family of fully 3-D codes for computer-aided
design of RF cavities developed by the MAFIA
collaboration
at DESY, KFA
Jiilich and LANL :1,2]. T3 is a 3-D extension of TBCI, solving
Maxwell’s equations in the time domain using the FIT ansats,
allowing the use of structures
of arbitrary
shape and dielectric material insertions, and integrating
the wake potential at
arbitrary
positions.
An open boundary condition was implc
mented to simulate infinite beam pipes. An IBM 3081 with 5
Mbytes of main storage can handle problems up to 80.000 mesh
points while a window option enables the treatment of very long
structures
using up to 1.000.000 mesh points. -Together with
its postprocessors
W3COR and W30UT
and the MAFIA mesh
generator M3, this code was used to calculate wake potentiab
for several beam pipe components
(i.e. vacuum chambers, vacuum chamber junctions
etc.) which required fully 3-D calculations. Comparision
of T3 results with TBCI calculations in
the case of a cylindrically
symmetric structure (pillbox) showed
agreement within a few percent.

and

BCI

%(z, y, pet - 8, t)d(/vct)

r--------T
I

(2)

As a function of the longitudinal positions inside the bunch and the
total charge the wake potential describes changes in momentum for
each particle. For a point charge the integrated wake force corresponds to the impedance via Fourier transformation.
Further quantities which can be derived from the wake potential
belonging to a charge distribution
A(s) are the total energy lost by
the bunch
I-“, ~(++‘llb,
Y, 8)ds
kll(2, Y) =
(I_“, 4sW)*
’

/
I
I

I

{1
El

Pl

Kl

t

and the averaged transverse kick seen by the particles:
Figure 1: Allocation
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of field components

OPEN BOUNDARY

CONDITION

&F.(z,y,t=

bT1(E,*,6)=

-v,,”

’

(10)

~,,(z,y,s’)ds’.

/ -co

Thus it IS possible to get the transverse wake potential from the longitudinal one and we will therefore consider the longitudinal component
of the electric held which can be described inside the tube by:
00
= Re((2xy

m

I -00 / -00

&d&z,y,k,w)

and the net change in longitudinal momentum
tion (I, y, f = Bet - 6) is given by:
&(2,

y,

6)

= Re{ &

I_m_ dw&(z,

eaYf e-“I}.

(11)
for a particle at posi-

sr,w/Pw)

e+“+).

(12)

Applying the wave equation for the z component and performing the
time integration gives finally an equation for the longitudinal wake
potential:

v:,,c(&

Y, -9)= e I-“,

=e

gcdt($$

I_“,

= Re{(2sr&-*

INTEGRATION
OF THE WAKEFIELDS
AT THE BEAM TUBE SURFACE

WVf,,Wz,

y, Bet -

4t)

- ~)E,(z,y,r=~ct-s,t)
I-“,

d~(w/c)~i?~(z,

(13)

y,w/Bc,w)

ei(Y/ac)‘}.

For -J -+ co and a smooth particle density, the right side of the last
equation will go to zero, proving that for ultrarelativistic
particles
C is for every s a harmonic function.
Thus solving for every s the
boundary problem given by the wake potential at the beam tube
nurface gives the wake potential for postions inside the beam tube
(especially near the axis), avoiding all errors by finite integration
interval and discretization noise. Finally we have for p c 1 :

Similar to TBCI ths wakefield integration can be done only over a
finite interval given by the mesh. For bunches shorter than the beam
tube dimensions it was found that a significant part of the interaction
between the bunch and the fields takes place in the beam tubes, due
to the fact that the Fourier spectrum of such a bunch contains many
frequencies above the cut off frequency of the beam ports. This requires one to extend the beam tubes with shorter bunches. Secondly
it was found that a discretization noise comes into the calculation
for beam positions near the axis. The second problem usually was
treated by subtracting the wake potential of the empty tube from the
wake potential of the structure to get the exact result.
For TBCI this problem was overcome by integrating the wakefields at the beam tube surface (where the longitudinal force vanishes), so that the infinite integration interval becomes a finite one.
Making use of the knowledge of the explicitly and analytically known
dependence of the integrated forces as a function of radius and aximuth it was possible to calculate the wake potential for any desired
offseti14]. Following this method for T3 requires the solution of the
two dimensional boundary problem for every position in the bunch
frame.
First we will show how to get the transverse wake potential from

-$,

~f,G(z,Y,6’)d6’e;

+ G(z,Y,6)?).

G(z, y, s) is easily computed by T3 solving A@ = 0 numerically with
boundary conditions at the beam tube surface. An example for G is
nhown in figure 4

to:

y, 2 = pet - 6, t)

-&Ez(w,z

= Bcf - e,t)

-BC~B,(Z,~,Z

= /3ct - e,t)

+&B,(W,~

y, 2 = Bet - 8, f).

relation holds for the y - component. The time integration
of this expression followed by a second integration over s give us:

The calculation of the wake potential inside the bunch for ultrarelativistic particles makes it possible to restrict the field calculation
of those components over a window containing the bunch and moving along with it. Causality requires that firstly no fields can be
generated at a position preceding the first particle and secondly no
disturbance in any position behind the bunch can- have any influence
on what will happen inside the bunch.
Especially for short bunches in long structures this option helps
to reduce the amount of neccessary storage and total CPU-time by a
factor equal the ratio of the structure length to the window length.
This can be quite large. Without the window option 5 MBytes of
core allows handling up to 80.000 meshpoints while in the case of the
window option structures with more than 1.000.000 meshpoints have
been calculated using 5 h CPU time on an IBM 3081K. This option
allows the treatment of very long structures.

=

6,t)

A similar

E,(z,y,z,f)

the longitudinal wake potential. We use: curl.!? = -B
A variable change z = /3ct - 8 leads us for the x - component

= Bet -

+e&B,(z,

OPTION[l3]

+ @“(2,

kF&,y,z

=

(9)

Solving Maxwell’s equation in a finite grid requires the simulation of
long beam tubes1 111. To avoid reflection of the scattered field at the
boundary of the mesh an open boundary condition has been added
to simulate infinitely long beam tubes on both sides of the structure.
This implementation
follows the consideration in 1111 and requires,
unlike TBCI, the solution of a Z-dimensional boundary problem for
the determination
of the inhomogeneous component of the B-field.
Numerical results showed a significant reduction of the reflection at
the end of the tubes and stored energy after having left the structure
compared with the usual boundary conditions.
WINDOW

/let - s,t)

= ht

-

(8)

44,

which means:

Figure 2: M3 plot of example 1 (retangular
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pillbox with beamports).

Example 1 (figure 2) will be used for demonstrating
wakefield integration at the beam tube surface. Due to symmetry of the geometry
we have to compute only one quarter of the given strurturc by using
boundary conditions to get the complete solution. For this reason
figure 3 shows only one quarter of the structure.
The same will be
true for all examples considered in this paper.

Example 2 (PETRA vacuum chamber junction) was found to contribute significantly to the transverse impedance for short bunchesj31.

/’

800.0
/SO

/+ w---.-2-m.----

5-1~11 PETRA

-+

500 MHz cavities

600.0

900.0

k

junct ions

200.0
o/cm
0.0
0.0

2.0

1.0

4.0

3.0

Figure 6: Vertical kick (averaged over the bunch) for 232 vacuum
chamber junctions (figure 5) in PETRA in comparison with the kick
due GO60 PETRA cavities.
Figure 3: One quarter of structure
tations

in figure 2 as used for the compu-

For short bunches (u less than I cm) the cont.ribution from the cavittes has the same order of magnitude as the contrlbutton of the vacuum chamber junctions

Figure 7: One quarter of an elliptical

Figure 4: Scaling function
I_“, deA(s)G(z, y, 6) for kl; computed
by T3 for a rectangular pillbox with beam offset in horizontal direction.

bellow.

Example 3 (elliptical bellow) shows the influence of the ratio of major axis and minor axis on the vertical kick averaged over the bunch.
The calculation was done for a bunch length D = 1.2~1~ and gives a
maximum for a circular bellow. For this special case the TBCl result
is given in figure 8.
3.

2.

Q = 1.2rm
.s2

I.

t

t
0.
1.0

Figure 5: One quarter of a PETRA

,

1

I.5

2.0

b/a

Figure 8: Vertical kick (averaged over bunch) against ratio major
axis to minor axis.

vacuum chamber junction.

:

Example 4: In HERA vacuum chambers with horizontal and vertical
slots will be used (vacuum reasons). We studied for a simple model
(square vacuum chamber) the contribution
of the slots to the transverse impedance. First calculations showed that the part resulting
from horizonral slots can be neglected compared with the part resulting from vertical slots (though the first type has a length of 4.lkm
and the second type only 0.4km). Th e second type with vertical slots
requires further examinations.

15.0 10’

4 KM VA~JUM CHAkBER

’

J

1:; y&--J
0.0

5.0

10.0

15.0

200

Figure 10: Vertical kick (averaged over bunch) against slot high b
for 0.4km structure (figure 11).
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I

In cavities with cylindrical symmetry the electromagnetic
fields are
periodic in the azimuthal variable (~0) with period 2x. This fact and
the harmonic time dependence of the fields allow their description by
a Fourier series:
z)&} eiw

eiut},

/
/
/

(1)

with the complex magnitude 2 = g or a and the unit vectors c,,
eV. Fz in r,cp,z direction. Furthermore the materials are assumed loss
free. i.e. c, /J are real and the conductivity
is equal to zero. So we
may write
I

i? =&$sinwtP,

Hamburg

52,FRG

of the field components

to the grid

As a main idea of the FIT method two dual grids are used - one
for the electric and one for the magnetic field components. Different
components associated with one mesh point are allocated at different
locations of the grid. The characteristic and the advantage of this allocation is the preservation of the interrelation between the integrals
over areas and the line integrals in Maxwell’s equations and the continuity at material boundaries. Field components on the triangular
mesh are denoted by F, the ones on the dual mesh by E.
For the triangular mesh we have to distinguish two cases:

INTRODUCTION

Re
z)Zv + &(r,

URMEL-T

The basic idcaa of the FIT method have been transferred to a
triangular mesh. This mesh haa the advantage of approximating well
the cavity or waveguide geometry even for elliptical or circular structures with relatively coarse grids.

Computer codes are iacreuiagly essential for the design of
RF accelerating cavities aad raveguides. The code URMEL-T
uses a triangular mesh aad tbe FIT dkretisation
method 111,
[z], i.e. a finite difference method. Going beyond the capability
of the most highly developed codes, URMELT deals with cavities of cylindrical or translationaIly invariant symmetry and
waveguides - each with arbitrary dielectric and/or permeable
material insertions. The theory underlying the code transforms
Maxwell’s equations via difference equations into a linear algc
braic eigenvalue problem which has to be solved for only a small
number of lowest eigenvalues. The solution provides fields,
eigenfrequencier (propagation constants for waveguides) and
the usual quality factors, voltages and other shunt bnpedancerelated quantities.

P(r, P, *, 4 = CZL
{{ f,(r, z)F, + &(r,

CODE

Weiland

Notkestr.85,2666

ABSTRACT

Cylindrical

MESH

1. If all triangles of the mesh inside the cavity have angles less
than or equal to r/2 we choose as the dual mesh lines the
perpendicular bisectors of the sides (dual mesh GM).
2. If the automatic mesh generator cannot avoid triangles with
an angle over r/2 the centres of mass are taken as the dual
mesh points (dual mesh Gs). It should be noted that the field
component @ in this dual mesh is in general not perpendicular
to the field component F on the triangular mesh.
The triangular mesh (denoted as G) contains two kinds of triangles alternating in the rows: one has the vertex on top while the
other one is standinn uorinht. One of each kind is associated to each
mesh point k.
K
-

a

-

E? =ficoswfH’,

with ZO =v’$&
YO =m,
c = l/&G%.
Then, with k = w/c, Maxwell’s equations are given by :
curl ii’ = er k.@,
eurlE’=

The azimuthal

(3)

p,kE?‘.

dependence eimp leads to several groups of modes:

m = 0: “TE-” or “H-“modes with 6 = (0, E,,O)
m = 0: “TM-” or “E-“modes with 8 = (0, H,,O) (accelerating)
m > 0: these so-called deflecting or transverse modes are excited
by off-axis particles

Figure 1 : Allocation
Allowed material

Waveguides

+ &(z,y)C$

+ &(z,y)‘;}

eib’ eiwt),

properties

in the different

grids

As mentioned above, the permittivity
and the permeability shall be
real. For GM as the dual mesh materials may be inserted with p, &
c, varying from triangle to triangle and either E or H could be chosen
for F. Only continuous components occur at the triangle boundaries,
i.e. tangential E and normal B (respectively tangential H and normal
D).

In waveguides which do not change their characteristics
in the edirection (Cartesian coordinate) waves with pure exponential dependence on z are proper solutions of Maxwell’s equations. Consequently
we may write for waves travelling in the negative z-direction

Re{{ &(z,v)G

of the field components

(4)

with the complex magnitude f = E or 2 and the carter&
unit
- - vectors e., es, es. With the substitution of equation ( 2) we again
obtain equation ( 3) for Maxwell’s equations.
DISCRETIZATION
Because of the cylindrical symmetry of the cavity (respectively the
z-independence of the waveguide shape) the azimuthal dependence
(or the z-dependence) of the fields can be taken out of the numerical computation
(compare [l], [2],[3]) and a two dimensional grid is
sufficient.

Figure 2 : E on G, B on GM,
fir, fr wwng
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Figure 3 : H on G, D on GM,
ih er varying

If only the dual mesh Gg can be used we have to place a restriction
to assure the continuity of the field components:
Only insertions
with constant p, but varying tr, or constant er but varying cc, are
allowed and F will be taken as shown in figures 4 and 5 so that all
components are continuous. In figure 4 it is seen that (continuous)
tangential E occurs at the triangle interfaces, and so c, can vary from
triangle to triangle. However since on the dual mesh the magnetic
field component is not normal to the interfaces, p, cannot vary from
triangle to triangle . Similarly, in figure 5 it can be seen that, with
H on the mesh G, p, can vary whereas L, cannot. The constants h
and co shown in figure 4 and 5 stand here in fact for constant p, or
constant cr all over the cavity or waveguide.

Figure 4 : E on G, B on Gs,
pr constant, c, varying
Deflecting

Figure 5 : H on G, D on Gg,
k varying, E, constant

mesh G with Gs (respec-

tively GM) for (P’, F) = (E’, B’) or (fi’, 3).
conditions are included in the discretization.
l

(5)

z’= (Fa,l,.~.,J’.a.~,

(6)

Fb,l,...,Fb,N,Fc,l,...rFc.~)~

give the corresponding electric and magnetic fields (N = number~of
mesh points). Here an advantage of the FIT method becomes obvious: This method solves a linear problem and does not need an
estimation of the frequency sought.
The 3N x 3N matrix of the
eigenvalue problem is sparse with only a few off-diagonals.
Monopole

They are discretized
(J?‘, @) for TM-modes

l

In the resulting

on the triangular

mesh with

and (P’, ?I) = (I?‘, p)

equations

all p’-components

y)(l + i/?Ar)

with the propagation constant ,8. The same is true for cavities that
do not change their geometry in z-direction for 0 5 I < L where L is
the longitudinal length of the cavity.
Again Maxwell’s equations are written in integral form and dis-

We will present calculations for several realistic
guides with and without material insertions.
Dielectric

Maxwe]l’s

(P’, $1) =

loaded cavity

Table I : Frequency shift by a small Teflon cylinder
inserted in a DORIS-cavity
(N=968)

mode
TM010
TM011
TM110

calculated
original
frequency
498.406 MHz
739.302 MHz
775.266 MHz

measured
original
frequency
498.488 MHz
745.667 MHz
775.870 MHz

calculated
frequency
shift
6.356 MHz
7.419 MHz
4.606 MHz

Cavity loaded with a ferrite ring
As example for permeable material insertions we choose a cavity with
an inserted ring made of ferrite with p, = 1.5 and er = 14.5. The
figures show field plots of the lowest dipole modes.
’
t
I.

•~tlt11tt11
t ‘tttllrtlllrt~*‘~

’

1”

I

.

As for m r 0 a linear eigenvalue problem ( 5) is to be solved. The
eigenvectors are now
. . , p~at,N)~.

measured
frequency
shift
6.614 MHz
8.399 MHz
5.980 MHz

Figure 6 : Electric field at p = 0 for the mode I-EE-1 with f=417.17
MHz.

for TErnodes.
are eliminated

cavities and wave-

pPi and k,,r are the only non-tero &components.
In thi_s case the difference equations connect each field compct
nent Fvl and F,z with three neighbours.

*
I’= (&,,I,. . . , Fpl.~, Fem.

(8)

+lttllrtrlrtlt”’
,-/r
I. . I
I
I
L-------------------___,____________,

modes, m = 0

Here we have to distinguish the TEO- and TMO-modes.
equations are solved for m=O as follows:

y)eiBA’ - &(z,

The reasonable difference found is due to the slightly modified cavity
shape taken for the URMEL-T calculation where the flanges are left
out.

remains to be solved. Its eigenvalues are the squared wave numbers
of the resonant frequencies (k = W/C) and the eigenvectors

_

E(x, y, AZ) = &(z,

In the resulting equations all &components
and the azimuthal
p-component
F+, are eliminated by substitution leading to difference equations connecting each field component F,,, Fb, F,
with ten neighbours.

The equations which are given for each mesh point n correspond in
their matrix representation to a linear algebraic eigenvalue problem.
Thus an eigenvalue problem

l

The difference equations for the waveguide problem are similar to
those for the deflecting modes. Instead of a certain azimuthal dependence we have the longitudinal dependence

The computed frequency shift caused by a Teflon cylinder (dielectric
constant C, = 2) inserted in a DORIS-cavity shows a good agreement
with measured data [5]:

The boundary

Az’ = k=i

invariance

EXAMPLES

modes, m > 0

They are discretized on the triangular

Waveguides and cavities of translational

and has

cretized in full analogy to the case of deflecting modes with (F’, $) =
(6, &). Then all p- components and the longitudinal ,@‘-component
E, are eliminated
The resulting linear algebraic eigenvalue problem has the squared propagation constants for a given frequency w
as eigenvalues.
This option of URMEL-T renders it possible to compute the functional relationship between the frequency and the propagation constant for e.g. dielectric loaded waveguides.

Maxwell’s equations ( 3) in integral form are solved for a chosen
m > 0 in the following way, which is described in more detail in 141:
l

The 2N x 2N - matrix A is sparse, can be made symmetric
only three off-diagonals.

Figure 7 : Magnetic

field at p = 0 for the mode I-EEl

;! \ . .
1,. . .
h----------------------------------Figure 8 : Magnetic
f=599.10 MHz.

field at p = r/2

J
I,,,,,,-,--,--------------------------Figure 12: Contours of constant r. If, for the n-mode of the tuned
nine cell cavity. Measurements IS) with a slightly different cavity gave
1000.1MHs as frequency, URMEL-T calculated 1007.5 MHz.

J
for the mode l-EE2

with

Waveguide
Figure 9 shows a cut through the dielectric waveguide together with
a triangular mesh. The corresponding transverse fields for the fundamental mode with frequency 3 GHs are plotted in figure 10.

Figure 13 : Arrow plot of the electric field for the * TEI 1 I-2x/9”-like
mode. The measurements gave 1271.2 MHe as frequency, URMELT
calculated 1289.8 MHz.

1. .-,,
-.\-a,,.
I,,,,,-,,-,,,,,,,,,,-------------------

.,.,r-\,~~~.

s \..

J

Figure 14 : Arrow plot of the magnetic field for the “TEllI-2x/9”like mode.
SUMMARY
The compukr
of application

code URMEGT
enlarges the two dimensional scope
of the FIT disc&cation
method in two directions:

l

First it allows the calculation of resonant modes (including the
TEOmodes) in cylindrically or translationally
symmetric cavities with dielectric and/or permeable insertions as well as the
calculation of propagation constants in waveguides. Herewith
URMELT
offers a new feature in the domain of computational
evaluation of RF-fields.

l

Second URMEL-T
is well suited to structures with elliptical
or circular parts in their geometry, and for tuning multi-cell
cavities. This is based on the properties of a triangular mesh
combined with the powerful FIT method. The latter ensures
that the solutions fulfill all Maxwell’s equations, i.e. they are
physically significant.

Figure 9 : Dielectric waveguide with meah for the part which is essential for a run of URMEL-T

So URMEL-T presents a widely useful extension of the program
group for the solution of Maxwell’s equations.
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cavity

To simulate the influence of the beam pipe it is usual to tune the
last cell of a multi-cell cavity. The triangular mesh is able to follow
even very small deviations between the radii of the middle cells and
the outer cell while a rectangular mesh needs a very fine mesh which
causes a steeply increasing number of mesh points in rectangular grids
the finer the radial deviation is.
As illustration the tuned IGHz DESY nine-cell superconducting
cavity is shown. The radius of the middle cells is 139.595 m m while
the last cell has a radius of 138.345 mm. We show the cavity together
with the triangular mesh of 1960 points and contours of r. H, = const
of the I mode. These lines show the direction of the electric field.
Their density is proportional to r * E.

REFERENCES

/ PI T.Weiland,

Eine Methode cur L&sung der Maxwellschen Gleichungen fur sechskomponentige Felder auf diskreter Basis, &
31 (1977) 116120

PI T.Weiland,

On the numerical solution of Maxwell’s equations
and applications in the field of accelerator physics ,Part.Acc. 15
(1984) , 245-292 and references therein

I31 T.Weiland, On the computation of resonant modes in cylindrically symmetric cavities, NIM 216 (1983), 329348
141 U.van Rienen, T.Weiland, Triangular discretization method for
the evaluation of RF-fields in waveguides and cylindrically symmetric cavities , DESY 86-004, January 1986
I51 A. Zolfaghari

PI J.

, private communication

Peters, T. Weiland, Mode Computation and Measurement of
the DESY Nine Cell Superconducting
Cavity, DESY M-85-02

Figure 11: Tuned DESY nine cell cavity with mesh used
288

WES-17

IMPEDANCE

OF CAVITIES
l’rsula

Deutsches

WITH

BEAM

van Rienrn,

Thomas

Elektronensynchrotron

DESY,

of accelerating

Hamburg

of walls,

etc..

The

calculation

of the

components

impedance

p(r, VP,z,t) = W(r)6(2

- vt)*

(3)

and its current density equals

and

j(r, p, z, t) = p(r, p,z,t)

- vt)Zz,,

(4)

with Q= charge and v= speed of the point charge.
This point charge produces the longitudinal
wake potential
a particle following in time an amount r

seen by

47)

1
= Q

/

. v’= Qu6(r)6(2

OD
--m EJr,

p, z = vt - VT, t) v dt,

(5)

which on the other hand is [3] :

w(r) = &
Some transformations
impedance :
Z(w)

= +

cc
/ --oo

ely’Z(w)

dw

(‘3

finally lead to the equation for the longitudinal

lrn

m

kz(r = 0, p, f, w) ci(w/u)r dr,

(7)

where & is the Fourier transform of the longitudinal
electric field
Es.
In concluding this section it should be stressed that there is an
obvious duality between the study of wake force effects in the time
and in the frequency domains:
TIME DOMAIN
charge density
p = Q6(r)6(r - wt)
current density

OF THE IMPEDANCE

1
iwC -+ If&L

kj, j=1,2,....

In general the impedance can be defined as the Fourier transform
of the wake potential, as already mentioned.
Exciting the cavity
structure by a current on the axis allows the calculation of the longitudinal impedance in dependence of a chosen frequency:
A point charge on the axis of a cylindrically symmetric structure has
the charge density :

FREQUENCY
DOMAIN
transformed charge density
p = ~,-+/““6(r)

j= Qu6(r)6(z - vf)Fz
wake potential
W(8) =
$ I-“, E,(O, (p, t = ut - ur, t)udt

The definition of the impedance for a resonant cavity is deduced from
the representation of a cavity as a RLC network: This network consists of a sequence of resonators, so that the impedance of the cavity
is given by the summation over the impedances of the resonators.
The impedance of one resonator is given by :
Z(w) =

1

3

with the resonant frequencies wj and the loss parameters

of the wake potential
are two equivalent
ways to study
these questions. In this paper a numerical method will be worked out
to calculate the impedance for a cylindrically
symmetric structure,
as, for example, a cavity with beam ports.
Any non-smooth parts in the accelerator geometry (e.g. cavities,
vacuum chamber joints, etc.) cause so-called wake fields which are
excited by the beam of charged particles. To estimate these effects
it is sufficient to integrate the wake fields over the time needed to
pass the structure.
This gives the wake potential which is a function of the position. The impedance describes the wake force in the
frequency domain and can be obtained from the wake potential by
Fourier transformation.
For a closed cavity the impedance as a function of frequency has
only discrete C-function-like peaks (infinite in number) located at the
resonant frequencies which are the only modes of the wake fields that
can be excited in the cavity. There are a number of computer codes
to evaluate the lowest resonant frequencies and quality factors for
cavities needed for the impedance calculation, e.g. [l].
Cavities as components of an accelerator are imbedded in the vacuum chamber. Above the lowest cut-off frequency for travelling waves
in this beam port no ideal resonance can exist in the cavity since fields
may travel out of the cavity into the beam ports. The nonzero values
of the impedance form a continuous spectrum above the cut-off frequency. Consequently calculating the impedance by using resonator
codes can not be used. A way to calculate the impedance as a function of frequency including the region above cut-off will be explained
in this paper resulting in the extended program URMEL-I. Since the
work is still in progress only preliminary results are presented.
DEFINITION

yj2
j

are their influence on the beam, i.e. the instabilities as mode coupling
or the power loss, and their own behaviour in the working machine,
e.g. heating
the evaluation
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Z(w) = c

INTRODUCTION
in the design

CUT-OFF

Since it is intended to calculate the impedance below cut-off using
the data given by a resonator code euch ae URMEL[ 11, the above formula will be expressed now in terms of the frequency w, the resonant
frequency we and the loss parameter ko, i.e. L = 2ko/wi; C = 1/2ko;
R/Q = woL is used. l/Q expresses the losses. As the resonator code
assumes perfect conducting metal as walls, l/Q is zero for the solution so that the impedance for any frequency below cut-off can be
calculated by [2] :

Accelerating
csvitiee made out of perfect conducting metal
have only a finite number of resonant modes due to the (necessary) beam ports. Above the lowest c&off
frequency of the .
travelling modes in the beam pipe no undamped nsonaace
can
exist. Thus the impedance in this range of frequency cannot be
obtained by resonator codes such as URMEL
[I]. The continuous impedance above cutoff for cavities of arbitary shape but
cylindrical
symmetry
can be calculated
by exciting the csvity with s beam current equal to the Fourier transform
of s
point charge traversing the structure.
Solving Maxwell’s eqnstions for the fields yields the longitudinal
electric field and thus
by integration
the impedance.
URMEL
hse been extended to
enable such calculations by setting up an inhomogeneous,
complex matrix equation for a given frequency.
Solving for that
complex system of linear equations yields the electromagnetic
field and thus the complex impedance.

aspects

ABOVE

Weiland

Notkestr.85,2000

ABSTRACT

Some important

PORTS

TRANSFER

transformed current density
; = Qc-‘b’/“b6(r)e;
impedance
Z(w) =
6 I_“, i&(0, p, z,w)ei(w~u)rdr

TO A NUMERICAL

FORMULATION

To calculate the continuous spectrum of the impedance in the
frequency domain above cut-off, a computer code will be presented
to evaluate the impedance values at any given frequency. For this

+ 1/R’
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Hz(w, r, I - A) -

(1 - ik’A)

Hg(w, r, z)

of the lejt

Hz(w,r,r

(1 - ik’A)

Hz(w,r,t)

at the right

purpose Maxwell’s equations have to be discretised and the resulting
numerical problem has to be solved. Here finite differences, eapecidly
the FIT-method
[4], are used for the discretization on a rectangular
mesh, so that the program is based on the code URMEL [I]. Since
only the cavity region and a piece of the (infinitely long) beam ports
is entered as geometry an “openn boundary condition is necessary.

These first order equations are used to set up the difference equations
for grid points at the right and left boundary, and they allow the
simulation of an open boundary.

Maxwell’s

Discretization

Equations

for the problem

P, 2, t)

=

Re(&

(Ei(r,s)+

Ei(r,*))

I-it5 (P, 2, t)

=

Re(fi

I?$(r,z)

c+(~‘+~)),

dwf+lp)),

(g)

with Zc =&&
and Yc = l/Z0 and complex E’ and fi’.
Consequently Maxwell’s equations in the integral form that will be
discretized read as :
f a.4

Ej’.& = i;.J
A

2.&

F-i”-.

c,,!? . dii + I’,

(9)

J

p,lj’- dzi,
(10)
c
A
where a.4 stands for the boundary of area A.
Since the structure is excited by a beam current I’ with frequency
w the fields are composed of source fields and source-free fields, i.e.
an inhomogeneous part that is caused by the current and the homogeneous part. So far only relativistic particles are considered, i.e.
v = c.
The current F ia given by :

16
BA

(14)
(15)

Maxwell’s equations are discretized with a special method of finite
differences, the FIT-method
[4], for a rectangular grid. This method
uses two dual orthogonal grids and allocates the unknowns on these
grids in a special manner so that the connection between area and line
inkgrab is fulfilled in a natural way. Since the method presented here
, is based on URMEL (11, this paper will only point out the differences
1from URMEL and refers to the documentation
about URMEL for
I more details.
The difference equation for Hz is deduced from ( 10) while the
discretization of equation ( 9) gives the difference equations for E,
and E.. The setup of the equations for E, at the boundary uses
the open boundary condition (compare ( 13), ( 14) and ( 15)). The
: difference equations for E. use for I > 0 the relation rH;(w, r, z) =
(r - A)HG(w,r
- A, I) which holds because of ( 12); on the axis
(r = 0) the current does not vanish but can be expressed in terms of
H,.
Thus the discretization of Maxwell’s equations leads to difference
equations for each unknown field component.
Taking the one for
Hs and replacing the other components by their difference equations
yields finally a system of linear equations with the homogeneous asimuthal field components as unknowns and the inhomogeneous ones
as right hand sides.

Because of the cylindrical
symmetry the fields have an azimuthal
periodicity ~1 cim+’ and their time dependence is harmonic. At the
present state only monopole fields (m=O), which have just the components H,, E, and E,, are treated.
With these assumptions the fields may be written as :

ar,

+ A) -

THE NUMERICAL

PROBLEM

The matrix of the linear system
,-W-d
0

for r = 0
otherwise

with the wavenumber k = w/c.
This current induces the inhomogeneous

magnetic field

c

H&J,

Q&

~94%
r, z) = -e
2nr

Discretization of Maxwell’s
tem of equations

01)

’

Mz

of the open boundary

-it(r-2”) I

conditions

The cavity is excited by the current of angular frequency w. If w/2x
lies above the lowest cut-off frequency for travelling modes in the
beam port the induced fields won’t stay in the cavity but will travel
into the tubes to -both sides, i.e. they are proportional
to ~~k’(~-~ll)
to the left of the cavity and e-‘k’(‘-‘“)
to the right of the cavity. k’
is the propagation constant of the waves in the beam tubes. In the
frequency range just above cut-off where only one type of waves can
propagate k’ is explicitly known. For higher frequencies k’ = k is
taken as approximation.
The geometric structure used for the numerical calculation has to
have a finite length, i.e. the beam ports have to be cut at some
convenient distance from the cavity. At these boundaries the reality
of an open beam port has to be simulated. The difference equation for
the radial electric field component at the left (right) boundary would
need a value of H, and H; for an imaginary mesh point laying outside
the grid (compare the next section). These values are calculated, as
indicated below.
From ( 12) it follows for H;
H~(w, r, z - A) = Hi(w,

r, z) eikA &(I + ikA) HG(w,r,

For the homogeneous part of the azimuthal
ing relation is valid:

z)

= (A + ik’D

- k*1)h’

= k’h’

(16)

The matrix of this system has the dimension of N x N where N stands
for the number of mesh points. The solution vector G is the vector
(Hs,, . . . . HzN) with the homogeneous azimuthal magnetic field components The matrices A, D and I are purely real; the last one stands
for the unit matrix. The matrix A equals the matrix of URMEL 11: for
the monopole case. D is a diagonal matrix expressing the open boundary condition.
The right hand side h’ is the vector (Hi,, . . . . H&)
with the inhomogeneous azimuthal magnetic field components.
The matrix A has a band structure with only four off-diagonals;
obviously M has the same structure.
Furthermore A can be made
symmetric as is explained in [l] but M is not hermitian and not even
positive definite which is needed by nearly all iterative numerical
methods, i.e. a system with complex indefinite system matrix has to
be solved.

with the phase kr, and where H = H; + Hs
Treatment

equations leads to a complex linear sys-

Solution

method for the linear system

The program consists mainly of three parts: The setup of the matrix,
the solution of the linear system and the evaluation of the fields and
the impedance. As a first step the first and last parts have received
the greatest effort. The present version is limited to a few hundred
mesh points because it uses a standard direct method which gives
acceptable results for the solution of the linear system. The final
program version will use a fast solver for the system of equations,
which will allow as many points N as URMEL (e.g. 5000 on IBM,
2Mbyte)
and, as it is intended, will also allow for dipole modes.
Evaluation of the impedance

(13)

The solution of the linear system gave H$. The electric field components are calculated from Hi and HG by the difference equations.
The impedance is given by ( 7). In [5] it is shown that the integral
can be taken at any radius r for a cylindrically symmetric structure.

magnetic field the follow-
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Thus integrating at the tube radius gives the same result as the inkgral on the axis. The advantage of integrating at the tube radius
is that the integrand vanishes in the tube region. Consequently one
needs only to perform the integral over the gap of the cavity.
EXAMPLES
Pillbox

cavity

Recently H.Henke published a paper [S] in which he numerically calculates impedances for single pillboxes with side tubes by Fourier
series. This was taken for comparisons showing a good agreement.
As example a pillbox with 198 mm gap, 278 mm radius and 50 mm
tube radius was chosen. The differences are-caused by the coarseness
of the mesh, which gets a growing influence with growing frequency.
Thus it may be concluded that the method presented here works well
and only the solution method for the linear system has to be improved to allow finer meshes.

I0,
TBCI

5WO.O

2500.0
Figure 3 : Impedance of PETRA cavity computed
(divided by 2s) and computed by TBCI/FFT

f/YHz

by URMELI

lm(Z)/Ohm

Figure 1 : Reactive impedance below cut-off computed

by URMEL-I

Figure 4 : Reactive impedance computed

by URh4ELI

(divided

by

2%)
SUMMARY

1soo.oloo&O

The extension of the resonator code URMEL to URMELI
presents
a new and efficient tool to calculate the impedance of obstacles of
arbitrary but cylindrically
symmetric shape with side tubes. The
preliminary
version of this code gives good results, indicating the
validity of the method.
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THE METHOD

The computer code URMEL for calculating modes in ubitruily shaped cavities of cylindrical symmetry has been extended to the
case of infinitely repeating periodic structures. This extension now
offers a simple way for evaluating the group velocity in long linu
structures.
URMEL now also calculates for a given phase advance
over one period the resonant frquencies and fields for the m lowest
modes (m=lOO, say). Thus a much higher accuracy can be obtained
compared to multi-cell computations where one has to solve for n
cells in order to obtain n+l values of the dispersion curve. This new
option has been implemented in URMEL (release 5) as a new boundary condition plus a new input variable for the phase advance.

In structures of cylindrical symmetry time harmonic electromagnetic
fields can be expanded into mries over the asimuthal mode number
mas:
@I, p, r,f)

fi(r,

= 2 Re{ &,(r,
m=O

p, z,t) = 2

Re{ &,(r,

z) eimv ciwf},

(2)

z) e”“’ e’yL).

(3)

m=O

For the magnitudes

one has to solve Maxwell’s equations in the form:
curl&
cur@,

INTRODUCTION

=
=

-i
i

w&,,
we&,.

With given boundary conditions (Dirichlet or Neumann) these equations form an eigenvalue problem that can be solved by a number of
mesh codes allowing for arbitrarily
shaped strucures. For example
URMEL ]I] and URMELT
[S] are capable of calculating many (100,
say) resonant modes for each given azimuthal mode number m. Thus
one can evaluate all important accelerating and deflecting modes in
a cavity.
For very long chains of cavity cells the computation becomes more
and more cpu-time consuming (or less and less accurate for a given
number of mesh points). In this case modelling such structures by
infinitely repeating chains made of a periodic section of the length L
becomes more adequate.

A typical linear accelerator structure consists of a chain of many
cavity cells ( of the order of one hundred and more ). These structures
may be modelled by an infinitely long chain of periodic cavity cells.
In usual standing wave structures the number of cells is much smaller
(typically between 3 and 7). For each resonant mode type in a n-cell
structure there exist n+l coupled modes. Thus a seven cell cavity
has eight modes of the same basic type in each cell but with slightly
different frequencies, These modes are characterized by the phase
advance per cell. If there were an infinite number of cells, the resonant
frequency would be a continous function of the phase advance for each
mode type. These functions form the so-called Brillouin diagram.
Computer codes such as URMEL [l] can calculate a given number
of modes of arbitrarily shaped structures with Neumann or Dirichlet
boundary conditions at the cavity walls. Thus the calculation of a
five cell segment of an infinitely long chain results in six points on
the Brillouin diagram. The more cells one uses the more dense the
results become. In order to evaluate the group velocity of a specific
mode one has to compute the derivative of the functional relationship
between phase advance and frequency:

-L-

\
‘.

nJ

/\

-with L being the period length (see figure 1). Such an operationis
inaccurate if one has only a few points of the curve ~(4) available.
To achieve good accuracy in this calculation the usual type of mode
computation should be modified such that only a single cell of the
chain is taken into account, with periodic boundary conditions.
For periodic pill-box cavities connected with beam pipes, proven
computer programs have existed for many years 12],[3]. In this paper
we describe a new version of URMEL [I] that allows for arbitrarilyshaped cylindrical cavity cells with arbitrary periodic boundary conditions. Together with the previously available features of URMEL
it is now possible to obtain not only all resonant modes but also
the group velocities of each mode and Brillouin diagrams. This fact
-makes the code the ideal tool for designing high gradient linac struttures for a TeV linear collider in which the group velocity is an important parameter.

I’fl-\
-_

--z

Figure 1 : lnifnitely long periodic chain of cylindrically symmetric
cavities with period length L. In order to determine the field solutions
it is sufficient to consider only one period imposing Floqurt conditions
at both ends in longitudinal direction.
In such periodic structures the boundary conditions
so and es + L are replaced by Floquet conditions:

Bm(r,p, 20)

= &(r,

p, 20 + I.) . e’+

at any position

(6)

with an arbitrary phase advance 4.
In this paper we describe an extension to the computer code
URMEL ]l] that includes periodic boundary conditions (so far only
for monopole modes, the extension to dipole modes will follow).
The URMEL method will not be described here but only sketched
briefly; for further details see [I]. The cavity shape is first approximated in a Cartesian grid with variable step sizes as shown in figure
2.
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Figure 2 : Two dimensional grid used for the d&r&ration
the-numbering system of grid nodes

showing

Figure 4 : Typical band structure of the extended URMEL-matrix
with the standard elements (circles) and the additional complex elements due to the Floquet condition.

In this grid Maxwell’s equations are discretized in the same way as in
URMEL. Changes have only to be made when unknown field camp
nents near the boundary at q and Q + L are concerned. In figure 3
we see a pictorial representation of the five point difference operator
with one arm to an outside component. In the case of normal boundary conditions this unknown field component outside the mesh is
replaced by equating it to inside components making use of reflection
symmetry conditions which are equivalent to boundary conditions.
In the periodic case each component outside the mesh on the right
hand side is replaced by one located near the left hand side of the
mesh multiplied by a complex phase factor (see figure 3):
H
-QLi

=&lj.ei*

; j=

Thus we find that all eigenfrrquencies are real but the elements of
the eigensolution vector h containing all unknown components of
the azimuthal magnetic field are complex. In order to minimize the
programming
effort one may rewrite the complex matrix equation
into a purely real one of twice the order:
A

=

AR

+ iAI

(‘0)

h

=

hR

+ ihl

(11)

l,...,J

This discretization of the Floquet condition adds new matrix elements
to the standard URMEL-matrix
which are complex and lie outside
the usual bands, see figure 4.

Such an algebraic eigenvalue problem can be treated with the SAP
aoolver [5] used in URMEL without any further changes. The only difference is that all eigenvalues are doubled with two conjugate complex
eigenvectors.
With this new option URMEL finds for any given phase advance
4 the lowest modes at the price of approximately twice the computational effort compared to normal boundary conditions. It should
be mentioned here that a similar extension has also been added to
SUPERFISH [S] by Gluckstern and Opp [‘I] at the University of Maryland and Los Alamos.

.
? “I .

EXAMPLES

A.

As a simple test example we choose a S-band cavity similar to the
SLAC structure as shown in figure 5.
-Lb

Figure 3 : The difference operator at the right hand zide boundary
with one arm connected to the left hand side via a phase factor (FIc+
quet condition).

9

il

In contrast to URMEL where the matrix containing all difference
equations is real and symmetric, the matrix here is complex. Howpver, it can be shown that the resulting linear algebraic eigenvalue
problem has a hermitian matrix.

Figure 5 : Typical S-band accelerating cavity similar to the SLAC
structure (2x/3 rtructure, a=l.l63cm,
b=l.l34cm,
g=3cm, L=3.5cm).
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Using periodic boundary conditions and varying the phase advance I#J
one obtains a set of curves, each of which gives the frequency of one
specific mode type as function of 4. Choosing d = i.n/n; i = 0, 1, ..,n
should yield exactly the same frequencies as obtained from URMEL
for a n-cell cavity structure. Since results of URMEL have been extensively compared with measurements and are well proven ]I] [8]
we may accept such a comparison as a proof of the correctness of
the new periodic version Figurcz7 shows results from URMEL with
usual and periodic boundary conditions.
Figure 8 shows the same
results as figure 7 but. only for the fundamental mode, showing the
excellent agreement between both computations.

Calculating the modes in a set of n-cells adding Dirichlet or Neumann
boundary conditions on both ends yields n+l eigenfrequencies which
represent the n+l possible coupled mode configurations.
In cavities
with a weak cell-to-cell coupling these frequencies can be identified
as points on the Brillouin diagram. Using URMEL for such a n-cell
cavity (in this specific case where the structure has a reflection symmetry with respect to the midplane one actually needs only n/2 cells
in URMEL) thus yields n+ 1 modes, see figure6.
___.,,....
. . . -,.....,
,*-I
.---6
.-es-<
.*-.*a
. ..-s<
’- - - . - - - - - . . . - - - - - . - - - _ - -. . . - - - - _.
I(-4 -m.---ccm.__-- ---..----c
* __------------L--A,,--.-,,-.-/,
;+-,-\4--,,F-.
d . -_cc
c . ---_‘_‘__--___‘-.-~-~-’
_--_--____---__---_
Figure 6 : Typical multi-cell
cavity ( “O-mode” )

mode found by URMEL

12.0: 103

I

I

The second example shows the dispersion curves of a “single mode
cavity” [S] which is designed such that only the fundamental accelerating mode out of all m=O modes is kept in the cavity. All higher
m=O modes have frequencies higher than the cut off frequency given
by the inner radius of the iris, so that these modes will travel away.
This cavity as shown in figure 9, was considered (for some time) to
be a candidate for superconducting
structures at DESY. Figure 10
shows the dispersion curves for the five lowest modes and figure 11
again only the fundamental mode with its large dispersion step.

in a nine cell

I

SLAC
structure

2840.0

2830.0

10.0.103

2820.0

2810.0
8000.0

c-

2800.0

I

2790.0
0.0

45.0

phase/ degrees
I
I
90.0

135.0

180.0

Figure 8 : Brillouin diagram of figure 7 but only for the fundamental
mode showing the excellent agreement

6000.0

f / MHz
4000.0

phase/ degrees
1

ao0.0
0.0

45.0

I

90.0

I

135.0

180.0

Figure 7 : Brillouin diagram of the S-band structure of figure 4. Lines
show the result of URhlEL calrulat.ions with periodic boundary condition, dots show the result of URMEL calcultions for a nine-cell
section

Figure 9 : “Single Mode Cavity” with fundamental
advance 4 = 60’
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mode with phase
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Figure 11 : Fundamental mode of figure 10 showing the large dispersion step in the “Single Mode Cavity”
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The extension of URMEL to periodic boundary conditions has proven
to work correctly for accelerating monopole modes. Thus this extension may become a useful tool in the design of linac structures
wherever the group velocity is of interest.
As a next step the periodic conditions will be extended to transverse modes and finally we intend to implement this option into the
triangular version URMEL-T, which will result in a much more flexible and versatile cavity code.
Together with the new broadband impedance option [IO] the complete range from single cells to infinitely periodic structures and from
low frequency resonances to the non-resonant part of the impedance
above cut-off is :overed.
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Summary
High intense
ion beam pulses
have been investigated in a magnetic
quadrupole
transport
line.
Due to the
pulse
length
of 2 ms space charge compensation
ocurred.
After
a certain
build-up
time a saturated
level
of partial
compensation
was measured.
Although
the space charge
forces
are reduced,
a considerable
deterioration
of beam
quality
was observed.
In a certain
parameter
range of
beam intensity
and vacuum pressure
the emittance
growth
was higher
than it was measured with an equivalent
fully
space charge
dominated
beam. The degree of compensation
was measured
under
different
experimental
conditions.
The-measurements
will
be compared with results
of theoretical
considerations.

is used as a measure of the compensation
degree.
In Fig.1
a schematic
drawing
of the used ion spectrometer
is
shown.
The ions are decelerated
by positive
potential,
the current
is measured as function
of the retarding
voltage.

Introduction
The transport
of intense
ion beams have been
studied
at GSI. The transport
channel
consists
of twelve
identical
magnetic
quadrupoles
forming
six periods
of a
FODO type channel.
Ar’+ ions are extracted
from a CORDIS
source and accelerated
to 190 keV by a DC accelerator.
A
of the complete
experimental
appadetailed
description
ratus
and the results
of measurements
are given in earlier publications
r??.
The experiments
have dealt with both
unneutralized
and partially
space
charge
compensated
beams. The beam pulse is rather
long (> 0.5 ms), and at a
vacuum pressure
of lo-’ to lo-’ hPa a fractional
neutralization
due to ibnizing
collisions
with background
gas
occurs.
At
the beginning
of the pulse,
the beam is
expected
to be unneutralized.
Emittances
were measured at
the entrance
and the exit
of the transport
channel.
The
data aquisition
of the emittance
scan can be started
at
different
times within
the beam pulse with a short
time
window.
The emittance
measurements
with the uncompensated
part of
the beam pulse
are summarized
as follows.
At different
quadrupole
settings,
corresponding
to oe = 60°,
90°,
1200, the beam behavior
was studied
over a wide range of
tune depressions.
Stable
beam transport
is possible
for
At high tune depressions
an emittance
growth
a0 d 9o”.
ocurred.
The source
of this
growth
was attributed
to a
homogenization
of the space charge density.
This was confirmed
by theoretical
work and also by computer
simulation
studies.
The predicted
envelope
instability
for a
space
charge
dominated
beam was also
measured
eat
fJ,>900.
The experiments
with partially
neutralized
beams indicate unstable
behavior
in a wide range of beam parameters.
Emittance
growth
was measured even in cases where
an
equivalent
unneutralized
beam did
not
exhibit
instabilities’.
In the following,
the effects
of space
charge
compensation
on beam transport
will
be reported
for a wider parameter
range. Especially,
the influence
of
the vacuum pressure
on the compensation
degree at different levels
of transported
beams will
be reported
below.

Beam Potential

Measurements

Fig.1:

energy
energy

spectrometer
spectrum.

and

Also in Fig.1
an example of a measured energy spectrum is
given.
The differential
energy
spectrum
is obtained
by
differentiation
of the integral
curve.
The following
definition
of the compensation
degree is
used:
f=lb(a)/h,,
(a)
.
#,(a)
is the measured beam potential
at the beam edge,
evnc (a) is the calculated
Potential
at the edge, if the
beam is uncompensated.
This definition
is independent
of
the density
distribution
of the electrons
and ions inside
the beam.
The potential
at the beam edge cannot be measured by the
energy spectrometer.
The potential
at the maximum of the
differential
energy
distribution
$“ox will
be used for
calculating
the compensation
degree.
The theoretically
calculated
energy
spectra
for
different
distributions
are shown in Fig.2.
A round beam was assumed.
For the
the
intensity
maximum
homogeneous
KV distribution,
appears
at the beam edge. With increasing
inhomogenity
a
shift
away from the beam edge appears.

c
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1.03 0.8 .b
#!j ox*
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and Analysis

Due to the ionization
of the residual
gas atoms,
electrons
and slow ions will
be created
inside
the beam.
The electrons
are trapped
by the space charge potential
~of the beam.
The slow ions are repelled
radially
outward
of the beam.
So the space charge
is gradually
reduced
until
it reaches a stationary
degree of compensation.
The
resulting
potential
drop inside
the beam depends on the
ion energy,
ion current,
and the residual
gas pressure.
The energy spectrum
of the ions diffusing
out of the beam

Schematic
drawing
of the
an example of a measured

80

Fig.2:

120

Calculated
energy spectra
of residual
gas ions
for different
density
distributions.
Beam parameters:
At-‘+,
190 keV, I = 1.5 mA,
beam radius
5 mm, pipe radius
12.5 cm,
P = 5*10e6 hPa.

The influence
of the beam radius
a and the beam pipe
radius
r,, on the ratio
((a)/#m.r
is sThoem i;ocg.3
for
different
ratio
density
distributions.

is
O(a)/h.,
pipe
radius.
current.

only
It

a function
of
is independent

the beam radius
and beam
on the beam energy
and
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points
in Fig.4.
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measuring
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as function
of the ratio
$(a)/&,aX
&,/a for different
density
distributions
r, - beam pipe radius,
(a - beam radius,
maximum).
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Fig.6:
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\

This diagramm can be used for evaluation
of the measured
ernux to obtain
#(a) and therefore
the degree of compensation,
if
the intensity
distribution
of the beam is
known.
Pleasured beam profiles
and the measured energy spectra
of
the residual
gas ions indicate
parabolic
or Gaussian density
distributions.
Therefore,
the conical
distribution
(see. Fig.3)
will
be used for the correction
of emaX. This
leads to an inaccuracy
of less than 10 % for the compensation
degree.
Measurements

1

1
“i.

Degree

20

50

100

200

500

Gas Pressure / l lO*hPa
Potentiai
at the maximum of the energy
versus gas pressure,
I = 1.5 mA.

In Fig.4
the measured energies
of the residual
gas ions at the intensity
maximum as function
of the beam
current
are shown.
The resulting
compensation
degrees
are plotted
in Fig. 5.
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Fig.7:

1

Compensation
degree
points
in Fig.6.

calculated

from

measuring

2

Beam’Current
/ mA
Potential
at the maximum of the energy
versus beam current,
P = 5*10m6 hPa.

A high
compensation
degree will
be reached
at
tively.
high
gas pressures.
But at
high gas pressures,
the
transport
of high current
beams is not realistic.
Due to
charge exchange processes
beam loss will
occur.
Emittance
growth by gas scattering
has to be taken into account.

spectrum

Holmes’ derived
a formula
for the potential
drop at the
beam axis for a given gas pressure,
beam density,
and ion
energy.
The formula
does not describe
the measurements
quantitatively.
After
introducing
a scaling
factor
the
theory
describes
the measurements very well.
The measurements show that in our beam experiment
full
space charge
compensation
does not occur at the given gas pressure
of
P = 5*10m6 hPa.
The dependence
of
the compensation
degree on the gas
pressure
is shown in Fig.6 and Fig.7.
Again,
the theory
by Holmes
describes
the measurements
very vell
qualita-

Transport

of

a Partially

Compensated

Ion

Beam

Measurements
on partially
compensated
ion beams
at the GSI transport
experiment
were published
in Ref.3.
Fig.6 shoes the nns emittance
growth for o. = 60°.
The growth rates are assigned
to tune depressions
calculated
from beam parameters
without
space charge compensation.
The measured
compensation
degree
for
beam
297

For the low current
beam (I = 0.2 - 0.5 mA) the compensation
degree
increases
from about 50 % to about 90 %
as shown in Fig.11.
A
with
increasing
gas pressure
slightly
improved brilliance
results.
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Compensation
depressions

degree
ovnr.

at

20

22

24

26

/ Deg.

different

tune

parameters
of Fig.8
are shown in Fig.9.
Even though the
beam is partially
neutralized,
emittance
growth was measured where an equivalent
uncompensated
beam did not show
instabilities.
The curve in Fig.8
describes
the behavior
of an uncompensated
beam (see Ref.3).
In a limited
range
unstaof o""c (loo - 25@), the beam behaves particularly
ble.
In this
region
the compensation
degree was in the
range of 60 - 80 $ as shown in Fig.9.
The reduction
of
the compensation
degree
with
increasing
o.,‘comes from
decreasing
ion current
(see also Fig.5).
In order to increase
the compensation
degree at a certain
current
level,
the gas pressure
was varied.
In Fig.10
the
brilliance
loss factor
for four typical
measuring
points
from Fig.9
- characterized
by the tune depression
o,,,
is shown in dependence of the gas pressure.
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P. Spadtke

GSI is going to extend the accelerator
facility
by a synchrotron
and an experimental
storage ring over
The UNI-LAC will
serve. as
a period of four years.’
In order to take advantage of the space
injector.
charge limit
of the synchrotron,
a new injector
at the
UNILAC will
be constructed.
An increase
of beam
intensity
by about
three
orders
of magnitude
is
The different
sections
of the new injector
expected.
will be described.
Introduction
After
10 years operation
of the UNILAC. the
extension
for the accelerator
facility
by a synchrotron (SIS 18) and an experimental
storage ring (ESR)
in April
1985. The new
was officially
approved
accelerator
complex will allow unique experiments
with
heavy ions up to 2 GeV/u. A new class of experiments
and ion pumped
such as generation
of hot matter
short-wave
lasers
are only possible
if the injected
current
now available
from the UNILAC will
be increased by up to three orders of magnitude even for
the heaviest
elements.
Therefore,
in parallel
to the
construction
of the synchrotron,
an upgrading program
for the UNILAC has been started.
An increase
of the
beam intensity
to the required
level
can only be
achieved by a neu injector.
the basic design of the high
In the following,
current
injector
(HSI-Hochstrom-lnjektor)
will
be
described.
Several
subsystems have already
operated
and their performance will be reported below. For some
systems, stripper
device,
components, e.g. rebunching
short accelerator
sections,
alternatives
are possible.
General

Considerations

Present UNILAC output
intensities
are typically
10” pps for very heavy and 10’) pps for light
ions.
Due to the reduced synchrotron
duty cycle of about
lo-’ the output intensity
of SIS would be in the range
10’ to lo9 pps.
In order
to
take
advantage
of the maximum
possible
intensity
for the synchrotron
(Fig.
1). the
particle
flux from the UNILAC has to be increased
at
least
by a factor
of 1000 even for
the heaviest
elements.
At the UNILAC high charge state ion sources
are presently
used. They do not have the peak current
performance for the SIS filling
burst for mass numbers
beyond Argon.
Another limitations
results
from the rf accelerator
structure.
The rf
acceleration
starts
at
11.7 keV/u with the n-3 TI Wideroe structure.
The first
tank is the bottelneck
of the rf linac.
The space
charge
limit
was theoretically
and experimentally
found’ :
I max = 0.4 . A/C emA
A = Mass number, 5 = Charge state.
The Widerbe linac accepts ions with a minimum chargeto-mass ratio
(/A = 0.04.
In case of uranium,
a
current
of ca. 10 mA U”+ would be accepted in the
UNILAC prestripper
accelerator,
about a factor
of two
too low for the required
intensity.

j:

, , , , , , ,,,
0.1

Fig.

1:

Tk,,(Gevh)
, , , , , , ,,, 7
1.0

Beam intensity
of SIS 18, when filled
up to
the space charge limit
at injection.
The drop
at 0.5 CeV/u comes from the reduced ramping
rate when power supplies
are paralleled.

To overcome the indicated
difficulties,
two facts
have a determining
influence
on the modification
of
heavy ion
low charge state
the UNILAC. Firstly,
sources deliver
the required
intensities.
Over the
for
singly
charged
ions with
last
years
sources
excellent
beam characteristics
- high intensity
with
especially
for gaseous ions - have
high brilliance,
for the first
stage of rf
been developed.
Secondly,
the newly
invented
radio
frequency
acceleration,
quadrupole structure
offers many advantages. Effective
acceleration
and transverse
focusing
even in case of
high intense beams start
at low velocity.
MAXILAC, a
high current
ion RFQ accelerator,
is being constructed
RFQ with a unique split
at CSI. This low frequency
coaxial
resonator
has proven to be well suited for an
injector
at the UNILAC.
On the basis of these new developments,
different
schemes for a new high-current
injector
have been
studied.’
In Fig. 2a the high intense beam from MAXILAC, with
output
energies
in the loo-150 keV/u range will
be
injected
into the UNILAC low energy beam transport
system.
The first
Wideroe tank is split
into two secIn normal operation
both sections
would contions.
tinue to be rf excited.
In the high-current
mode, the
first
section
would be used only for beam transport
and acceleration
would start
with the second section
at the appropriate
injector
energy. Gas stripping
is
foreseen directly
behind the RFQ. The beam transport
from MAXILAC to the Wideroe, questions
of rebunching
extensively.
and charge
separation
were examined
Prospects
for
transmission
and acceleration
of a
MAXILAC beam for further
acceleration
at the UNILAC
seem very good. This injection
scheme is the easiest
to install
and probably
the least expensive version.
However, the division
of Wideroe tank 1 into
two
electrically
separate segments must be studied in more
Future operation
of the UNILAC calls
for the
detail.
use of multiple
ion species with a change from pulse
to pulse. The pulsed operation
of the Wideroe quadrupoles would be difficult.

Ion Source and Preaccelerator

In a second injection
scheme (see Fig. 2b), an
entire
new prestripper
is foreseen.
The beam from
MAXILAC could be injected
into a duplicated
Widerbe
A separate 2 6X-Alvarez
accelerator
has also
linac.
indicate
that
an Alvarez
been considered.
Studies
linac
at 108 MHz is not unrealistic.
For an input
energy of 130 keV/u and an output energy of 1.4 MeV/u
the.resulting
design is about 25 m long, has 126 cells
cost penalty
and requires
1.6 MW. The significant
excludes this version.
The now projected
injector
accelerates
the high
intense
beam up to 216 keV/u, further
acceleration
takes place in the second Widerbe tank. This design
will be described below.

The source system CHORDIS (&old or Et
Reflex
Discharge Ion Source) will be used. Two basic versions
a cold one for gases and a hot one for not
exist,
volatile
substances at room temperature.
The performance of these ion sources will
be reported
in a
separate contribution
to this conference*.
The source
system is capable of delivering
high-current,
high
brightness
ion beams of a large variety
of elements.
achievable
output
the
gaseous elements
all
For
currents
can be delivered
with a large safety margin
for the injector.
Iodine.
lithium
and bismuth have
been produced with an intensity
above 30 mA. Recently,
a sputter
version based on HORDIS was tested for the
first
time, 2.4 mA Al’+ was measured. The required
intensity
for U2+ (about 25 mA) could not be achieved
with the HORDIS up to now, source development is still
continuing.
A new kind of ion source has been developed
with which high current beams of
recently
at Berkeley,
metal
ions have been produced. 5 The MEVVA source
(MEtal Vapor Vacuum Arc) can produce long pulse ion
beams from any solid electrically
conducting material.
A beam current of over 1 A uranium has been extracted.
Recently the MEVVA source has been operated at GSI.’
voltage of 40 kV,
40 mA of uranium, at an extraction
has been transported
through a single-gap
accelerating
column at a voltage of about 150 kV, 4 mA of U*+ and
5 mA of U’+ could be measured at the exit of RFQ.
Further
development of the MEVVA source is needed to
achieve
the reproducibility
standard
necessary
for
stable accelerator
operation.
For the preacceleration
an experimental
test
injector,
designed as a prototype
for the two UNILAC
will
be modified
to get the technical
injectors,
standard
as existing
at the UNILAC injectors.
A
development has been started
to combine extraction
and
preacceleration
to one system in order
to avoid
experimental
the
beam. The first
aberrations
of
results
are encouraging.

The Design of the New Injector

Beam Transport

(b)

Fig.

2:

r-7

-

high-current
the
layouts
of
Different
injector
a) Beam from MAXILAC. after stripping
will be
injected
into the LEBT of UNILAC.
b) A complete new prestripper
accelerator.

The scheme of the high-current
in Fig. 3.

is

shown

Behind the preaccelerator
a mass separator system
follows.
Full beam transmission
and mass separation
is
only possible
if a high degree of space charge compensation can be achieved. Beam experiments
were carried
out at a test stand with krypton and xenon beams.’ The
beam was extracted
with 30 kV and transported
through
a 90° bending magnet. The measured mass resolution
indicated
a high degree of space charge compensation
in this experimental
set-up.
For the injection
into
RFQ section a beam transport
system has been designed.
The bending magnet will
be installed
directly
behind
magnetic quadrupole lenses will
the DC preaccelerator,
be installed
for beam transport
to the RFQ input end.
For the transport
line the quadrupoles
are designed
for full space charge dominated beams by the following
reason. In beam experiments
at GSI’ it was found that
the transport
of a partially
space charge compensated
beam in a quadrupole channel may deteriorate
the beam
Though the space charge force was reduced,
quality.
the measured emittance
growth was higher than it was
measured with an equivalent
full
space charge domiare planned with the
nated beam. Beam experiments
are
electrodes
line.
Clearing
designed
transport
foreseen to remove the electrons
from the beam.

I

I

Fig.

injector

3:

Plan view of the high-current

injector

The injector
system consists
of a 300 kV DC preaccelerator
with
a high-current
ion source.
The
following
13.5 MHz RFQ structure
will
accelerate
the
ions from 2.3 to 130 keV//u. At that energy the ions
are stripped
to charge states comparable to the ones
delivered
from the Penning ion sources. After charge
analysis
the ions will
be accelerated
by a short new
accelerator.
At the energy of 216 keV/u the ions will
be injected
into
the Wideroe tank 2 for
further
acceleration.
In the following
sections
the design
status of the different
subsystems will be reported.

RFQ Accelerator
The RFQ accelerator
for the high-current
injector
will
accelerate
the ions from 2.3 to 130 keV/u. The
theoretical
current limit
is 0.2
A/< emA (A - atomic
mass number, t = charge state).
The minimum chargeto-mass ratio
is 0.008. Singly
charged ions will
be
l

300

I
injected
up to xenon, for heavier elements the charge
state of at least two is required.
The total
length of
the RFQ section
is 26 m and consists
of 12 modules.
The present
status
of the RFQ development
will
be
reported
in a separate paper of this conference.
Now 5
modules were assembled.
At the output
energy
of
45 keV/u a current
of ‘1.5 mA Ar’+ was achieved.
Work
is continuing
to get the predicted
current
of about
8 mA Ar’+.
The most important
parameters of the.RFQ structure
are
summarized in Table 1.
Table

1:

Design

Parameter

List

Ion

A short accelerating
section
will
increase
the
energy from 130 keV/u to 216 keV/u, the input energy
for Wideroe tank 2. At present there are two altera short 27 MHz Wideroe tank
natives under discussion:
in n-r-mode
or a 27 MHz four-rod
RFQ with spiral
developed at Frankfurt
univerresonator
geometry,
For the Wideroe the additional
installation
of
sity.
permanent quadrupoles
in the drift
tubes mounted at
the inner conductor
would increase
the space charge
limit.
A decision
between the both structures
is not
made up to now, man power and time schedule constraints
have to be taken into account.
For the longitudinal
matching from the 13.5 MHz
RFQ accelerator
to the 27 MHz structures,
two versions
are under discussion.
The first
version maintains
the
by 13.5
MHz- and 27 MHz13 MHz bunch structure
cavities.
A reduction
of high peak current by a factor
of two can be obtained
if the RFQ beam is debunched
and then rebunched at 27 MHz.
The reduction
of space charge would facilitate
along
the
beam transport
and acceleration
the
machine.The overall
efficiency
of both versions
have
to be examined in further
detail.
The design will
be
fixed at the end of 1986.
The bunching cavities
will be developed at FrankFor the 27 MHz resonator
a spiral
furt
university.
loaded
cavity is foreseen.
The required rf voltage of
about
500 kV will
be achieved
with about 80 kW rf
power. A coaxial
resonator
has been proposed for the
13.5 MHz buncher. An optimization
of this type is not
yet finished,
space limitations
complicate
the task.

RFQ Accelerator

of

1+
up to xenon
up to uranium
2+
5 0.2 - A/c emA
13.55 MHz
2.3 keV/u

Current Limit
Frequency
Input Energy
Output Energy
Total Length
Meah Aperture Radius
RF Voltage Amplitude
Kilpatrick
Number
Average Act. Gradient
Transverse Acceptance
Longitud.
Emittance

130 keV/u
26 m
6 mm

A/C * 1.2 kV
2.0
A/C * 5 kV/m
0.6 n mm mrad
80 TI deg keV/u

Beam Transfer

from RFQ to Wideroe

Immediately
behind the RFQ tank a gas stripper
will be installed
to achieve the charge-to-mass
ratio
required
for acceleration
in the UNILAC Wideroe tanks.
The stripping
energy was extrapolated
from measurements at the UNILAC; the lowest
energy there was
216 keV/-u. Most recently
measurements
have been
out at 45 keV/u with the RFQ beam. In Fig. 4
carried
the measuring points for xenon and argon are plotted
and are compared with earlier
measurements.
I

25 I-'

20r

0
*

Ref. 10
RFQ

0

urdac

1

Unilac

The high-current
capability
requires
modificahave to
tions at the UNILAC, too. The rf transmitter
upgrade for the high beam loading.
A new rf amplitude
control
electronics
has to be developed.
Beam diagnostics
capable for high beam intensities
have to be
installed
along the Unilac.
In addition,
non-destructive
beam transformers
and high power faraday-cups
will be installed.
The UNILAC will
be prepared
for time sharing
operation.
Energy, ion species and also beam intensities
should be variable
from pulse to pulse. This
project
will be described
in a separate paper of this
conference.”
Schedule
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The complete conception of the high-current
injector
should be fixed until
the beginning
of 1987. After a
construction
time of about 2.5 years first
operational
tests are scheduled for the end of 1989.
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The measurements confirm the selection
of the stripping energy, the charge states 2+ for Ar and 6+ for Xe
should be achievable
at 130 keV/u. The behavior of the
stripper
at high current
load could not be studied so
far. The output intensity
of the RFQ linac has to be
increased,
high intensities
of Xel+ up to about 20 mA
are only possible
if a new rf transmitter
will
be
installed.
Due to the stripping
efficiency
of 20 - 30 I and
the increase
of the charge state,
about
the same
electrical
current
will
be expected for the charge
state used for further
acceleration.
A bending magnet,
positioned
directly
behind the stripper,
separates the
charge states.
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THE UNILAC AS A FAST SWITCHING, VARIABLE ION AND ENERGYACCELERATOR
J. Clatz
GSI, Cesellschaft
fllr Schwerionenforschung
mbH
Postfach 110541, D - 6100 Darmstadt, FRG
Work is in progress
to extend the Unilac heavy
ion linear
accelerator
facility
through the addition
a synchrotron
(SIS), and a
of a high current injector,
operation
ring’.
For efficient
of these
storage
facilities
the scheme of time share operation
has been
adopted for the Unilac:
beams of differing
ion species
and current
will
be extracted
from one of three
injectors,
be accelerated
to the desired energies and
be delivered
into one of three experiment areas or to
the SIS.
The performance of the Unilac under these operating conditions
has been studied
theoretically
and
experimentally,
and it was found that d.c. powered
within
accelerating
tanks
will
focusing
systems
accomodate the range of desired
ions (Ne to U) and
energies
(3.6
to 16 MeV/u). RF-systems,
transverse
matching
sections
and switching
magnets are to be
operated in a pulsed mode with varying fields.

for some 30 RF stations
are
troni .cs and control-svstem
being adapted for this task. Means to solve the beam
loading
problem (up to 200 kW per cavity
for uranium
beams) are under study.
The Unilac accelerating
2. Transverse Focusing:
structures
of the Wideroe-,
Alvarezand single
gap
1) employ periodic
magnetic
resonator
types (see fig.
quadrupole focusing.
Using their
bandwidths over magnetic ion rigidity
eliminates
the need of pulsed field
for the varying
beams. This will be demonadjustment
beam matching in
strated
below. However, transverse
nearly all transport
sections
requires
pulsed lenses
with field
settling
times of 15 ms.
The
Beam Diagnostics
and Control
System:
3.
individual
beam signatures
per pulse ask for selective,
synchronized magnet setting
and beam diagnostics
evaluation,
which the present control
system does not
provide.
A temporary solution
for the beam diagnostics
is to trigger
their electronics
only on the occurences
of a selected kind of beam. Magnet power supplies will
be connected
to the sufficiently
powerful
new SIScontrol
system which is linked
(by Ethernet)
to the
Unilac controls.

Introduction
The Unilac heavy ion accelerator
is designed to
produce beams of any ion with energies up to 20 MeV/u.
It operates at 50 Hz with duty factors
of typically
25 $, leaving 15 ms intervalls
between beam pulses. As
an injector
for the heavy ion synchrotron
SIS the
Unilac
will
have to deliver
on demand interspersed
single
beam pulses of different
ion species,
energy
and current.
For this
purpose,
and with benefits
to the ususal
operation,
the Unilac is now being modified
for time
share operation
(similar
to the Superhilac
at LBL in
Berkeley).
The aims are, as development progresses,
to deliver
on a pulse-to-pulse
basis varying
ion
beams :
- two or three
low current
beams of the same ion
species,
but of differing
energy,
to some experimental areas (energy switching)
- a low current
and a (space charge dominated)
high
current
beam of the same ion and differing
energies
to the experimental
area and the SIS, respectively
(current
switching)
- independent
beams of different
ions,
currents
and
energies (ion switching).
Pulsing

Bandwidth

1:

in Accelerating

Cavities

Energy Switching
Uslnn the same ion. different
ion energies are to
be produced in the post&ripper
area. With the quadrupole field
gradients
set to design-values
for the ion
in use, constant phase advances of ua = 45’ result
in
gap resonators
at full
the Alvarezand single
acceleration.
Partial
energies are achieved by turning
off some cavities.
While the beam drifts
through these
accelerator
structures,
the ion rigidity
deviates more
and more from
the
increasing
design
value
with
acceleration,
leading to greater phase advances up to
Due to the absence of rf defocusing
and of
9o”.
emittance shrinking,
the effective
radial
acceptances
change.
2 shows the acceptances
of Unilac
Fig.
to the maximum beam emittance
cavities
relative
(1 n m m mrad normalized)
over relative
beam rigidities
(with value of 1 for the accelerated
“design ion”).
The acceptance graphs were computed after the conserObviously there
vative periodic
approximation
model.
is no difficulty
to accelerate
ions or to transport
any change of the focusing
them at 3.6 MeV/u without
strengths
in the RF cavities.
However, this
is not
true for the intertank
sections.

the Unilac

1.
RF-Systems: For proper
ion acceleration,
RF
power-on/off.
amplitude
and phase must be controlled
according
to the kind of beam in each pulse.
Elec-

Fig.

of Focusing

Plan view of Unilac showing the different
accelerating
structures
tions as specified
for the poststripper
area. Part of the new high
left.

and pulsed transverse
matching setcurrent
injector
is sketched on the
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provided
by the new high current
injector’
for the
Unilac,
presently
under construction.
and bunch duty factors
as
High beam intensities,
space charge defocuslow as lo-’ lead to significant
ing throughout
the Unilac,
ranging up to a factor of 2
over RF-defocusing.
Resulting
maximum transverse
tune
and 60~
depressions
are 45’ + 30' in the poststripper
+ 300 in the prestripper
sections;
in the latter
the
quadrupole
gradients
may be increased by 20 % in order
to obtain phase shifts
of 90' + 75’ and larger acceptantes.
In fig.
3 the fat
ion path line
is for the
design ion under these conditions.
The acceptance bandwidths are drastically
reduced
on the high rigidity
side only. Therefore
the energy
switching
scheme may be applied
simultaneously
with
any beam current
switching.
In ion switching
mode
under space charge the range of rigidities
is limited
to 1:2 in the poststripper
section,
which may be taken
into account in the operating
schedule.
However, even all-ion
operation
is still
possible
if the range of ion rigidities
is reduced by using a
pulsed gas stripper
with lower gas pressure for light
ions, leading to lower charge states at peak intensity
(for example Ne*+ instead of Ne’+). With the focusing
systems adjusted
to Sm”+ instead of Kr16+ the Unilac
will then accept all ions.
The resulting
ion schedule is included
in fig.
3.
of beams
Arbitrary
choice of ion, energy and current
would be permitted
at fixed focusing
strengths
in the
accelerating
cavities.
of the low acceptance
in the
An improvement
permanent
Wideroe-tanks
can be achieved by installing
magnet quadrupoles
into the - now empty - drift
tubes
on the inner
conductor
(every other of all
drifttubes).
Focusing properties
will then be very similar
to those of the Alvarez cavities.
The electromagnetic
quadrupoles
would still
allow
for
sufficient
fine
tuning.
3
!I.‘Lc”,”
gs
- 16ME”/”
NI”
$g.I?- a
rp

Acceptance
of Unilac
accelerating
sections
over beam rigidity
at fixed drifttube
quadruAcceptance is normalized
to the
pole fields.
_ maximum beam emittance
of en = 1 mm mrad,
rigidity
is relative
to that of accelerated
Kr”+.
Some ion paths for “energy switching”
(fat lines)
are shown together
with extreme
cases of “ion switching”:
full
energy U beam
and low energy Ne beam (light
lines).
Bandwidths are sufficient
for this range of ions
Transverse
phase advances are
and energies.
indicated.

Ion Switching
- Low Current
For the most of flexibility
it is desirable
to
choose the ion species for different
targets
independently.
With the same energies
per nucleon
at each
section
of the accelerator
the ions span a range Of
rigidities
equal to the range of their mass-to-charge
ratios.
which are 20 to 24 in the prestripper
and 3.3
to 8.5 in the poststripper
area. Choosing Kr as the
design-ion
and adjusting
the focusing
systems accordingly puts all the ions within
the bandwidth
of the
accelerator
as is depicted
in fig.
2 by the light
ion
light
ions of low energies
path lines.
In addition,
(down to 3.6 MeV/u Ne) can be transported
and extracted as is proven by the more accurate
particle
simulations.
Note that in this scheme U-ions in the first
Alvarez
cavity
lie
close
to the bandlimit
with
of only 2 times
00 - 100, and an acceptance surplus
the beam emittance
results.
Generally,
if the two ion
species to be accelerated
are not Ne and U, best use
of the acceptance could be made by choosing
for the
focussing
magnet setpoints
a design-ion
with a massto-charge
ratio
half-way
in between those
of the
beams.

Fig.

Ion Switching
- High Current
For complete
filling
of the SIS,
peak beam
currents
of the order of 1 pmA are required
in the
Unilac.
This is an increase
by a factor
of 1000 over
the up-to-date
performance.
Appropriate
beams will
be
303

3:

Unilac
acceptance
zero and high beam
for 20 mA ULD+/8
stripper
section.
widths still
allow
charge states
for
shown.

plots
(as in fig.
2) for
currents.
Light curves are
mA Uz8+ in the pre-/postReduced acceptance
bandall-ion
operation
if low
light
ions are used as

Transverse

Emittance

Matching

Local
acceptances
at cavitiy
boundaries
were
determined
as the largest
matched beam emittances
fitting
into the drifttube
apertures.
The transverse
parameters of such beams show a strong dependence on
the focusing strength
(- B’/Bpl and on the defocusing
and/or
accelerating
space
charge
parameter
(by
At fixed gradients
B’ the dependence on beam
fields).
In symmetry positions
of the
rigidity
is prominent.
focusing
periods
the beam ellipses
are on axis and
their parameters behave typically
as shown in fig.
4;
some resulting
local acceptance ellipses
are given in
is accomplished by
fig. 5. Matching between cavities
separated
magnetic quadrupole
triplets,
which transform such ellipses
identically
over the intertank
distance.
With a large aperture of 6 cm in the central
quadrupole
no loss
of acceptance
occurs
in the
matching section
(fig.
5).
Field strengths
of the
lenses are to be adjusted
properly
-within
15 ms
between beam pulses,
depending
on beam rigidity,
current
and cavity
operating
mode (acceleration
or
transport).
An example for low current
is seen in
fig. 6).
Likewise,
a pulsed quadrupole triplet
is foreseen
to match the beam into the 9 m m diameter
stripper
aperture.
Beam parameters
at the Unilac exit can be
fitted
to the beam line
acceptance
by four pulsed
lenses in the single gap resonators.
Status
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matching
between
Two cases of transverse
accelerating
cavities
for beams with a magnetic
rigidity
ratio
of 4:l and transverse
phase advances of 10’ and 110’. Transformation of accelerator
acceptances
is accomplished without
loss. In figs.
5 and 7 these
cases are marked by letters
A and B.
Metcbg between Alwez Terk 3 end 4

and Perspective

Numerical studies using the particle
trace code
“Parmila” were performed for realistic
beams with and
without space charge. Results were even more favorable
than the estimates
in the periodic
approximation
1rwv6r6e Pha6e Admce R Alvuez Tank 4
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Rigkey

required
a matching

field
quadrupole
section
over beam

focusing
and matching methods for
model. Transverse
the energy and ion switching
mode have been tested
successfully
in the Unilac
poststripper.
For this
area, the necessary 30 laminated core quadrupoles,
20
steering
magnets and their pulsed power supplies
were
purchased and are being installed
into the accelerator
during
regular
shut-down
periods.
Real time energy
switching
will
be used to supply
several
target
stations
with different
beam energies
from 1987 on
when all pulsed components of the poststripper
1inaC
will be installed.
Space charge effects
in the stripper
area need to
be investigated;
this will determine how to rebuild or
two-beam
for
system
analysis
expand
the
charge
operation.
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In a Multiple
Electrostatic
Quadrupole
Array Linear
Accelerator
(SQALAC)
a number of parallel
beams is accelerated
simultaneously.
This device
is useful
for
exit
energies
up to 1 MeV per nucleon.
Radial
stability
is provided
by electrostatic
quadrupole
lenses placed
between successive
acceleration
gaps. The proof-ofprinciple
MEQALAC presently
available
at FOM features
to an energy
four He+ ion beams which are accelerated
of 120 keV. The resonator
cavity
has a modified
Interdigital-H-structure
and contains
20 acceleration
gaps.
Its resonance
frequency
is 40 MHz. We present
transmission
measurements
on injected
beams with currents
ranging
from 1 to 15 mA. The transverse
phase advance
per cell
of the quadrupole
channels
is varied
between
of 2.2 mA per channel
43" and 114". A maximum current
has been accelerated.
A design for a MEQALAC which will
be used for acceleration
of N+ ions to 1 MeV is presented.
This accelerator
will
be operated
at various
frequencies
to allow
for a variation
of theexitenergy.

FRG

VACUUM

Introduction

Fig.

Intense
ion beams with a current
in the mA range
and a MeV energy-are
of growing
importance
for many
fields
of physics.
Among those are diagnostics
of fusion plasmas and surface
treatment
of metals.
Furthermore, there are applications
in the fabrication
of
semiconductor
devices.
The motivation
to produce
this
type of beams with a RF accelerating
field,
instead
of
with a DC field,
is obvious:
a MeV energy is realized
without
the presence
of a MV voltage.
In many laboratories
Cockcroft-Walton
injectors
are being replaced
by
RFQ's for this
reason.
At the FOM-Institute
a new type of RF-accelerator
is studied,
namely the Multiple
Electrostatic
Quadrupole Array Linear
ACcel&ator
(EQALAC).
This device
was i;ventez
by MaEhke'.
It features
the simultaneous
acceleration
of a (large)
number of ion beams. They are
focused with electrostatic
quads, and accelerated
in a
sequence of RF-gaps.
This way the power which is needed to build
up-the
RF field
can be made an order of
magnitude
smaller
than in a RFQ, in which device
both
acceleration
and focusing
are done with the RF field.
The total
accelerated
current
in a MEQALAC is increased
via an increase
of the number of channels.
The output
energy is limited
to a value smaller
than 1 MeV per nucleon due to the use of electrostatic
quads.
Experimental
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gions between the gaps. They are arranged
in a FODO
structure.
The cavity
length
is 65 cm. The diameter
is
40 cm. The channel
diameter
is 6 mm.
The LEBT section
provides
space for pumping and a
drift
length
for the buncher.
The latter
device
is used
to match the longitudinal
emittance
of the ion beams to
the acceptance
of the accelerator
cavity.
It contains
two gaps and has an Rp of 70 kR and a Q of 330. The
four channels,
which each contain
34 singlet
quad lenses, have a similar
FODO structure
as in the MEQALAC
section.
The quad length
is 10 mm. The length
in between successive
quads is 7.5 mm. All lenses carry
the
same (absolute)
potential
except
for the first
five.
These are biased
independently
and serve to match the
transverse
emittance
of the extracted
beams to the acceptance
of the channel.
we present
measurements
on ion
In the following,
transport
and acceleration
through
the LEBT and the
MEQALAC section,
respectively.
For a more detailed
description
of the experimental
set-up
we refer
to Granneman et al.'
Transport

through

the

LEBT section

We first
discuss
transport
measurements
on the LEBT
section.
The buncher
is not excited.
These measurements
offer
the possibility
to study the transverse
limits
to
charged-particle
transport
(i.e.
the current
limits
related
to the magnitude
of the transverse
focusing
fields)
in isolated
form.
In the MEQALAC section
also
longitudinal
limits
play a role.
The current
measured at the exit
of a single
channel of the LEBT section
is shown in Fig.
2 as a function of the zero-current
phase advance per cell
u,. The
corresponding
quad voltage
varies
from 1.75 to 4 kV.
The current
which is injected
into the matching
section
is varied
from 7 to 16 mA.
It is seen that the output
current
rises
with increasing
u. for no< 90". This is consistent
with calculations
employing
Reisers
"smooth approximation"
'. How-

set-up

A schematic
of our present
proof-of-principle
experiment
is shown in Fig.
1. This device has been used
to accelerate
four He+ ion beams from 40 to 120 keV. It
consists
of a bucket-type
ion source,
a conventional
40 kV extraction
system,
a Low Energy Beam Transport
(LEBT) section
and the MEQEAC section,
The-latter
is
a modified
Interdigital-H-resonator
of the gX/L-type,
which contains
20 RF gaps. It is excited
in the TElll
mode. Its resonance
frequency,
parallel
resistance
and
quality
factor
are f,=40
MHz, RI,= 16 MC and Q=1800,
respectively.
The resonator
is designed
to be operated
at a synchronous
phase $s of -38".
Electrostatic
quadrupole
lenses
are placed
in the field-free
drift
re305

It is clear
from Fig.
3, that the formation
of a
sharp longitudinal
focus is more difficult
with increasing
space charge.
At a current
higher
than 7 mA
the beam is hardly
compressed
in our range of buncher
powers.
In contrast
to this,
a compression
of a factor
of 5 can be obtained
for an injected
current
of 1 mA.
The required
buncher
power is 50 W, which result
is
consistent
with an elementary
calculation
on the bunching of ion beams with negligible
space charge.
For injected
currents
upto 12 mA per channel,
we
have investigated
if the transmission
is altered
when
the buncher
is excited.
Only a very small decrease
is
observed.
0'
LO

Acceleration

I
60

80

100

120

with

the

MRQALAC system

Results
on acceleration
with the MEQALAC section
are presented
in Fig. 4. Shown is the current
measured
at the exit
of a single
channel
of the accelerator
cavity,
as a function
of the RF-power coupled
into it.
The synchronous
phase varies
with varying
RF power.
The
injected
current
is 0.84 mA. The transverse
phase adpresented
vance per cell
no is 84" for all measurements
According
to the results
of Fig. 2
in this
section.
this
is in the range where the transverse
limits
to
charged-particle
transport
are weakest.

PHASE ADVANCE PER CELL [DEGI

%5-

2. The cwlhent
meabuted at tie exit
06 a &ing.ee
c nnel 06 tie LEBT de&ion,
M a dun&ion
06 tie
ztio-cater&
phase advance peh cell
vo.-

ever,
the measured current
is a factor
of 2-3 smaller
as calculated
for a filling
than the Reiser
limit,
factor
of 70X of the channel
cross-section.
Furthercurrent
decreases
with increasing
u.
more, the output
for u,>90".
This probably
is related
to the occurance
of (parametric)
instabilities4.
The current
has its
maximum value for 60" <uo<90".
This maximum is higher
at a higher
value of the injected
current.
Note, that
the particles
losses
also increase,
so that the transmission
decreases.
A transmission
of 100% has been obtained
for injected
currents
smaller
than 7 mA, and a
no in the mentioned
range.
The smallest
injected
current that we have investigated
amounts to 0.8 mA.
We have also measured the RMS-emittance
at the
and compared it to the iniexit of the LEBT section,
tial
value.
A typical
increase
of a factor
of two is
observed.
There is no correlation
with the injected
current
or with u,.
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It is seen in Fig. 4 that the accelerated
current
increases
with 50% when the buncher
is excited
with
60 W; a higher
buncher
power does not lead to a further
increase.
This is in sharp contrast
with the measurements in Fig. 5, where the results
for an injected
current of 6.4 mA per channel
are shown. In this case the
buncher
hardly
has any influence.
This behaviour
is
consistent
with the measurements
in Fig. 3, which have
shown the limits
to longitudinal
focusing.
Thus, it is
worthwhile
to increase
the longitudinal
acceptance
of
the accelerator.
This will
be done in a follow-up
experiment.
It is deduced from Figs.
4 and 5 that also in the
MEQALAC section
a higher
accelerated
current
is obtained at a higher
injected
current,
at the expense of a
smaller
transmission.
The maximum current
which we have
accelerated
is 2.2 mA per channel.
The current
accelerated
through
four parallel
channels
is within
20%
equal to four times the values
in Figs.
4 and 5. This
20% discrepancy
is attributedtomechanicalmisaligmment.
We next discuss
measurements
on the energy distribution
of the accelerated
particles.
These measurements

012mA

OO

loo

zoo

300

400

BUNCHER POWER [WI
Fig.. 3. The FWM bunch &ngfh
measwzed at the exit
a &ngee
channel
06 tie LEBT de&ion,
a6 a dunction
tie buncha
powm.

06
06

Next, we discuss
measurements
on bunched beams.
In Fig. 3 the bunch length
at the exit
of the LEBT section
is shown as a function
of the buncher
power,
for
an injected
current
of 1-12 mA per channel.
It is measured with a 50-R Faraday cup. The buncher
is excited
at 40 MHz, so that the "bunch length"
of a continuous
beam is 25 ns. The transverse
phase advance per cell
p. is 60".
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bunching
of low energy ion beams. These limits
will
be
less severe at a higher
particle
energy.
Therefore,
in
the next stage the "gentle
bunching"
mechanism will
be
employed;
the synchronous
phase $s then smoothly
increases
from the first
towards
the last accelerator
gap. This is achieved
via a proper
choice of the drift
lengths
in between the gaps. With this approach,
bunch
formation
is completed
at an energy which is significantly
above the injection
energy of 40 keV. Thus,
space-charge
related
limitations
are weaker.
An additional
advantage
is that a separate
buncher
is superfluous.
We remark that the longitutinal
acceptance
can
in all gaps. This is due to the
have the same value
fact
that at a higher
particle
energy,
a given acceptance is obtained
at a higher
$+. The acceptance
increases
with increasing
energy in the present
experiment, in which OS amounts to -38" in all gaps.
We shall
investigate
the possibility
to vary the
exit
energy of the ion beams. A change of the resonance
frequency
is required
for this.
This will
be achieved
via a change of the resonator
width,
which is equivalent to a change of its inductance.
Our resonator
shall
have a rectangular
cross section
for this purpose.
The
width
is changed by mounting
different
side plates.
Measurements
on a scale model have shown, that a frequency decrease
of the order
of a factor
of fi is feasible.
The width
is enlarged
with a factor
of 2 to
achieve
this.
The corresponding
reduction
of the exit
energy is 50%.
the characteristic
parameters
of the new
Finally,
resonator
are given:
resonance
frequency
25 MHz, reso100 cm, RF
nator
length
170 cm, width
50 cm, height
loss power 35 kW, number of gaps 25, gap voltage
50 kV.
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See Fig. 4.

are done with a magnetic
for an injected
current
in Fig. 6, for two values
buncher
is not excited.
shift
to the low energy
when the resonator
power

analyzer.
The distribution
of 3.6 mA per channel
is shown
of the resonator
power.
The
The central
peak is seen to
side with an amount of 10 keV
is increased
from 400 to
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In the next stage of our ex eriment
we shall
build
P
a new MEQALAC, with which four N ion beams are accelerated
from 40 keV to 1 MeV. The total
current
is
5-10 mA. The same device can be used to accelerate
Li+
ions to 500 keV. In this
section
we briefly
discuss
its essential
features.
The present
experiment
clearly
shows the limits
to
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RFQ LINACS
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CONSTANT
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Table

where-each
of the
four
RFQ's
are
considered,
electrodes
consists
of an inner
continuous
pipe
covered
with
a sequence
of appropriate
pieces
of outer
pipes.
The acceleration
rate
then.varies
with
the
length
of these
outer
sections.
As a consequence
of such
a simple
construction
pattern
the
buncher
design
principle,
usually
based
on constant
phase
advances,
has to be
abandoned.
The paper
presents
prototypes
and
discusses
acceptances
and beam currents.

iinput
V
R

Principles

eVAlOsin$S

(the
nal

-

eVAo1
+ 7'1 mwza112

2mv2

being
neglected),
AZ1 -term
phase
advance
per
cell

(1)
longitudi-

eVAlosinQs

uf
;;T=
as well
length)
relates

the

(2)

mv2
as the
longitudinal
are
kept
constant.
the
synchronous

v" (1

-

$,ctg@,)

aperture
This
last
phase
to the

(bunch
condition
velocity

= const.

WE3-23

MODULATION

am Main,
Germany

1
7.5
54
10.5
12.4

keV
MHZ
kV
mm

Toutput
@s range
a

60 keV
60"
- 30"
4.5
mm

transverse
acceptances
of subsequent
6X cells
although
at increases.
This
is
do not
match,
2, drawn
acceptances
being
deshown
in figs.
rived
at observance
of conditions
(2)
and (3).
Therefore
only
the
common area
of all
acceptances can be utilized
for
the
beam and a certain
loss
in acceptance
and beam current
must
be taken in account.
As the
longitudinal
emittance
of the
DC beam is still
small
at the
beginning,
A 1o becomes
as small
as possible,
i.e.
the
first
slice
should
be as thin
as possible.
However,
a finite
limit
of Alo
exists
and this
cannot
be brought
down to arbitrary
small
vawhen the
modulation
is
lues,
as is the
case,
variable.
In a conventionally
designed
linac6
where
data
are
the
same asin
table
1, Alo
e.g.
along
the
buncher.
Our
ranges
from
0.07
- 0.5
design
possibilities
are
shown
in fig.
3, where
modulation
m = 2R - D1/2R
- D2 is taken
as the
parameter.
A constantmodulationthroughout
the
linac
seems
unfavourable.
Small
modulation
at
the
beginning
corresponds
to small
acceleration
rates
later
in the
linac,
large
modulation
giresulting
in small
transves too
large
Alo
verse
phase
advances
and acceptances.
Thus
our
study
implies
two modulations
namely
1.6 and
1.75,
cells
1 - 6 are
equipped
with
1.6
(part
I),
7 - 12 with
1.75
(part
II).
Regarding
the
transition
from
part
It0
II
our
calculations
of matchina
the
acceotance
of cell
7 to the
emittance
is given
by the
common areas
of figs.
2 showed
that
again
matching
turned
out
optimal,
when the
transverse
phase
advances
of
cells
6 and 7 agreed.
Figs.
4 demonstrate
this
transverse
matching
of II
to I and furthermore
the
figures
indicate,
how the
acceptance
of any following
cell
in II
covers
all
corresponding
forthcoming
ones.
The longitudinal
behaviour
is shown
in fig.
5, and figs
6a,b
and 7show
the
performances
of acceptances,
when the
beam carries
2 mA corresponding
to a tune
depression
of
about
0.4
in cell
no.
1. Fig.
8 comprehends
relevant
data
of such
a linac
and in fig.
9
a
photo
of a rod
is shown.
For
all
determinations
of relations
between
field
harmonics
Alo,
Aol,
Azland
geometric
conwith
iterations
ditions
D1, DZ, R, 8X together
necessary
for,the
design
we used
the
procedure
here
we adapted
a new
described
in
however,
3D potential
tide'
to RFQ proportions
and installed
it
into
our
mesh net
routine
of '.
Finally
table
2 shows
how this
study
compares
to
As a second
example
we used
this
the
ana10gue6.
method
for
the
design
of a 108 MHz analogue
to
our
RFQ linac
as described
in '.
Table
3 informs
on the
comparison
of both.
We can conclude
saying
that
for
not
too
high
demands
in acceptance
and beam current
our
simple
setup
of an RFQ linac
seems
suitable.
Computations
were
carried
out
at the
HRZ of
the
university
of Frankfurt.

In our
aim of investigation
RFQ setups
with
a construction
as easy
as possible,
we studied
where
each
of the
four
rods
four
rod
linacsl,
consists
of an inner
continuous
pipe,
on which
appropriate
slices
of outer
pipes
are
brought.
1 show the
principle.
When the
acceleraFig.
tion
parameter
Alo
of the
corresponding
potencan only
be varied
with
the
tial
expansion2*3
length
of the
slice
as a consequence
of chosing
uniform
parameters
D1, D2 at a given
distance
R of optical
and rod
axis,
the
buncher
cannot
be developed
in the
usual
manner's5.
The‘convention
is that
the
three
quantities,
namely
the
transverse
phase
advance
per
cell,
in smooth
approximation
given
by
"'t
7=

AND
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H. Deitinghoff,
A. Harth
Angewandte
Physik
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Universitat
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Design

APERTURE

(3)

Such a design
guarantees
almost
perfect
matching
of subsequent
cell
acceptances
both
for
transverse
synchronous
and longitudinal
particles
moving
on the
axis.
The constant
in (3)
is given
by the
input
velocity
v as well
as the
starting
synchronous
phase
I$~ chosen.
When bunching
is finished,
further
acceleration
is accomplished
with
constant
synchronous
phase
os,
usually
300,
and maintenance
of
(lj
with
ut =
const.
is then
possible.
f = w/2n
stands
for
the
radiofrequency,
e/m for
the
specific
charge
of particles,
protons
in this
study,
a means
the
inner
aperture
(s.
figs.
1) and v the
voltage
between
rod
neighbours.
Table
1 comprehends
data
of this
study
object,
which
we regard
as exemplary.
Performances
Comparing
figs.
la and lb it
seems
evident
that
with
identical
diameters
D1, DZ and distance
R resp.
the
transverse
phase
advance
cannot
be kept
constant.
The consequence
of
this
inconvenience
is that
to some degree
308

Table

2
total
lenath

[c;;11

this
study
facility6

49.77
46.28

Table

RFQ

3

mean
act.
rate
[keV/cml

u
G

1.32
1.22

-

[mAI

0.4
0.4

2
5.5

75"
0.05
60"

1
total
length
energies
f
a
R
V
total
section
number
number
of buncher
sections
I(0.4)

J.J-oj

zero
current
transverse
acceptance
In mmmrad]

9
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t

t

4
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E
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study
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82 cm
10 - 300
108 MHz
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Fig.
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Introduction
The split
coaxial
resonator
(SCR)
conceptlsz
for
RFQ accelerators
was further
developed
at
our
institute3.
In opposition
to earlier
dewhich
employed
drift
tubes
and focussigns,
sing
fingers
(proton
model,
Maxilac)',
the
accelerating
structure
now consists
of trapezoidally
modulated'
continuous
electrodes
(fig.1).
These
have
the
advantage
of easier
manufactumainly
of much betbetter
cooling
and
ring,
ter
mechanical
alignment.
An SCR accelerator
of this
type
has been
built
to investigate
RFQ
funneling6
and to study
beam loading
effects.
In addition
the
computational
programs
for
electrode
Prof.ile
design
can be experimentally
verified.

1

ion
RF frequency
energy
aperture
radius
modulation
-RF voltage
max.
beam loading
synchronous
phase
ElFrent
resonator
structure
Rp-value
Q,-value
*

supported

limit
(It
length
length

by

of

+s
q

11)

the

A.

Schempp
am Main,
FRG

Results

The SCR-RFQ
was operated
with
protons
and
H:-ions
at different
RF voltages
up to 14 kV
q
8.65
kV for
H+).
To test
RFQ design
and
(U,
beam dynamics
without
space
chargea
low
proton
current
(s 500 uA) was used.
In this
case
then
transverse
phase
advance
uot
can be varied
over
a range
from
27"
- 70".
Figs.
4 a-e
show
the
energy
spectra
for
protons
at different
RF
voltages.
As the
measurements
prove,
the
protons
are
already
accelerated
at very
low
RF
voltages.
The energy
increases
slightly
with
the
applied
voltage
and reaches
46.8
keV/N
at
the
design
value
of 8.65
kV. At this
point
there
is a significant
increase
in intensity
and the
energy
spread
is reduced
to a minimum.
This
narrow
spectrum
only
appears
in averY
small
range
(+ 50 V) around
the
design
amplitude.
If
the
voltage
is raised
tohigherlevels,
the
energy
spread
increases
againand
also
the
beam energy
is shifted
to slightly
higher
values.
The agreement
with
the
corresponding
calculated
spectra
as shown
in figs.
5a-e
is good.
Also
the
energy
distribution
as a function
of
RF voltage
takes
a similar
course.
The structure
of the
beam bunches
(figs.
6a-e)
was measured
at the
same voltages
as the
energy
spectra.
At the
voltage
of 6.4
kV the
bunches
are
already
well
separated,
which
confirms
that
the
ion
beam is already
accelerated.
With
an increase
of the
applied
voltage
there
is a raise
in intensity
and the
bunch
length
decreases.
At the
design
voltage
a very
symmetrical
and narrow
bunch
with
a high
intensity
is observed.
The bunch
length
of 5 ns
= 30"
corresponds
to the
synchronous
phase
$
-..in the
acceleration
Dart
of the
RFQ. Tge two
maxima
of the
bunch
structure
indicate
that
the
spiral
shaped
particle
distribution
stands
just
upright
in the
separatrix.
For higher
RF

Layout

Parameters

Klein,
Frankfurt
am Main,

Experimental

The RFQ is designed
to accelerate
high
curfrom
6.15
keV/N
to
rents
of protons
or H:- ions
an energy
of 46.8
keV/N
at a resonance
frequency of 49 MHz. As RF power
at this
frequency
is
presently
limited
to 1 kW, the
design
of the
accelerator
had to be chosen
so that
an RF voltage
of 12 kV is sufficient
to accelerate
protons
to the
required
energy.
For
this
reason
the
synchronous
phase
0s has to start
at a value
of 60"
in the
bunching
section
to reach
30"
at the
acceleration
part
of the
RFQ.
The Rp-value
of
180 kR (QO = 4500)
is relatively
high
for
this
type
of resonator.
This~
is achieved
by the
low capacitance
of the
continuous
electrodes
and by introducing
spiral
contacts
between
the
inner
and outer
conductor.
Structure
data
and beam parameters
are
listed
in table
1.
Table

H.

The trapezoidal
modulation
(3=0.4)
of the
elecresults
in a higher
acceleration
rate
trodes5
Alo
compared
to the
ideal
profile.
This
permits
a decrease
of the RF voltage
by 15 % and
of the
modulation
by 20 % leaving
the
synchrotransverse
phase
advance
nous
phase
@s and the
uOt constant.
The lower
modulation
ratio
(rmin
= 1.8)
also
contributes
to the
mechanical
Irma
rig1 2. lty
of the
quadrupole
structure.
Fig.2
shows
a comparison
of the values
of acceleration
rate
Alo,
focussing
strength
A,,,,modulation
and aperture
for
ideal
and trapezoidal
profile
along
the
RFQ'.
The experimental
set-up
is schematically
3. The ions
are
extracted
from
a
shown
in fig.
duoplasmatron
ion
source
by a single
aperture
accel-decel-system.
The focussing
of the
beam
into
the
radial
matching
section
of the
RFQ
was originally
done
with
two electrostatic
einRecently
these
were
replaced
by an
zellenses'.
iron
capsuled
magnetic
solenoid
lensee,'
with
specially
shaped
pole
tips
to reduce
spherical
aberrations.
Also
this
lens
gives
a certain
amount
of mass separation.
For beam analysis
behind
the
RFQ a water-cooled
Faradaycup,
a
fast
50 R cup and a bending
magnet
were
used.

-

A split
coaxial
resonator
with
a trapezoidally
modulated
four
rod
accelerating
structure
has been
built
to accelerate
high
currents
of protons
or Hz-ions
to an energy
of 46 keV/N.
It will
be used
to investigate
RFQ funneling
and to study
beam loading
effects.
First
experiments
showed
that
70 % of the
current
limit
can easily
be reached.
Higher
currents
are
expected
by an upgrading
of the
RF power.

Technical

WES-34

CURRENT RFQ ACCELERATUR
USING A SPLIT
COAXIAL
RESONATOR WITH A FOUR ROD STRUCTURE*

SCR-RFQ
Hz,
H+
49 MHz
- 46.8
keV/N
6.15
mm
6 - 4.5
1.16
- 1.88
8.6
kV/N
30 4:
o - 30"
f;! 5O
(84 %) H:
8 ;A
0.5
m
26 BX/2
Q 180 kR
4500
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voltages
there
is a decrease
in intensity
and
an increase
of the
bunch
length
due to the
higher
synchronous
phase
Q, .
For measurements
near
t i e space
charge
liwith
an injection
energy
of
12.3
mit
Hz- ions
since
the
ion
source
can be
keV were
used,
extracwhere
80 % Hz are
operated
in a mode,
7 shows
a measured
energy
spectrum
ted.
Fig.
beam with
an output
of an accelerated
Hz- ion
current
of 3.4
mA. Although
only
60 % of the
design
voltage
could
be applied
here
an energy of 92.8
keV is reached.
This
effect
could
be predicted
from
the
experiments
with
protons.
The transmitted
H:-current
as a function
of RF voltage
for
different
injected
currents
mA) is shown
in fig.
8. For
low
(1.5
- 8.5
currents
the
transmission
is high
and the
accelerated
current
remains
constant
over
a wide
range.
With
an increase
of the
injected
beam
current
beam loading
rises
up to 30 % (beam
power
= 300 W), which
reduces
the
maximum
RF
voltage
from
14 kV to 10 kV, as the
RF power
is presently
limited
to only
1 kW. The dotted
line
in fia.
8 indicates
the
voltaae,
at which
the
transmitted
current
starts
to be-acceleraTheoretically
with
a starting
ted
(@, = O").
phase
of es = 60"
50 % of the
injected
DC
beam can be accelerated.
For an injection
current
of 8.5
mA the
measured
output
current
of
3.6
mA corresponds
to 85 % of the
theoretical
current
limit.
All
the
described
measurements
were
done
in
The influence
of beam loading
cw operation.
however,
be investigated,
if
the
RF is
can,
pul.sed.
A macropulse
of the
beam with
a length
of 700 us is shown
in fig.
9. There
is a significant
breakdown
in beam current
at beginning
of the
pulse.
The depth
of this
minimum
is a function
of the
injected
beam current.
To-make
measurements
with
a proton
beam
near
the
space
charge
limit
possible,
a new
ion
source-with
a high
proton
yield
will
be
installed
soon.
Also
an uoaradina
of RF power
is planned
in the
near
futire.
Thus
the
split
coaxial
principle
combined
with
a four
rod accelerating
structure
has proved
that
high
current
ion
acceleration
is possible
with
a relatively
moderate
effort.
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Abstract
A new accurate
and relatively
fast
formalism
has
been derived
for beam dynamics through
long accelerating elements.
This work was initiatedby
the developin particular.of
ment of heavy ion booster
cavities,
helix
type which present
no exact symmetry.
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from eq. (4) and (5) asthe gaps with respect
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This formalism
proved to be very accurate
(better
used in computercodes
4 .
than 1 X). ; it is currently
An estimate
of the residual
error
couldbeobtained
53 3
from the second order
term of the perturbation
theory
which is the basis of the treatment
D].
Unfortunately, the expression
resulting
from the use
of
Fourier
integrals
required
the use of approximationsonlyvalid
for short gaps as normally
used, with g of the order of
on the axis
extending
8X/4 (kg % rr/2)and
a field
E
over less than 8h/2 (transit'time
< IT).
New accelerating

devices

Apart from the incidental
use of proton
accelerate
a’s,
deuterons
or other particles
velocity,
heavy ion accelerators
often
use
with
in a wide range of velocities
to cope
particles
and different
energies.

The treatment
of acceleration
through
such devices
introduces
several
differences with respecttothe
one
described
:
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"thinlens"

2) even if multigap
cavities
can be treated
as a successionof
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and
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no ?
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component
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vS
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to
at
half
structures
different

While GSI use reentrant
cavities,
recent
superring
split
conducting
machines adopt spiral
ring
or
helices
Xor
resonators
with two or three gaps ; short
h/2 long,
with no gap and possibly
no exact
symmetry
(fig.
2 and 3) constitute
another
class.

vs being the nominal velocity
of the beam when crossing the gap. The actual
values
of T are then obtained
from Taylor's
expansion
around that velocity
with the
help of the derivatives
given above.
are

trajectory
which crosses
v
(different
from vs),
axis and slope r'.

formula).
In the 60 IS more elaborate
theories
c33
were
derived
giving
a general
definition
of T and justifying
the use of
a "thin
lens" method for thetreatment of a gap.

Fi8.

equations
which refer
to
a
the mid gap plane at velocity
phase 4, distance
r from the

One difficulty
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In a cavity
where the axial
Es field
is obtained
either
from computer
or experimentally,onecan
express
it in the form of Fourier
series
satisfying
all
the
continuity
conditions
of the FM field.
When there
is a
symmetry in z, the mid point
can be taken asoriginand
the expression
has the form :
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The extra
complication
resulting
from
an asymcororder
metry and the excellent
quality
of second
rections
led to the idea of treating
the full
accelerating
cavity
(2 or 3 gaps or helix)
as the second half
and antiof a double length
one (sum of symmetrical
symmetrical
fields,
see fig 5), using the
mid
cavity
values
(second
the
input
calculation
formalism
with
T and S
order corrections
have of course to include
equaltogether,plus
cross TS = ST terms).
terms,

(5.
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field

AW and A$ terms

The addition
of some amount of the
other
parity
field
gives
to either
symmetrical
or antisymmetrical
the possibility,
by about doubling
the computing
time,
to treat
an accelerating
cavity
having
some asymmetry.
Such a treatment
would of course still
make use of mid
lens"
formalism.
cavity
values
in a "thin

Such a type of Fourier
series
expression
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of
course be obtained
for any period
length
2L > 2L,.IfL
is thenchosen
such that kL=nn
with n small
integer,
one can compute.
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This correction
results
in very accurate
values.
even for very
long
accelerating
strucIn practice,
this
second order correction
has only to be aptures,
plied
to AW since it turns
out to
be extremely
small
for A$(( 0.1) and since Ar, Ar' corrections
would
be
meaningless,
being much smaller
than what results
from
any practical
misalignment.

time through
such devices
when treated
much longer
than 'II and can go upto4r
or

Field
distribution
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shown by
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and consider
p]T
(k) as the nth component
of
a new
Fourier
series
representing
the
field
(for
classical
single
gaps one would have n = 1) ; p]
is
an arbitrary
ncrmalization
factor,
T
being
dimensionless.
Fig. 4 showstypicalvaluesof
b] T(k) for a 3gap system.
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antisymmetricalfieldwhere
Es is the image of the actual field
for a < 0 (for
the computation
ofmidcavity values).
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Field
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This method has been tested
for the heavy ion Saclay booster.
Taking an extreme
case of very slow particles
badly accelerated
in a h helix,
fig.6a
shows as
function
of input
phase :

terms

WiththeFourierseries
Y
PIT(k)
for a XHeli.expression
the second oror 3 gap cavity.
der terms if
the
perturb'ation method which is the basis of the derivation
b]
take the form of series
instead
of
integrals.
Since,
with a small n (particle
Fourier
component),only
a few
terms of the Fourier
spectrum
are of
amplitude
large
and since in the second order correction
the square of
the term index j appears
in thedenominator
ofthevar-

Fig.
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the acceleration
obtained
from
routine
using predictor-corrector
but lengthy
(32 steps did not
theorem,
128 steps still
give
result).
(see Fig.7
which shows
r' and r along the cavity).

a 64 step integration
accurate
method,
preserve
Liouville's
a slightly
different
of v,
the evolution

the remaining
malism.

only

and when using

(a) It appeared that a good method to check the ezuctness of the correction terms ccmptation is to change
the vaZue of n : the results must remain constant.
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Input
values
non sinusoidal

error
1st

when using
and 2nd order

are directly
variation

used
of the

first

order

for-

terms.
; one can observe
energygainand
the
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Fig.
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Fig.
Fig.
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faster

error,
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same order

7. Evolution
catesthe

in-

A new formalism
for beam dynamics
through
long
cavities
with no symmetry required
and making a direct
use of input coordinates
has been derived
and tested
;
it proved to be extremely
satisfactory
up to
cavity
lengths
of a least
2.5 8X. Used for
helix
structures
it could be applied
as well to 2 or 3 gaps structures
of any kind.
Detailedcomputations
are given in ref. p].

as

100
6d simulation
(using
Used in a Monte Carlo
particles)
of the
48 cavity
linac,
fig.
8 shows the
input and output
longitudinal
phase space plotsandthe
: one can observe the emittance
r.m.s.
emittance
values
growth
(the adjustment
is not optimized).

Fig.

emittance
plots
in
Saclayboosterwithcanon-

Conclusion

6b shows similar
results
of the same cavity
particles
(maximum energy gain).

Such a computation,
including
computations
outputs
with r.m.s.
ter than the step by step routine
isfy as well Liouville's
theorem.

(deg.)

6b

6. Accuracy when using 1st and 2nd order computations:Energy
gain as functionof
input phase ;
6a) very
low
velocity
particles,
6b) average
velocity.

small
2nd order residual
the numerical
one.
for

UT

8. Example of longitudinal
put and output
of the
ical area values.

10

many intermediate
is 5 to 10 times faswhich does not
sat-

of velocity,
trajectory
slope
result
of thedirectcomputation
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low intensity
of ion sources, low ion velocity during injection
and low acceptance of accelerating
eection.
These difficulties
were
overcome after invention
in the USSR of RFQprinciple
and introduction
in our country and
abroad of multibeam array for initial
part,
in which the number of beam-lines decreases
with particle
energy increase.
It is expected that in each of 16 injection beam-lines 50 mA ion beam of Bi2+ will be
obtained.
Initial
acceleration
up to energy
of 10 MeV will take place in the RFQ at frequency of 6 MHz. Design and performances of
the prototype of such a section (6 m long)
tested at nominal RF field
levels are disCUSsed below. It seems that the results
of beam
parameter studies and of accelerating
sections investigations
obtained for the initial
part will permit to judge upon the validity
of accelerator
scheme as a whole because the
deein of the subsequent sections has been
tested at operating facilities
for ions with
higher charge states.
Main parameters list for the RF linac
(see Fig.11 is given in Table 1 3.
All beam-lines of the first
three sections
can be located in one vacuum tank. According
to estimates 30 mA beam would be captured for
acceleration
in each beam-line of the first
section.
In the main part not less than
500 mA pulse beam will be accelerated,
each
second separatrix
being filled.
It should be
noted that relatively
high output ion energy
requires to increase acceleration
rate; this
leads to momentum spread increase. As in the
main part only each second separatrix
is filled, debunching at the output can be improved,
In principle,
doubling of the number of beamlines in each section of the initial
part
could allow to increase mean beem current at
the output of linac,
but the momentum spread
will increase accordingly.

1. Introduction
For a number of years ITEP has been engaged in feasibility
studies for ICF power
facility
with heavy ion driver.
The proposed
driver scheme will include RF linac followed
by systems,for
beam storage, compression and
transport
-Estimate; made in ITEP 2 show that RF
linac has to provide a possibility
to hit fusion target with 20 GeV Bi beams and to deliver to it total energy of 9 MJ (400 TW
total power). To attain this goal RF linac
should have the following
parameters:
20 GeV
Bi2+ beam energy
500 mA
Pulse beam current
Pulse duration
&f&5
Momentum spread
Normalized emittance
0.2 cm.mracl
For a driver being coupled with four fusion
reactors
the linac will consump 810 MW, assuming linac efficiency
to be about 5m.
The.proposed block-diagram
of RF linac and
below. Aleo,
its performance ere diSCUSBed
some experimental
results
obtained during
start up of the first
section prototype with
5 mA Xe2+ beam accelerated
from 130 keV to
1.35 M2V are presented.
2. RF linac block-diaaam
Main advantages of linace in obtaining
ion
beam with predetermined kinetic
energy, as
compared to cyclic accelerators,
are:
- possibility
of accelerating
beams of any
desired pulse duration;
- relative
simplicity
of distributed
RF
power feeding and heat removal;
- ma,
finally,
simple and reliable
collimation and total beam extraction
at all
energy levels.
Difficulties
in accelerating
high current
low charged ion beams are primarily
caused by
Table 1.

Main parameters

Parameter
Number of beam-lines
f (MHZ)
RF structure
Focusing system
Input ion energy
Output ion energy
Mean current per beam-line
Section length

list

r

for

RF linac.

Initial
Section
16
6.19

Spirals
RFQ
200 keV
10 MeV
32 mA
16.4 m

I

Section

II

8
12.39

Spirals
RFQ
10 MeV
50 Mev
64 nut
62.7 m
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T- Main

part
Section

III

Section

4
24.78

2
99.10

WideGe
REC-

Alvarez
RECW~~W~~

600 MeV
128 mA
360 m

IV

2.5 GeV
256 mA
360 m

Part
1
198.2
Alvarez

REC-quadrupoles
2.5 GeV
20 GeV
512 mA
3296 m

Frequency of accelerating
field
in resonators
is optimized according to ion velocities. Exact frequency values in various sections are chosen in such a way as to use in the
main part of linac the frequency established
for the first
part of meson factory
being
constructed
by the Academy of Science of the
USSR.
3, Ion source
For linac injector
duopigatron
ion source
is developed. The main feature of its design
is vacuum separation
of duoplasmatron
and'
duopigatron
chambers by pulse electromagnetic
valve (shutter),
which opens only for a period necessary for penetration
of ions and electrons from one chamber to another. Similiar
valve is used for connection
of pigatron
ohamber with vacuum chamber of the injector.
Because of the valves injection
of vapours
and gases into each chamber can be made independently.
So ballaet
gas can be injected
into duoplasmatron
chamber while Bi vapours
will occupy pigatron
chamber. Among the elements which has A2200 Bi is the most suitable as working medium in the source. Pre.ssure
in each chamber can be set practically
independently.
Valve opening is 3.5 mm in diameter, delay time - 3 ms, holding time in opened position
- l-3 ms. Besides axial magnetic
field
there is an opportunity
to apply periferial
magnetic field
in pigatron
chamber.
Estimates show that at the source output we
can,expect
to have Bi2+ beam with current up
to 50 mA and normalized emittance EN = 0.03
cmomrad. At present the source is being prepared for tests.
At the first
stage it was decided to test
RFQ-structure
with Xe2+ beam. These ions were
produced in duoplasmatron
designed to use
noble gases as a working medium. Main features of the source design are cold cathode in
a form of hollow cylinder4
and pulse shutter?
The main advantage of cold cathode is long
life
time (many thousands hours) that permits,
inter alia,
to maintain stable injection
conditions
for a long time. Output valve allows
to receive desired high density of working
gas in discharge chamber and at the same time
to minimize inieakage into high vacuum chamber of linac.
For the ournose of time-of-flight analyses ion optic-system
was equiped
with control
grid. High voltage short front
pulses provided ion pulses of duration
from
0.5 to 10~13. Charge state of ions was determined by measuring transit
time of base space
between beam transformer
and Faraday cup.
Xe+, Xe2+ and Xe3+ ions at 65 kV injector
output (100 kV for Bi> were reliably
determined, unspite the fact that each eak on the
oscillogram
corresponded to Xe12 B-136 mixture.
Beam transportation
through matching channel
and test run of RFQ structure
were performed
on 16 mA beam and later on 28 mA beam measured at the injector
output.

bunched so as it is requirpd for the most
effective
capture in Wideroe and Alvarez
structures.
Our estimates show that in order to obtain
Bi beam with phase
30 - 40 mA accelerated
density j P 0.3 A/cm=mrad working frequency
should be chosen about 6 bll-iz. As it can be
seen from Table 1, the frequency of accelerating field
in the firs
RFQ section with lumped resonant elements 2 was chosen to be quite low (6.19 MHz) that permited to optimize
focusing regime and to inject
Bi2+ ions at so
low voltage as 100 kV. Main RFQ parameters
are given in Table 2.
The first
section of the initial
part consists of three parts:
shaper, buncher and accelerator.
In the second RFQ section beam is
accelerated
at constant synchronous phase.
Rigidity
of quadrupole channel iye!?
ortional
to wave-length
of accelerating
*
v :
For accelerating
part of the first
RFQ section
we have K2 e 2.19 and defocusing factor
rs =
0.092. This permits to attain
optimum values
for transverse
oscillation
frequencies.
As Q" sparking
limit
of the -gaps, it was
found
that break-down levels determined
during test held on vacuum gaps in the frequency range of 25-150 MHz. Break-downs on
copper, aluminum and duraluminum electrodes
began at exactly the same levels of electric
field
strength Es =200 kV/cm that is 2.5
times higher those corresponding
to Kilpatrik
criterium
for 6.2 MHz. For stainless
steel
electrodes
Es was found to be 1.5 times higher
(for titanium
- 3-4 times) than for copper
ones. RF training
of copper electrodes
permited to increase Es up to 500 kV/cm and even
higher. As for titanium
electrodes
training
doesn't lead to any increase and to reach
Es max level after the first
break-down is
impossible.
A number of problems has arised in the
development of accelerating
structure.
It
was impossible
to use split
coaxial resonator
(for it = 50 m) because of its insufficient
stiffness.
Indeed, the quarter-wave
vibrators,
fixed at one end, should be of 5-6 m long and
half-wave vibrators,
fixed at both ends, should be of IO-12 m. It was also impossible
to
use coaxial stub as a support structure,
method widely used in Wideroe-type
resonators,
because of their length.
That's why a possibility
to use lumped inductions
(flat
or
cylindrical
spirals)
was investigated.
Resonant structures
of both sections are
specially
modulated four-wire
lines (80
pF/m specific
capacity)
which are fixed on
spirals
made of copper tubes (see Fig.2).
These inductive
support elements have a form
of symmetric triangular
star that ensures
mutual compensation of ponderomotive forces
arising
in spirals.
Damping of swinging for
ces is essential
because the frequency of
mechanical resonance of the structure
and
the proposed linac repetition
rate are quite
close. A certain
part (6 m long, 1.2 m in
diameter)
of the first
section was manufactured and tested (see Fig.3).
At resonance frequency of 6.19 ADIs the structure
parameters
are the follows:
quality
factor - 800; shunt
impedance - 20 k0hm. Mechanical parameters
are: stiffness
- 1500 N/mm; frequency - 9 Hz;
quality
factor - 400.

4 . RFQ structures

As is known, the increase of average ion
current leads to substantial
s arking limit
decrease in accelerating
tube Pcolumn) of
electrostatic
injector.
Because of these voltage limitations
the velocity
of low charged
heavy ions at linac input is so low that to
use magnetic focusing is practically
impossible. RFQ is the most effective
in this case.
Beam accelerated
in RFQ structure
can be
319

Table 2.

Main
Symbol I

Parameter
Input

energy

Output energy
Voltage between
adjacent electrodes
_
Surface electric
field
strength
(max>
Average radius
Aperture
Modulation depth
Absolute equilibrium
phase
Rigidity
of the
focusing channel
Transit
time factor
Focusing

efficiency

Transversal
phase
advance on period
Minimal transversal
frequency in scale 0fT
Acceptance
Relative
frequency of
the phase oscillations

RFQ parameters
The first

RPQ section

The 2nd
-Q
section

Shaper

Runcher

Ws(out)

196 keV
204 keV

204 keV
1.6 MeV

UL

.lgO kV

190 kV

190 kV

320 kV

Es

122%

122g

122 g

250 g

RO

8.5-2.2
8.5-2.1
l-1.095

2.2 cm
2.1-1.47
1.095-2.0

2.2 cm
1.47 cm
2.0

1.8 cm
1.44 cm

90°-850

85O-35O

35O

K%-

_ Ws(inp)

a
L9sl

Accelerator

*

MeV
10 MeV
1.6

K
T

.
:10317

1.5361.490
0.0317-

1.4901.460
x:-

2e

A:915

2 ;:;

0:4200.403

4
'k
s2
L3

:%Y-

y: go-

0: 93;

P

0.58-

cmemrad

0.55
0.53-0.25
0.097

After the section was evacuated to a pressure
of 5* 10-6 Torr RI? power was supplied and
voltage between the electrodes
reached 210 kV
wi hout breakdowns while for acceleration
of
Bi 4 + ions calculated
value was 190 kV.
At the start-up
ion o tics was tuned so
that the crossover of Xe B+ beam was located
at the inlet
of 2 m matching channel equipped
with two electrostatic
lenees and two steering devices.
During first
experiments we
have reseived 7 mA beam at the inlet
of RFQ
section.
After threshold
level of RF field
was overreached main fraction
of Xe2+ peak
(>95%) measured at the output of RPQ section
shifted
for 5 ys that corresponds to acceleration of these ions to calculated
energy of
1.35 MeV. Output current
was about 5 mA i.e.
capture factor was close to 70% Further researches to be held with the first
part of
6 m long RFQ structure
will allow to define
more exactly parameters of the second part of
6.2 MHz RPQ and of further
parts of the
driver prototype.
5 . Sections with ouadrupole mapnet focusing
Consideration
of low charged heavy ion
focusing features
show that transversal
stability
should be provided by rather large
-number of one sign lenses in focusing period.
That's why acceptance of the channel would be
rather low. Nevertheless
as Coulomb repulsion
in Z/A&l
ion beams is low it is possible to
reach rather high value of beam current limit.
As is shown in Table 1 we are pl,anning to
use rare-earth
qadrupoles in Wideroe and
Alvarez structures.

0:55-

IO MeV
50 MeV

1.5
37O
1.1971.193
0.288-

0.299
0.6200.616
0.6220.645
0.45-

0.59

0.47

0.25-0.26
0.0970.040

0.39-O.
0.0460.021
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The design of resonant structure
in Widero"e section is similiar
to the design develosection of UNIVAC faciliped for ap ropriate
ty. After f 00 UeV level is reached it is possible to use Alvarez resonators
which allow
to increase acceleration
rate.
RF linac should contain about 9450 drift
tubes. Each electromagnetic
quadrupole will
dissipate
approximately
2 kW. It means that
iv total 20 MW would be needed not taking into account rectifiers
efficiency
and power
consumed by water cooling system. Rather high
duty factor and strict
requirements
to gradient stability
of magnetic lenses make pulse
power supply uneffective.
Rare-earth
quadrupoles would permit to exclude the stabilized
power supply as a whole from scheme of focusing channels, to avoid related
operational
difficulties
and to save above mentioned
20 M'W. In order to reduce the costs of
focusing channel it is reasonable to use samarium-cobalt
alloy only for some lenses and
for most of them to use alnico alloy which is
cheaper.
6. RF power supply:
Active RF losses in resonators
were estimated in ITEP by following
methods:
a) For RFQ sections - experimental
data
obtained for real resonators
were used;
b) For Widerije sections - transformed
data
on active losses in appropriate
UNILAC sections were used;
c) For Alvarez sections - developed in
codu ITKP codes were used in which specific
;zil;-pf
copper was taken equal to 5.71*10 Fi
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Table 3. The data on pulse

Active
beam-linelosses

RF power and number of generators

RFQ-1

Parameter
Accelerating
frequency

losees,

Alvarez

24.70

99.1

8.0

68

1080

6.19

12.39

per

MW

2.0

15.0

Total
losses active
RF power for beam
Total pulse RF
power
Generator pulse
power
Number
generatorsof

-

MW
MW

II

Widerce

MHx

Number
of beamlines

Alvarez

RFQ-2

field

I

linac

for

190.2

16

8

4

2

1

32

120

32

136

1080

140.8

486.4

4480

130

173

622

5560

2.56

10.24

Mw

34.6

Mw

10

10

5

5

5

4

13

35

125

1112

Data on pulse active RF losses, pulse RF
power delivered
for beam acceleration
and
number of generators
are given in Table 3.
Total pulse RF power delivered
for beam
acceleration
will be 5120 MW and total pulse
efficiency
losses - 1400 MW. Thus electronic
of the linac will be 79%. If to assume generator efficiency
to be equal to 65%. RF system efficiency
as a whole will be 50%.
For a driver
coupled with one reactor average RF power consumed by linac at the repetition
rate of 10 Hz and pulse duration
of
2 ms will be 130.4 MW and total average power
consumed by power supply system taking
into
accouit
generator
efficiency
- 200 MW.
Power consumption by other technological
systems is rather negligible
in comparison
with RF system so total linac-driver
effici50%.
ency could be approximately
One linac could ensure irradiation
of targets in 4 or 5 reactors
in turn if the repetition
rate and power supply would be increased (this,
of course, should be provided in
RF system design).
7. Conclusion
Wide-range researches in several accelerator centers allowed to determine base scheme
of RF linac designed for a driver.
Main tasks
involved in the development of the scheme
proposed in ITEP are:
a) Further optimization
of accelerating
and focusing structures
at the frequencies
of
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Introduction

Longitudinal
bunch density
distribution
in ion linac
is one of the main characteristics
of accelerated
beam. Taking
advantage
of
this
parameter
one may conclude
about
longitudinal
tuning
quality.
For example,
the information
about
a bunch shape after
buncher
makes possible
to find
rf voltage
upon a buncher gap. Results
of bunch shape measurement
after
accelerating
tank may be used to set
rf phase and amplitude.
Longitudinal
bunch
density
may be used to calculate
energy
spectrum and longitudinal
beam emittance.
Bunch
shape information
is extremely
importante
for
medium energy
accelerators
consisting
as a
rule
of two main parts
with
multiple
wavelength
of accelerating
rf field.
If bunch
shape is known,
the problem
of longitudinal
matching
is simplified
considerably.
Dualitive
measurement
of a bunch shape
is rather
complicated
technical
problem
and
requies
development
of special
apparatus.
This
paper
is devoted
to the description
of bunch
shape measuring
technique
and methods
of its
application
for an ion linac
tuning.
2.

TUNING

Dower consumotion
3.5 kW' and 60 W2. The
,
monitor
we have developed
uses rf modulation
of secondary
electrons
too,
but direction
of modulation
is transverse
rather
than longitudinal.
The schematic
diagram
of the monitor
is given
in fig.1.

A bunch shape measuring
technique
for
an accelerated
ion beam has been developed.
The principle
of operation
is based upon the
transverse
rf modulation
of low energy
secondary emission
electrons
produced
by ion beam
passing
through
thin
foil.
A method
for
correct
setting
of phase and amplitude
of the rf
fields
in bunchers
and Alvarez
tank
is developed
by using
bunch shape measurements.
Another
application
of developed
technique
is
described
for
a longitudinal
beam emittance
measurements
with
the help of accelerating
structure
for
a bunch rotation.
1.

AND ITS

shape

measuring

Fig.1

The

schematic
monitor

diagram

of

the

The potential
of target
1 is negative.
Being
accelerated
up to energy
4 keV electrons
pass
through
the input
collimator
2. The electrostatic
lens
3 is used to obtain
the image
of the beam at the output
collimator
4. The
transverse
modulation
of electrons
is made
by the rf deflector
5. The value
of deflection
depends
on a phase of deflecting
field,
which
is synchronous
with
the field
in linac.
As the time
of flight
from the target
to the
deflector
is constant,
collector
6 registraits
electrons
knocked
out by ions having
a definite
phase.
That is,
the current
through
the collector
is proportional
to a
definite
point
of longitudinal
bunch density
distribution.
Another
points
are obtained
by
changing
of phase of rf deflecting
field.
When analysing
phase resolution
we considered
the followinP
factors:
time delay
and
initial
energy
and angular
dispersion
of-secondary
emission
electrons,
distortion
of
electron
bunch density
because
of finite
target
dimensions
and while
passing
from the
target
to the deflector,
finite
image dimensions
of a focused
beam because
of the target
and input
collimator
finite
dimensions.
Fig.2
shows the dependance
of phase resolution
(f=196.2
MHz1 on the amnlitude
of rf voltage
on the plates
of the deflector
for
the slit
of input
collimator
3 mm, two kinds
of targets
(wire
0.1 mm diameter
and strip
2 mm
width)
and different
frequencies
of deflecting
field.
It is seen,
that
there
is the
optimum
value
of voltage
corresponding
to
the minimum
value
of resolution.
Further

technique

The main requiement
to a bunch shape
measuring
technique
is a good phase resolution.
As far
as we know, the best
result
is
obtained,
when effect
of low energy
secondary
emission
from thin
target
is used.
The ion
beam under
study
crosses
the target
and knocks
out secondary
electrons.
Time delay
of secondary emission
is extremely
small,
so bunch
shape of electrons
is the same as that
of ion
beam. Measuremerlt
of bunch shape of electrons
is based on a synchronous
conversion
of longitudinal
position
to a transverse
position
~~r;;;~r;f,~odulation:
The monitors
described
use longitudinal
modulation
and
have resolution
of order
of few degrees
with
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increasing
of voltage
leads
to aggravation
of resolution
because
of appreciable
displacement
of electrons
from the axis
of the
deflector
to the region
of a nonuniform
deflecting
field.

AY"

!

\

1\

I

Fig.2
upon

j

f=94vHHa

2

f=/98.2

MHz

The dependance
of phase resolution
the amplitude
of rf voltage
on the
deflecting
plates

Fig.3

As the authors
of the papers
above mentioned
have done,
we used a thermionic
emission
to simulate
electron
beam for
testing
and adjusting
of electron
optics.
The target
was replaced
by a tantalum
filament
and the
image was visually
observed
on the phosphor
coated
plates
of the output
collimator.
The
dimension
of the image was about
0.3-1.0
mm
and depended
on the filament
and input
collimator
dimensions.
Thermionic
emission
was
used to measure
equivalent
resistance
of the
rf deflector
R =LJ’/2P,
where U -amplitude
of
rf voltage
on ?hemplates,
P-rfmpower
dissipated
in deflector.
The value
of Re is equal
to 9.10 4 Ohm. As one can see from fig.2,
the
optimum
value
of resolution
for f=198.2
MHz
is obtained
for
P=3 W.
Preliminary
test
of the bunch s+hape
measuring
technique
was made at the H injection
channel
of the USSR meson factory.
We
visually
observed
the image produced
by secondary
electrons
on the phosphor.
The dimension of the image was a little
larger,than
that
produced
by thermal
electrons.
This
effect
well
agrees
with
computer
results
praviously
obtained.
The proton
beam current
was varied
up to 30 mA and we did not observe any changing
of image dimensions.
This
fact
indicates,
that
space charge
effects
do not influence
the electron
optical
characteristics
of the device.
The common view
of the apparatus
installed
in injection
channel after
buncher
is given
in fig.3.
Fig.4
shows equivalent
cirquit
and common view
of rf deflector.
3.
*Setting
bunchers

Application

ring
of

technique
rf phase

of

bunch

shape

for
a linac
and amplitude

The

bunch density
technique

Fig.4
with

respest

to

The

rf

deflector

of

a bunching

zero

11=
IO -continuous

voltage:

,

IO

1 -aces
where

distribution

!fii

beam current,

a= eVL/@W,

p and M-velosity
and energy
of particles,
A-wavelength.
V-amplitude
of effective
voltage on a buncher
gap.
If a>l,
one can measure
I o, Im=Io/(l+al,
I,,,=Io/~l-al
and voltage
V
may be calculated
by using
for
example
the
following
expression:

measutuning
in klystron

v=

To find
rf voltage
on a buncher
gap,
one can use a well
known dependance
of instantaneous
current
I
at a distance
L from
the buncher
gap on th& phase of particle
yb

If aLI the
dependance
a is given

jaw
5reL

0

‘M-Im

bunch has sharp
boundaries
and the
of its
phase length
9, on a factor
by the formulae:

@=Z(arccosl/a--1
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IN+Im-21

.

second minimum
obtained,
when

This

expression
may be used to find
V.
Bunch density
analyser
may be used to
set a proper
phaseshift
between
two bunching
one shoulg
shift
a phase
cavities.
To do it,
and measure
in one of the cavities
by 180
a changing
of phase position
of a bunch center.
If a phaseshift
is adjusted
properly,
the changing
of a bunch phase position
does
not occur.
The uncertainty
of phase setting

less

than

the
E-L

may be easily
removed
by measuring
a
of a bunch density
distribution.
The accuracy
of amplitude
and phase
setting
is affected
by the errors
of energy
W and distance
L measurements,
instability
of phase and amplitude
in
of w, instability
buncher
under
study,
phase resolution
of
bunch length
measuring
technique,
errors
of
The analysis
I;,
I P' Im and @ measurements.
that
one may practically
obtain
the
showed,
accuracy
of amplitude
and phase setting
1%
and 1” accordingly
by using
statistical
treatment
of experimental
results.

of (p and maximum of I
is
the amplitude
El is 0. Y%
nominal
value
E .
9

f.mc

180’
form

Fig.5
The
and bunch
exit
of

longitudinal
phase
density
distributions
the first
tank

portraits
at the

Setting
of rf phase and amplitude
in a first
tank of ion linac
The formation
of a bunch in an ion
linac
occurs
mainly
in a first
accelerating
tank.
So there
are special
requiements
to
the accuracy
of setting
of rf phase and
amplitude
in a first
tank.
The traditional
method
based upon a compare
of experimental
dependances
of accelerated
current
on phase
and amplitude-with
theoretical
ones enables
to solve
the problem,
but there
are some
3
difficulties
. They are due to inevitable
inagreement
of mathematical
model of accelerating
tank with
real
one. Setting
of rf
phase and amplitude
with
a help of a bunch
shape monitor
depends
on a mathematical
model
of a tank
less rigorously.
To set rf phase
and amplitude
in a first
tank of ion linac,
we use its
specific
property-comparatively
large
number of longitudinal
linear
oscillations
N. In case of the first
tank of the
INR linac
N=3.83
(energy
of protons
at the
exit
of the tank 20 MeVl.
Changing
of rf
amplitude
leads
to a changing
of N:

AN
7
where

ys-the

=---,
N

1

AE

2sinys

E

synchronous

phase.

For

Fig.6
The dependances
of a phase length
of a bunch @ at 0.5 level
and maximum
of bunch density
distribution
I,,, on the
amplitude
of rf field.
The method
of
qualitively
explained
damping
of longitudinal
neglected).

setting
of rf phase
in fig.7
(adiabatic
oscillations
is

is

example,

if AE/E=4%,
then
N=0.25.
The longitudinal
phase portraits
and the bunch density
distributions
at the exit
of the tank
numerically
obtained
in case of injection
of monochromatic
beam for
different
E are shown in
fig.5.
The bunch length
and bunch density
distribution
depend on the amplitude
of rf
field
and are strongly
affected
by the par.ticles
making
linear
oscillations.
The dependances
of a phase length
of a bunch
at 0.5 level
and maximum of longitudinal
bunch density
distribution
I,,,, on the amplitude of rf field
at the exit
of the first
tank are shown in fig.6.
One can observe
periodic
changing
of @ and Ilvl for the amplitudes
exceeding
“cut
off”
amplitude.
The

Fig.7
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Qualitive
explanation
phase setting
method.

of

the

rf

The

value

of

E1=0.955Eo.

In

this

rf

amplitude
case

E,is

N=3.5.

Let

setted
the

Method of longitudinal
rement
at the exit
the INR linac

dif-

ference
of the phase position
of the bunch
center
at the tank entrance
and the synchronous phase
y sl be equal
toA
. The value
of
difference
at the exit
sign
the same, but its
the rf amplitude
E2 is

equal

center

the

to q,,,

of the-tank
will
be
will
reverce.
Next,
setted
E2=1.035E

at

the

exit

phase
of

the

shift
tank

of

the

does

not

fifth
accelerating
tank
(the
last
tank of
the initial
part
of the linacl
will
be used
The regulation
of rf amplifor this
purpose.
tude and appropriate
changing
of phase will
be done to obtain
different
Mi. The specific
property
of the fifth
tank
is its
relatively
So the phase shift
of particsmall
length.
les even those
uncaptured
into
the stability
The computer
simulation
region
is small.
showed,
that
a motion
of particles
with
respect
to each other
is linear
even for the
amplitudes
less
than critical
value
Ecr=

bunch

occur.
To improve
the accuracy
of phase setting,
the bunch must have a distinct
center.
It is obtained
if bunching
voltage
is defined
by the formulae
V=gAW/sed,
where d is the
distance
from the center
of the bunching
gap
to the entrance
of the tank.
Fig.6
shows the
results
of computer
simulation
of six dimensional
beam dynamics
without
space charge
for E,=0.955E
o and E2=1.035Eo.

Yso, where E 0 and 3 so are the nominal
amplitude
and synchronous
phase.
This fact
enables
to increase
a band of amplitude
regulation
thus
improvig
the accuracy
of emit'cance measurements.
The accuracy
r is defined in the following
way: real
ellipse
must
be situated
inside
a ring
obtained
by increasing
and decreasing
of geometrical
dimentimes
while
sions
of measured
ellipse
I+l(
keeping
its
orientation.
The value
of 1(
depends
on the accuracy
of measurement
of
absolute
value
of accelerating
field
and its
stability,
phase resolution
of a bunch length
dimensions4and
orientation
measuring
device,
of real
ellipse.
It is shown
that
practical
3-5%. Another
value
of error
will
be of ord;r
constituent
of the error
is due to a space
charge
of a beam. We used elliptical
model
of a bunch to analyse
the influence
of space
charge
effects.
Fig.9
shows the dependance
of iy on beam current
for ellipses
of different
dimesions
and normalized
emittance
0.15Xcm.mrad.
Increasing
of normalized
emittance
2 times
leads
to decreasing
of 8
To improve
the accuracy
one
1.2-1 .3 times.
should
either
collimate
a beam at the entrance
of the tank thus decreasing
the influence
of a space charge
or to take space
charge
effects
into
account
when unfolding
beam emittance.
Eocos

Fig.6
Bunch density
distributions
and relative
phase oositions
of bunchs
for
E2=1 .035Eo
and different
qen.
E1=0.955Eo,
along
value
when

The synchronous
phase is not
the first
tank of INR linac.
of 26. is not equal
to zero,
in case of E,=0.955Eo
9,,
is

19 sl - The computer
2&
to be equal
to
This

result

from

Ecosys=const

well

results
1.33"

agrees

show
when
with

the

constant
So the
but 1.33'.
equal
to
value

beam emittance
measuthe initial
part
of

Longitudinal
bunch density
measuring
technique
will-be
used to measure
a longitudinal
beam emittance
at the exit
of the initial
part
of the INR linac.
It is known,
that
if a phase portrait
of a beam is ellipse,
its
coeffitients
may be found
by three
times
measuring
of a bunch length
after
passing
the
beam through
a device
with
known longitudinal linear
motion
matrix
Mi(i=1,2,31.
The

CN=4.01 and the phase is chahged
by theOvalue
In this
case the phase position
\%I%21
of the bunch center
at the exit
of the tank
with
respect
to the synchronous
phase will
be
the same as that
at the entrance.
As a result,
the changing
of rf amplitude
and the appropriate
changing
of rf phase
lead to a phase
shift
of a bunch center
by the value
of 2d.
If the injection
phase pen in case of E=E1
is

of

of

y

en =27.6”.
that
obtained

( ~s1=27.35").

4.

When considering
the accuracy
of phase
and amplitude
setting
we took
into
account
the following
factors:
phase resolution
of
a bunch density
monitor,
instability
of
injection
energy,
instability
of phase and
amplitude
in accelerating
tank and buncher,
-tilt
and perturbation
of rf field
distribution
in the accelerating
tank.
The analysis
showed,
that
the accuracy
of phase and amplitude setting
in the first
tank of the INR
linac
will
be 1” and 1% accordingly.

Conclusion

The bunch shape measuring
technique
will
be used for
INR linac
tuning.
We plan
to study
the bunching
system
and the first
tank this
year.
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field
tures

The OSCAR2D code
Abstract:
and frequencies
of resonant
is presented.

The
RF fields,
sion in
tion
of
close to

for
computation
of
cavities
and struc-

iii)a

code is mainly oriented
to the computation of
of cavities
and structures,
with high preciorder to use the computed fields
for simulaelectric
vacuum discharges
(resonant
or not)
the cavity boundary.

iv) computation

of azimuthally
symmetrical
TE modes of
a cylindrically
symmetrical
cavity including
computation
of relevant
RF properties
of the resonator
stored energy, geometry
(e.g.
quality
factor
p
factor,
etc.)

Qo

The NEWTRAJ postprocessor
allows for the computation of electron
trajectories
on monopolar TM modes of
taking
into account the multithe. R.F. structures,
plication
of electrons
due to secondary emission and
back-scattering.
Introduction
Designes of RF accelerators
need everytime
more
powerful
codes in order to simulate
the behaviour
of
accelerating
structure
for particles
accelerators.

Dealiy
with the feasibility
study of a S/C linac
at 4.5 GHz , in order to design a MP-free accelerating
we developed the OSCAR2D codes package in
structure,
order to simulate
the RF vacuum discharge
of accelerating cavities
and structures.
The OSCAR2Dpackage is composed by:
(2D) solver
for
the
OSCAR2D, the bidimensional
resonant
modes of cylindrically
a) TE and TM monopolar
symmetric structures;
b) TE and TM modes of constant cross section structures.

ii)

NEWTRAJ the postprocessor
for the computation
of
the electron
trajectories
in the RF fields
and
electron
multiplication
via secondary effect
and
back-scattering
of TM monopolar cylindrically
symThis
postprocessor
descends
metrical
cavities.
from the TRAJECT code developed at KFK Karlsruhe
by J. Halbritter.

v)

computation
of TM and TE modes of finite
length
including
relevant
constant
cros 3 section cavities
and computation
of TM and TE modes
RF properties
of waveguides

vi)

computation
of resonant modes higher than the fundamental
one by starting
from suitables
initial
and/or
by subtracting
the compoapproximations
nents of previously
computed lower modes.

The OSCAR2D code solves
the eigenvalue
problem
for a resonant cavity by using a discretization
of the
This
on a regular
square grid.
continuous
problem
choice allows for a very small memory occupancy of the
code because the coefficients
for the interior
points
of the problem need not be memorized as for an irreguOnly we need to store
the
lar
mesh discretization.
coefficients
for the boundary points;
such coefficiegts are computed by a "second order" bi-dimensional
that
force
the value of the solution
on the
fit
boundary point in such a way that the solution
on then
satisfies
the physical
condition
of a
cavity
wall
for the mode wanted (TE or TM mode), on
metallic
wall,
the chosen geometry.

In designing
superconducting
(S/C) accelerating
structures,
but also normal conducting
ones, a careful
prediction
of electron
discharges
like multipactoring
(MP).is very helpful
in order to avoid severe misfuncand harmful
tionnements
of the accelerating
device,
overloading
of the RF power generators.

i)

better
convergence
of the iterative
process,
resulting
in a better
accuracy of the final
f,$eld
distribution,
by using the "Rayleigh
quotient"
of
the discretized
problem, instead of the continuous
one, to compute the eigenvalue during the iteration

The code uses an overrelaxation
method to solve
the algebraic
system for the discretized
eigenfunction
of the problem by using to start
a guessed eigenvalue
Every twenty iteration
a
and a guessed eigenfunction.
new approximation
for the eigenvalue
is computed by
using the Rayleigh
quotient
of the discretized
problem; this choice allows for a better
convergence of
The computation
is stopped when the conthe problem.
vergence criteria
for the solution
(eigenfrequency
and
Because the solution
of the
eigenvalue)
are satisfied.
problem tends to converge to the eigenfunction
nearest
in shape to the guessed solution
used to start
the
iteration,
some modes of a resonator
can be computed
just by running the code with a suitable
choice of the
guessed function.

The OSCAR2Dcode

This method of computation
may fail
due to numerical
instabilities
in the solution
of the discretized
problem.
Anyway the wanted mode can be computed by
method which finds
the
using
an orthogonalization
aim during the
modes in an ascending oder. To this
iteration
the components of the previously
computed
lower modes are periodically
subtracted
from the current approximation
of the mode under computation.

This code is an improvement of the old LALA2code
by Hoyt of Los Alamos National Laboratories.
The implemented new features
are
i)

improved accuracy of fields
obtaincd3 by a better
treatment
of the boundary conditions
'
ii) possibility
of calculation
of all the modes of the
TM
like band pass of an accelerating
structure
01
for a Linac.
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This orthogonalization
the wanted solution
but we
higher memory occupancy, to
and an higher
functions,
find all the lower modes.

method always converges to
have to pay the price of an
store the lower mode eigencomputation
time needed to

Examples
We report
some examples
by the OSCAR2Dcode.

of

the

results

obtained

A comparison
between the frequencies
and' the
fields
of a pill
box cavity as computed by OSCAR2Dand
the analytical
solution
is reported in Table I.

#

of points
36
121
441

where f =
fa=
V"=
Vz=

equal

TABLE I - PILL BOX TM
010
Max
IVa-Vol/max\Va\
fol If a
Ifa-3
-2
3.9 x 10
1.9 x 10
-4
-3
9.4 x 10
3.7 x 10
-4
-4
2.4 x 10
8.0 x 10

analytically
numerically
analytically
numerically

computed
computed
computed
computed

Fig.

The NEWTRAJ postprocessor
descends from an early
program called
TRAJECT developed at KFK Karlsruhe
by
for single
cell TM010 cavities.
We are
J. Halbritter
for the possibility
of
fully
indebted to J. Halbritter
using that code as a starting
point for our NEWTRAJ.

In figure
1 the field
distribution
for a five
cells structure
operating
on the r mode is shown.

This postprocessor
uses the RF fields
of cylindrically symmetrical
cavities,
as computed by OSCAR2D, in
order to simulate
the RF induced electron
discharge in
The program computes the traan accelerating
cavity.
jectories
of an electron
starting
from a point on the
cavity
wall.
The trajectories
are computed by a "step
of the relativistic
equations
of
by step" integration
the motion of the electron
in the RF fields
of the
cavity.

b)
I
1 - Field distribution
ting structure;
a)
sated.

waveguide.

The NEWTRAJpostprocessor

frequency
frequency
field
field.

i
Fig.

3 - Four modes of an elliptic

of a five cells
compensated, b)

accelerauncompen-

Due to the simmetry of the problem and our needs
for
simulating
RF discharges
generated
by electrons
field
emitted
by the cavity
walls we restricted
ourselves
to compute the motion of the electrons
in a
cross section of the cavity through the symmetry axis.
The field
emitted
electron
is followed
until
it
strikes
a cavity wall.
At the impact point a secondary
electron
is generated.
The energy and direction
of the
new electron
are randomly generated accordingly
to the
distributions
of the secondary emission of the cavity
wall and of the back-scattering
process.
At each impact the electron
yield
is stored;
the tracking
of the
electron
trajectories
is stopped when the yield of the
the simulated
whole process
is too low to sustain
discharge.

Figure 2 shows the effect
of shrinking
the radius of the end cells of the same structure
of .65%.in
order
to achieve
a flat
distribution
of the axial
accelerating
field;
we notice
that
the variation
in
radius of the end cells is a fifth
of the mesh size.

As an example we report
a comparison between the
2 point
multipactoring
levels
in a pill
box cavity.
For such cavity
the impact energy and the fields
of
the resonant
discharge
could be easily
computed in
analytical
way leading to
b)

En=8mc
Fig.

2 - Axial
field
distribution
structure
of fig. 1.

In figure
of a TE elliptic

3 the field
waveguide

for

distributions
is shown.

the

five

2

L21
()i)
(2n-1j2

cell

2
where m c is the electron
length

of some modes

field
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rest mass, L is the cavity
and A the vacuum wavelength of the RF field.

Table II reports
the impact energies and electric
levels as computed by our NEWTRAJfor a pill
box

cavity

with

L = 1 cm and h = 10 cm.

TABLE II
n

cell
27/3

Fig.

I

n

MV/m

I

E

n

KeV

6.4

40

2.1

4.5

1.3

1.6

.9

0.8

The resonant
discharge
trajectories
in the empty
of an accelerating
structure
operating
on the
mode are shown in fig. 4.

multipactoring
4 - Empty cell
27/3 accelerating
structure.

discharge

of

a
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THE USE OF THE IBM-PC COMPUTERIN ACCELERATORDESIGN CALCULATIONS*
Judith Colman
Neutral Beam Division
Brookhaven National Laboratory
Upton, New York 11973

Abstract
For many reasons it is desirable
to develop a
"stand-alone"
means of carrying
out preliminary
calcufields.
lations
in the various
accelerator
design
Work is in progress
to allow the use of modified
or
subset versions of several well-known
and widely used
Codes in preliminary
operation
codes on the IBM-PC.
include TRANSPORT, for beam-line design; the SUPERFISH
code series,
for cavity design; and RAYTRACE, for magThese codes are surpassing
expectations
in
nets.
capabilities,
speed of execution,
and accuracy.
Introduction

640K memory; in the case of the PC-XT,
this
is normally
the maximum 512K with
the addition
of the AST-6-pack.

.

Hard disk;

U.S.

disk

drive

is

required

to

load

the

accuracy achieved in comparison with output
same data case on a large-computer
is four
figures
in most codes.
However, very small
such as small second order terms in TRANSPORT
less than approximately
lost', are of a simiof magnitude as the large computer version
different
in value.
Compiler

The FORTRAN compiler used for these codes is the
IBM version
of Professional
Fortran
by Ryan-McFarland
(IBM 6024200).
Code Operation
Each of the codes operates in a similar
way. All
Input is from one or more files
which must be called
INPUTn.DAT, where n is 0 through 9.
INPUTO.DAT is
always the basic input file,
equivalent
to the system
input file
on a large computer.
INPUTl.DAT through
INPUT9.DAT are additional
input files
when required by
a specific
code.
No output is connected directly
to
the printer,
but all output
is directed
into
files
OUTPUTn.xxx where n is 0 throu h 9 and xxx is either
If the output fi 5 e would normally
be a
LIS or DAT.

10 M-Byte or larger.
the

(360K or 1.2 M).

The 640K memory is required
for the codes to run,
but it may be possible
to create smaller
versions
by
reducing array sizes.
The codes actually
use a maximum
of 576K and the remaining 64K is used for the standard
length print buffer with the AST-6-pack.

The
from the
significant
numbers,
which are
lar order
but totally

are need-

.

drive

In general,
run times have been found to be quite
reasonable
(<lo mins on a PC-XT) but obviously
vary
considerably
with each individual
case.
The time and
date are printed
at the beginning of each run and time
is printed
at points
throughout
the codes where the
large-computer
versions
have time prints
and also at
the completion of each run.

IBM-PC Configuration
The following
IBM-PC equipment/features
ed in order to run the codes.

disk

Run Time/Accuracy

The data input of each code has been kept identical to the large-computer
version
in order to allow
the user to do preliminary
calculations
on the PC and
then transfer
the same data file
to a large computer
for final,
more detailed
calculations.
With minor exception,
the printed
output is also identical
to the
large-computer
versions
to avoid confusion
to the
user.

performed
under the auspices of
Project Order #AFWL 85-203186-130.

Floppy

The floppy
".EXE" files.

Concept

The object of converting
codes to run on an IBMPC is to create tools which can be used easily to perform as many of the tasks of the large computer codes
Since
as possible
and with a reasonable
accuracy.
IBM-PC's can be configured
in many ways and with a
variety
of peripheral
equipment, it was decided to aim
for codes which operate on the most basic configuraFor this reason
tion of PC that can handle the tasks.
which could be added or improved with
=ny "frills"
additional
equipment have been avoided in the basic
code versions.
Users are free to make use of special
system features by creating
their own versions.

*Work

.

The 132 character
printing
is required
for the
printed
output of most codes and this can be achieved
with either
a wide bed printer
or compressed print.
However, in order to provide rough graphics features,
printer
plot routines
have been written
and these make
use of the compressed print feature.
A printer
without
this feature
will
still
print
the plots
but the grid
will be extremely coarse.

It is desirable
to be able to carry out the majority
of preliminary
design calculations
on an IBM-PC
This can save a considerable
amount of time, cost, and
aggravation
over the use of the same codes on a large
computer where the capacity and more detailed
calculations are often not needed.

Force,

Printer
with either
wide (132 char./line)
paper or compressed print
(approx.
17
char./inch
on 8 l/2"
paper) capability,
preferably
both options.

The hard disk is required
to store
the ".EXE"
modules since some are larger
than will
fit
onto one
360K floppy disk.
The "*EXE" modules are transferred
from system to system by copying to multiple
floppy
disks using the DOS/BACKUP feature
and loading using
the DOS/RESTOREfeature.

A recent effort
has been made to create versions
of a number of accelerator
design codes which can be
Versions
of four of the
run on an IBM-PC computer.
most widely used codes, TRANSPORT, POISSON, SUPERFISH,
and RAYTRACE are now operating
successfully
on the
IBM-PC, and other codes are being considered
for conversion.

General

.

Air
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print file,
then xxx is LIS and where the output file
contains data for use with another code, then xxx is
DAT. The reason for storing
the printer
output in a
file
is so that the user has the option
of using
floppy disks as an archiving
system rather than keeping large quantities
of paper.
The printer
output
file can be scanned for sections which are required or
printed
in full
using a small code called
FORTLIST
which obeys the standard FORTRAN print control
characIf output is
ters in column 1 of each output line.
printed
using the DOS/TYPE or COPY commands (to the
printer)
then the control
characters
will
be printed
as the first
character
of each line instead of eontrolling
the output formats.

(b)
Limitations:
The PC version is limited
to a
maximum of 4000 mesh points.
All other program limits
remain the same as the large system versions.

For ease of operation
batch command files
have
been created to run each of the codes.
When using the
batch files
to run codes the user must avoid naming
files
in the same directory
INPUTn.DAT or OUTPUTn.xxx;
the batch files
are set up to input and output files
in-names which are meaningful
to the user.

"Solves
by successive
point
over-relaxation,
POISSON's (or
Laplace's)
equation
for
the vector
(scalar)
potential,
with non-linear
iron (dielectric)
Calcufor two-dimensional
or cylindrical
problems.
lates
the derivatives
of the potential
(fields
and
gradients).
Calculates
the stored energy and performs
harmonic (multipole)
analysis of the potential."

Specific

Accuracy
all

4 significant
values except
Future

figures
(compared to CDC-7600)
the differences
of similar
values.

on

Enhancements

None planned.
3.

POISSON

Codes
Distributed

The following
section
describes
specific
codes
which have been converted to run on the PC and limitations on each.

Version:

by:

Los Alamos National

2185 from M. Menzel,

Laboratory.

LANL.

PC Changes and Limitations
1.

TRANSPORT
(a)

"A Computer Program for
cle Beam Transport
Systems."
and.F.

Written
by:
Rothacker.

K.L.

Brown,

Designing

Changes:

None.

Charged Parti-

D.C. Carey,

(b)
Limitations:
The PC version is limited
to a
maximum of 4000 mesh points.
All other program limits
remain the same as the large system versions.

Ch. Iselin,

Accuracy
Version:

S/85 from D. Carey,

FNAL.
Variable,
some values have 4 significant
figures
(compared to CDC-7600); other values are only accurate
to the order of magnitude.
This lack of accuracy in
some of the values comes from frequent
instances of the
differences
of similar
values which result in a differ:
ence of less than low4 of the original
values.

PC Changes and Limitations
(a)
Changes:
The PC version
of TRANSPORT includes all options for 1st and 2nd order calculations.
No 3rd order calculation
is included.
(b)
Limitations:
The PC version
of TRANSPORT
has a limitation
on the size of the problem.
The
capacity
of 3129 elements in the model has been reduced to 1000 elements.
The total
number of data
values entered has been reduced from 13160 to 4500.

Future

None planned.
4.

Accuracy

AUTOMESHand LATTICE
AUTOMESH: "Prepares

4 significant
Future

Enhancements

figures

(compared

the input

"Generates an irregular
LATTICE:
from the input
data for the 'logical'
coordinates
describing
the problem."

to CDC-7600).

Enhancements

A second output file
will
be added.
This file
will
contain
the values of specific
items at every
data point,
whether printed
or not.
The file
will
then be available
for printing
a summary, or plotting
as required by the user.

PC Changes and Limitations

2.

(a)

Distributed
Version:

SUPERFISH

"Solves for the TE and TM resonant modes (funda'mental of all higher frequencies)
including
field
distributions
in cylindrically
symmetric radio frequency
-cavities."
Distributed
Version:

by:

Los Alamos National

2185 from M. Menzel,

by:

M.

Menzel,

LATTICE."

trianglar
mesh
and physical

Los Alamos National

2185 from

Changes:

Laboratory.

LANL.

None.

(b) Limitations:
The PC version of both AUTOMESH
and LATTICE are limited
to creating
a mesh with a
maximum of 4000 points.
All
other
program limits
remain the same as the large system versions.

Laboratory.

Accuracy
4 significant

LANL

PC Changes and Limitations

Future

(a)

Addition

Changes:

data for

None.
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figures

(compared

to CDC-7600).

Enhancements
of

a

non-linear

mesh

option

to

both

valuAUTOMESHand LATTICE. .This would be especially
for SUPERFISH
able in modelling
RFQ type cavities
where one region requires
an exceptionally
small mesh
compared with the remainder of the model.
5.

TEKPLOT

version.
later.
7.

This

and other

modifications

may be added

HEATING5

"Designed to solve steady-state
and/or transient
conduction problems in one-, two-, or three-dimensional Cartesian
or cylindrical
coordinates
or one-dimensional spherical
coordinates."
heat

"Plots
physical
meshes from
and equipotential
(field)
lines
SUPERFISH solutions."
Distributed
Version:

by:

LATTICE generations
from POISSON and

Los Alamos National

2185 from M. Menzel,

Written
by:
W.D. Turner,
Tov, ORNL (ORNL/CSD/TM-15).

Laboratory.

LANL.

(a)
Changes:
Plotting
is very different
from a
large system and there are many ways of plotting
on a
PC. Because it is very system dependent, a very simple printer
plot version
of TEKPLOT has been created
In adwhich should run satisfactorily
on any system.
dition,
a data file can be generated (in a pre-defined
format) which users can then plot using any hardware
and software configuration
available
to them.

(a>

Changes:

(b)

Limitations:

6.

LATTICE,

- up to 6000 mesh points

.

Double Precision

- up to 4000 mesh points

S. Kowlaski

CDC-7600).

at present.

considered

(a) The remainder
PANDIRA, MIRT, FORCE.
(b)

by:

(compared with

Enhancements

Other codes being
on a PC are:

"A very general
ion-optical
computer code including
routines
for non-uniform
magnets of various
solenoids,
Wein filters
(ExB), electrostatic
kinds,.
deflectors,
and multipoles
up to decapole."

Version:

figures

Other Codes Under Consideration
Conversion to PC Use

RAYTRACE

Written

are available:

Precision

None planned
from

Two versions

Single

Future

Accuracy
information

None.

Accuracy

Limitations:
The PC version of TEKPLOT is
to a maximum of 4000 mesh points.

The accuracy of the
SUPERFISH, or POISSON.

Siman-

.

3-4 significant
limited

1.1.

PC Changes and Limitations

PC Changes and Limitations

(b)

D.C. Elrod,

of

the

for

for
future

POISSON code

operation
series,

PARMILA/PARMELA

and H.A. Enge, MIT.
(c)
cant to
Division

10185, Yale University.

Any other useful codes which may be signifiwork being performed in the Neutral
Beam
of BNL.

the

PC Changes and Limitations
Conclusion
None.
Using PC-versions
of the codes most used for accelerator
design work reduces dependence on large facilities
and reduces the costs associated
with the use
of such facilities.
A user can easily
make calculations at his own desk whenever required to do so in approximately
the same total
turnaround
time as on a
large system.
It is also very easy to transfer
the
codes and data files
from PC to PC for multiple
users,
remote consultations
and meetings,
and many other
reasons.

Accuracy
At least

4 significant

figures

(compared with

IBM

4341).
Future

Enhancements

Some work has already been performed using code
modifications
to describe
inhomogeneities
in dipole
magnets.
This has not been included in the current PC
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NUMERICAL

STUDIES OF EMI’TTANCE EXCHANGE IN 2-D
CHARGED PARTICLE BEAMS*

WE%36

F. W. Guy and T. P. Wangler, AT-l, MS H817
Los Alamos National Laboratory, Los Alamos, NM 87545
Summary

Comparison of Simulation and Theory

We describe results obtained from a two- dimensional
particle-following computer code that simulates a continuous, nonrelativistic, elliptical charged-particle beam with
linear continuous focusing. Emittances and focusing
strengths can be different in the two transverse directions.
The results can be applied, for example, for a quadrupole
transport system in a smooth approximation to a real beam
with unequal emittances in the two planes. The code was
used to study emittance changescausedby kinetic-energy
exchangebetween transverse directions and by shifts in
charge distributions. Simulation results forspacechargedominated beams agreewell with analytic formulas reported
in these proceedings.’From simulation results, an empirical
formula was developed for a “partition parameter” (the
ratio of kinetic energiesin the two directions) as a function
of initial conditions and beamline length. Quantitative emittance changesfor each transverse direction can be predicted
by using this parameter. Simulation results also agreewith
Hofmann’s generalized differential equation* relating emittance and field energy.

The essenceof the theoretical work described in Ref. 1 is
that for beams with elliptical symmetry and linear continuous focusing there are two important space-charge
mechanisms affecting emittance. The first is adjustment of
the beam’s charge distribution to match external focusing
forces. This redistribution of charge, occurring within about
one-fourth plasma period, results in transfer of nonlinear
field energy’(field energy in excessof that generatedby an
equivalent uniform beam with the same second moments as
the real beam) to kinetic energy of beam particles. The
secondmechanism, usually operating more slowly, is transfer of kinetic energy from one coordinate direction to another, resulting in partial or complete kinetic energy equipartitioning. While superficially similar to equipartitioning
of energy in a gas,this transfer does not result from individual particle collisions but, presumably, from interactions
between the individual particles and collective fields. Hofmann has showi? that coherent-mode instabilities can lead
to kinetic-energy exchange.For Kapchinskii-Vladimir&ii
(K-V) beams, these instabilities occur only below sharply
defined tune thresholds that depend on tune depression and
ratios of emittances and tunes; for tunes above this
threshold, there are no significant instabilities and the beam
is stable.
In Ref. 1, both of these mechanisms have been included in
emittance-growth equations that represent the ratios of final
to initial emittances for given conditions. For a 2-D continuous beam, these equations are

Simulation Techniques
The code follows trajectories of individual macroparticles
(line charges)as they are influenced by linear continuous
focusing and space-chargeforces in a circular pipe with
perfectly conducting walls. The line chargesare actually
cylindrical charge clouds with radius chosen large enough to
minimize false collisional effects but small enough to
reproduce (as closely as possible) structure in the beam’s
charge distribution.3 Cartesian coordinates are used with z
being the longitudinal (beam axis) direction, and x and y the
transverse directions. For problems in this study, free-space
beams are simulated by using a large pipe radius; average
beam radius is 1 cm, pipe radius is 50 cm. Space-charge
forces are calculated by summing individual particle-toparticle forces and are applied as impulses to individual
particles at short z-intervals. Electric field energy is calculated in two ways: first, by calculating potentials at the
position of each charge and summing qV over the charges;
second,by calculating x and y electric-field components and
evaluating

(‘i - pJ
2E =
&xi [ l - Pi(l + PJ

(1)

- 2Pl(Z+

PJ(l

+ :)@

I/2

)I

- 1>(Unf un,
-

and

4,
Eti

(P, - PJ
[ l + (1 + PJ

(2)

l)( u,, - UJ]“’

over a grid filling the pipe volume, thereby obtaining the xand y-components of the total field energy. Results of the
two methods agreewell. The second method is useful in
studying energy conservation and exchangebetween x- and
-y-directions. Arbitrary initial particle distributions can be
set up with different tunes and focusing strengths in x and y.
Initially, beams are matched to the channel in an rms sense;
that is, the second moments are stationary. For most of the
problems run for this study, 1000 macroparticles were used.

The subscripts i and f represent initial and final states.The
parameter P = Xf2/Y’* is the ratio of mean kinetic energies
in the x- and y-directions, which we call the partition
parameter. For this study, we have adopted the convention
that Pi 1 1; in other words, x is the plane of higher initial
kinetic energy.
*Work supported by the U.S. Dept. of Energy.
336

.

X-

2fl,Y

= 2fl,X’

= 2fl,andY’

= 2fl

are the position and divergence envelopes of the equivalent
K-V beam. The equivalent beam envelopes X and Y are
assumedconstant, a good assumption for spacechargedominated beams. The zero-current betatron wave number
in the y-direction is b and k is the wave number with space
charge of the equivalent K-V beam (we could also have
expressedthe formula in terms of k, and 4); U, is the
normalized nonlinear electric-field energy per unit length.‘*’
We found numerically that U, is dependent only on the
charge distribution for an elliptical beam and not on beam
current, area 7tXY, or aspect ratio X/Y.
Figure 1 shows emittances, X” and Y“ (proportional to
transverse kinetic energy), and nonlinear electric-field
energy for simulation ofan initially Gaussian beam with
initialvaluesf&
= 4,kJk, = 0.3,&,/k, = 0.131,
kJk keq 2.0, Pi = 8.0. In the first one-fourth plasma
period, nonlinear field energy decreases;transverse kinetic
energiesand emittances increase. We interpret this effect as
charge-redistribution emittance growth. Subsequently, there
is transfer of kinetic energy from x to y with equipartitioning
occurring at about three plasma periods. Over 550 simulations were run, covering initial conditions for K-V,
Gaussian, nonstationary waterbag,’and thermal (semiGaussian) beams with (sJaJi = 4, including rangesfrom
kJk, = 0.4to4.1,kJk, = 0.1 to 1. Also, K-V beams with
W~)~ = 1 were run with the same initial tune ratios.

25.0
u
ia?
e
225
E
i
k
4)

20 0
17 5

In Fig. 2, we compare the predictions of Eqs. (1) and (2)
with the simulation results for all the problems that were run
to&
= 16, where z is distance along the beamline and h
is the plasma wavelength of the equivalent uniform beam,

V

ne’

The data points are the ratios of emittance growth from the
simulations to growth predicted by Eqs. (1) and (2), using the
values of P,and U,obtained from the simulations. Each
data point is a separatecomputer run, with a unique combination of P, initial emittance ratio, tune and charge distribution. The points are plotted versus m
for convenience. As a test of Eqs. (1) and (2), this plot shows the
agreement between the analytic expressionsfor emittance
growth and the simulation results, when Prand U,are
kllOWIl.

In Fig. 2 and in later figures, the yemittance points show
more scatter than the x-points becausefor most of the
problems, the initial yemittance is lessthan the initial xemittance; therefore, the influence of”noise” (statistical
scatter, etc.) is proportionately greater for the y-points.
In general, without additional theory or numerical simulation, only the initial state of the beam will be known.
Equations (1) and (2) will not be useful unless one can
predict U,,and P, After one-fourth plasma period, taking
U, = 0 is usually a good assumption for getting emittance
growth,’because(1) charge redistribution occurs rapidly; (2)
if spacecharge dominates, the beam rapidly becomesap
proximately uniform with a tail of about the Debye length at
the edgeof the beam; therefore, U,will be small; (3) if space
charge is weak, the factor k&&- 1 will be small, and the
kinetic-energy exchangeterm will dominate. On the other
hand, P&s more difficult to predict. Simulations show the
following behavior. For a given Pi, initial distribution, and
number of plasma periods, if we plot Prversus initial tune
k&, three distinct regions are revealed. First, above a
certain threshold in k&, the beam is stable, and Pr = P,
for a uniform beam; for nonuniform beams above this
2.0-

0.0

z/hp = 16

0.00
0.0

0.5

1.0

1.5

2.0

2.5

3.0
I.0

T

T

0.2

04

~

d.6

d.6

kyi/kOy
Fig. 2. Comparing simulation to Eqs.( 1)and (2); U,,and P,from
simulations.

Fig. 1. Variation ofbeam parameters vs number of plasma periods
for initially Gaussian beam, P, = 8, k,Jk, = 0.3, (E&Q, = 4,
X/Y = 1.41.
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threshold, there is charge redistribution but no x-y energy
transfer. This charge redistribution lowers P even though
there is no kinetic energy exchangebetween x an LIy. Second,
for k& far below the threshold, after a few plasma periods
P, = 1; kinetic energy has completely equipartitioned for all
initial charge distributions. Third, between these regions is a
transition region characterized by 1 < P, < Pi. Ifthe
beams are followed for a larger number of plasma periods,
the threshold remains about the same, but the equipartition
region grows at the expenseof the transition region; the slope
of the curve of Prversus k/ko, increasesin this region. This
behavior is shown in Figs. 3 and 4, with simulation data
plotted for various initial charge distributions for 4 and 32
plasma periods.
For some purposes, it may be useful to have a rough
estimate of P, By fitting the simulations for K-V beams with
= 4, we arrive at an approximate formula for P,after
(EJ&y)i
z/&, plasma periods:
p,,l+P-1
1+t

(3)

’

where t is a dimensionless parameter given by

t=o.ole[-+/~)y$-0.55)].

The initial tune depression k,/k, in Eq. (4) is the lesserof
kJk,+ or kJk, y.We choose the form of this equation to
describe some features of the Prdependenceobserved in the
simulations. These features are (1) P, = P, for k,/k,, greater
than a threshold of approximately 0.55 and (2) for
k/k, < 0.55, Prapproaches 1 (equipartitioning) at a rate
that depends on how far the tune depression is below the
threshold. For highly-space-charge-dominatedbeams (k,/k,
far below threshold), equipartitioning occurs in only a few
plasma periods. The formula is represented by dashed lines
in Fig. 5. It provides a fairly accurate estimate of P,for most
of the problems for which it was fitted, that is, K-V beams
with (E,/fy)i = 4. For other initial conditions and charge
distributions, it is lessaccurate but still representsthe data
well enough to be useful for a rough approximation.
In predicting emittance growth using Eqs. (1) and (2)
where P, and I-J,,are unknown, we assumethat ( 1) U,, is zero
as discussedearlier; (2) either P, = 1 (total equipartitioning) or alternatively, P, is estimated by Eq. (3). Figures 6,7,
and 8 show comparisons between final emittances predicted
by Eqs. (1) and (2) and those resulting from the simulations.
These figures include all problems that were run to the
specified z& In Figs. 6 and 7 (z/h, to, respectively, 8 and 32
plasma periods), we assumeequipartitioning with P, = 1.
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tune depressionscloseto Hofmann’s thresholds, the simulations sometimes show rather complicated behavior. In some
cases,the beam seemsto be attracted to integer or halfinteger ratios of k,/k, which may result in 1 < P, < Pi
(partial kinetic energyexchange),in P, < 1 (overpartitioning), or even in P, > P, (kineticenergy transfer from the
lower-energyplane to the higher). Theseeffects deserve
further study; they are most apparent in K-V beamsbut are
also observedwith other initial chargedistributions.

0.0 J
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z/Ap = 32
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The agreementbetweenthe computer simulations and
Eqs. (1) and (2) over a very wide rangeof parameters
strongly supports the validity of the analytic work. In addition, Eqs. (1) and (2) have yielded formulas for predicting
emittance growth in two-dimensional continuous ion beams
with elliptical symmetry and linear continuous focusing,
where the beams are either clearly emittance dominated or
space-chargedominated. For intermediate cases,we can
estimate the partition parameter Prfrom the fit to the
simulation data, Eq. (3) and then use it in Eqs. (1) and (2)
but more theoretical work on equipartitioning rates is
needed.Bunched-beamformulas’similar to Eqs. (1) and (2)
must be tested by simulation with realistic quadrupole
focusing, and may be valuable for linac design,especiallyif
rates of equipartitioning can be more precisely determined.
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Sumnary

boundary,
roughly
equal to the Debye length.
The rms
emittance
growth
itself
arises
from the nonlinear
space-charge
fields,
when the beam charge density
is
nonuniform.
The basic relationship
between field
energy and rms emittance
is not restricted
to a round
continuous
beam.
The relationship
for a 1-D sheet
beam was derived
earlier@**
and, more recently,
one of
us (I.
H.) has generalized
the differential
equation
to include
asymnetric
continuous
(elliptical)
beams
and bunched beams in free space.10
This new result
allows
us to derive
more general
formulas
for spacecharge-induced
emittance
growth
that
include
(1) the
charge density
redistribution
and (2) kinetic
energy
exchange between different
degrees
of freedom.
The suggestion
of emittance
growth
associated
with kinetic
energy exchange was made many years ago
to explain
the numerical
studies
for the CERN and
Brookhaven
linac
injectors.l'-14
The law of equipartition
of energy was invoked,
which asserts
that
in
thermal
equilibrium,
the same average
kinetic
energy
is associated
with each degree of freedom.
But further study was required
to establish
this
principle
in a charged-particle
accelerator,
where collective
fields
dominate
over particle
collisions.
More recent
numerical
simulation
studies
of high-current
asymnetric continuous
bearnsl'*l'
and bunched linearaccelerator
beamsl7-ls
reaffirmed
the importance
of
the kinetic-energy
exchange mechanism.
Detailed
analysis of the K-V distribution
for 2-D asyaznetric
beamslstla
resulted
in a prediction
of coherent-mode
instability
thresholds
for asynxaetric
beams, which
established
a collective
field
mechanism for kineticThe predicted
threshold
values even
energy exchange.
agreed closely
with numerical
simulation
results
for
bunched bearns.le.20
Simulation
studies
clearly
showed
that equipartitioning
does occur when the space-charge
forces
become large.20
However,
theoretical
predictions
for the magnitude
of the emittance
growth
from
equipartitioning
were still
not obtainable.
In this
paper,
we use the general
equation
relating field
energy and rms emittance
to derive
equations
for emittance
growth
for rms-matched
beams with continuous
linear
focusing,
which include
both the charge
density
redistribution
and the kinetic-energy
exchange
mechanisms.
These equations
contain
two final-state
parameters:
the final
nonlinear
field
energy and the
final
value of a new quantity
called
the partition
parameter.
We discuss
the characteristics
of these
final-state
parameters
deduced from our numerical
simulation
studies.
We invoke two hypotheses,
observed
from simulation
studies
to approximately
characterize
the final
state
for space-charge-dominated
beams:
(1) homogenization
(charge-density
uniformity)
and
(2) equipartitioning.
For intense
beams, these
hypotheses
allow
us to obtain
values
for the two
final-state
parameters
and equations
for emittance
growth
that depend only on the initial
beam properties.
We present
equations
for both 2-D continuous
beams and axially
symmetric
bunched beams.
We present
details
of the numerical
simulation
results
for the
2-D asymmetric
beams in an accompanying
paper-21 at
this
conference.
The equations
will
apply to beams
in free space, or beams within
a conducting
pipe whose
radius
is much larger
than the beam size.
The effects
of image changes In smaller
pipes will
require
further
study.

We combine the ideas of kinetic
energy equipartitioning
and nonlinear
field
energy to obtain
a quantitative
description
for rms emittance
changes induced
We dein intense
beams with two degrees
of freedom.
rive equations
for emittance
change in each plane for
continuous
elliptical
beams and axially
symmetric
bunched beams, with arbitrary
initial
charge distributions
within
a constant
focusing
channel.
The complex details
of the mechanisms leading
to kinetic
energy transfer
are not necessary
to obtain
the
formulas.
The resulting
emittance
growth equations
the first
describes
emitcontain
two separate
terms:
tance changes associated
with the transfer
of energy
between the two planes;
the second describes
emittance
growth
associated
with the transfer
of nonlinear
field
energy
into kinetic
energy as the charge distribution
changes.
Introduction
Recently,
we presented
a differential
equationI*
for continuous
round beams with continuous
linear
focusing
(a smoothed representation
of a real transport.line),
which expresses
a relationship
between
the rate of change of rms emittance
and the rate of
change of the nonlinear
field
energy.
The nonlinear
field
energy
is the residual
field
energy possessed
by beams with nonuniform
charge distributions.
It
depends only on the shape of the charge distribution
and corresponds
to the field
energy available
for
emittance
growth.
Using approximations
valid
for a
space-charge-dominated
beam, namely constant
rms beam
size and homogenization
(uniformity)
of the final
charge density,
the integrated
differential
equation
yields
an expression
for emittance
growth
that agrees
well with the numerical
simulations.x*3
The emittance
growth
formula
also agrees with a formula
proposed
earlier*
to explain
numerical
simulation
results
for
a quadrupole
transport
channel.
Equivalent
forms of
the emittance
and field-energy
differential
relation
had been discovered
earlier.**"
but it appears
that
the utility
of this
result
for obtaining
a better
understanding
qf emittance
growth
effects
in linacs
and transport
systems had not been recognized.
Experimental
evidence
for the importance
of the emittancegrowth
equation
for unneutralized
beams in a real
quadrupole
transport
channel
has also been reported.*r'
For the round symmetric
beam, a single
emittancegrowth mechanism was isolated,
characterized
by a
rapid
charge-density
redistribution,
as the charged
beam particles,
behaving
like a plasma,
adjust
their
positions
to shield
the external
field
from the interior
of the beam.
For linear
focusing,
this
implies
a uniform
charge density
to produce
the required
linear space-charge
field
for exact shielding
of beams
in the extreme
space-charge
(zero-emittance)
limit.
fn general,
this
is an approximation
because finite
emittance
beams tend toward a matched charge density
with a central
uniform
core and a finite
thickness

*Work

supported

by the

U.S.

Dept.

of

Energy.
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2-O Continuous
Emittance
Growth
For a general
ship between field
for an elliptical
tribution
in free

Beams

space-charge-dominated
beams with linear
continuous
focusing,
as we have learned
from numerical
simulation
work."
Then we can integrate
Eq. (1) and obtain

2-D continuous
beam. the relationenergy and rms emittance.
exact
beam with an arbitrary
charge disspace, can be written
aslo

ac2 AC2

;z"

, dc2
-2
X2 ds

where s is the distance
along the beam axis,
and the
parameters
X and Y are the total
semiaxes of the
equivalent-uniform
beam (uniform
beam with the same
rms sizes as the actual
beam), related
to the rms beam
sizes /?
and 0
by X = 2 0
and Y = 2 fl
For nonelliptical
beams, Eq. (1) is an approximation
that can be tested
by numerical-studies..'The
quantity
K is the generalized
perveance
given in terms of
charge e. mass m, number of beam particles
per unit
length
NIL, velocity
v. relativistic
mass factor
y,
and free-space
permittivity
CO by K = e2Nk/2rcCrmv2y3,
and the actual
beam current
I is given by I = Nk ev.
The quantity
Un = U/w0 is the normalized
nonlinear
field
energy,
where U is the difference
between the
self-electric
field
energies
per unit
length
of the
actual
beam and the equivalent
uniform
beam, and the
quantity
w0 = (eNR)2/16rrO
is a field
energy per unit
length
normalization
parameter.
Both the electricand magnetic-field
contributions
are contained
in
Eq. (1) by including
the factor
y3 in the definition
of K (~2 accounts
for the magnetic
field
and Y accounts
foi the relativistic
mass).
We have learned
from our
numerical
studies21
that IJ,, is independent
of X and
Y. independent
of beam current.
and has a unique value
for a given charge-density
profile
that
is a measure
of the charge-density
nonuniformity.
The minimum
value of U, is U, = 0 for a uniform
beam.
Values of
Un for some comnon charge distributions
in Table I
and in Refs. 1 and 2 illustrate
these properties,
The
rms emittance,
cx, in Eq. (1) is defined
by
-cX

where the
x-velocity
definitions

xl2

l/2
- xx' 2,

Cxf=
'xi

Charge

Gaussian
Uniform

(‘1 - ‘f.1

,-

Pi(l

+ Pf)

l/2

Pf
- (1 + Pf)

$

uJ,f

- 'nil

'xi

[

and

- (1 + Pf)

(1 + Pf)

t5)

l/2

1

(‘i - ‘f)

1
1
t

d

t2

(Unf - uni)

Yi
where the subscripts
i and f refer
final
states.
It is convenient
to
and (6) using the results22

to the
rewrite

initial
Eqs.

* (6)

and
(5)

and

beam divergence
x1 is related
to the
component x by x = vx'.
and similar
apply for the y-plane.

Distribution

Hollow

.

When the transverse
motion
is nonrelativistic,
the
quantity
P is a measure of the kinetic-energy
asymmetry.
Using the partition
parameter,
we can re-express
Eq. (3) in the two forms that give emittance-growth
We obtain
equations
in each plane.

TABLE I
U, FUR SOME COMMON2-D DISTRIBUTIONS

Parabolic

(3)

.

rms beam divergences0
and0
by X' = 20
I_
and Y' = 2Jy'2.
It is convenient
to introduce
a new
parameter
P that we call
the partition
parameter.
defined
by
P = X'2/Y12

(2)

t

= - KAU,

Equation
3 is the basis for the emittance-growth
equations
that we will
derive.
For an wns matched beam, we can write
cx =
XX' and cy = YY', where X' and Y' are related
to

(1)

= 4(x2

+ ;z'

density

exp(-x2/2x0
(waterbag)
(K-V

and thermal)

1 - x2/x2

G2(X/Y)

un

- Y2/2Y,)
0

where

- Y2/YI

0.0224

1

0.000
0.0754

function

= ;

62(X/Y)

(1 + X/Y)

.

is

defined

as
(9)

The quantities
kyi and kOy are the initial
betatron
wave number (tune)
of the equivalent
uniform
beam (including
space charge),
and the zero-current
betatron
wave number,
respectively,
for the y-plane.
The betatron tune ratio
in the x-plane
can be easily
expressed
in terms of the y-plane
ratio*'
and could equally
well
have been used instead.
These betatron
wave numbers
measure the effectiveness
of the focusing
with and
without
space charge and as beam intensity
increases,
The relationship
between the tunekyi/koy
decreases.
depression
ratio
kyi/kDy
and the beam and channel
Parameters
K. cx, cy, kOx. and k0
is algebraically
complicated
and is most easily
ob Y'*
alned numerically,
but near the space-charge
limit,
a simple result
is.22

0.154

x2/x%
+ y’/$

the

We assume that a beam, with arbitrary
initial
charge density
profile
and arbitrary
kinetic
energies
in the x- and y-planes,
is injected
into a linear
continuous
focusing
channel
and transforms
from an
initial
to a final
rms matched state.
We allow
for
unequal
kinetic
energies
and unequal
focusing
in the
x- and y-planes.
We will
assume that
the rms beam
sizes are assumed to remain constant
as the beam
propagates,
a good approximation
for rms-matched,
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:

,

and
We can also write
Pi = (c~/c~)~/(X/Y)~,
2
2
koy/kox,
for a space-charge-dominated
tion

cxf
-=
'xi

of

Eqs.

(7)

(Pi
'[

pju

and

(8)

into

Eqs.

where
beam.
(5)

and

X/Y E

(‘1- ‘)

Substitu(6)

yields

2

- Pf)

Recent experimental
studies6
show evidence
kinetic-energy
exchange effects
do lead to
growth
in real unneutralized
2-D asynznetric
quadrupole
focusing.

+ Pf)

pf
f
P (1 + P ) G2(x'y)
i

Minimum Final
Emittance
A qeneral
result
for a minimum final
emittance
This is most easily
done by returning
can be derived.
to Eqs. (5) and (6) and using the tjesults.22
near2the
/k
) /
extreme
space-charge
limit,
that X = 2K(k
gY ox
(kfx + kiy) and Y2 = 2K(kox/kOy)2/(k~x
+ key).

(~~)~"~f~uni)]1'2~~

and

EYf= (‘1- ‘f)
I
'yi

' + (1 + Pf)

that
emittance
beams with

Then, using the same assumptions
enization
and equipartitioning.

(12)

2
'xf

2

homog-

2

(l+'i)

= 'xi

of final-state
we obtain
2
K 'ni

(koY’kOx)

2P

1

+

2
2
kOx + key

'

(15)

'

(16)

and
Equations
(11) and (12) express
the emittance-growth
ratios
in terms of the initial
beam variables
X/Y,
variables
Pi, kyi/koys
and Uni and two final-state
The equations
contain
two growth
(or
Pf and U,f.
decay) terms:
one that depends on the change in the
partition
parameter
P and the other
that depends on
the change in nonlinear
field
energy U,.
For the
case of a round symmetric
beam, where X = Y and Pf =
Pi = l,-these
equations
reduce to the results
already
presented
in Refs. 1 and 2.
The values
of the final-state
parameters
must be
determined
either
from additional
theory
or from
At present,
we have the numernumerical
simulation.
ical
simulation
results
available
to us.21
From these
studies
using different
initial
distributions,
we
conclude
that the charge-density
redistribution
is
very rapid,
and after
only a few plasma periods,
the
beam density,
ignoring
a low-density
halo,
is nearly

2
'yf

2

ll+'i)
2

= 'yi

+

2

(k0x/k0y)2
2
2
kOx + kOy

K 'ni

The minimum final
emittances
correspond
to initial
emittances
Exi = c * = 0 (the extreme
space-charge
limit).
Then we o 1'tain
l/2

koY’kOx

'xf,min

=

(17)
imy

K uni

'

and
l/2

kOx'kOy
'yf,min

uniform
enough
causes

(U,f z 0) when the beam intensity
is high
that
the charge-density
redistribution
effect
significant
emittance
growth.
Kinetic
energy exchange is a slower
process
than
the charge density
redistribution
and can typically,
take tens of plasma periods.
For the following
discussion,
we will
assume that
Pi > 1.
The final
partition
parameter,
Pf, depends strongly
on kyi/kOy.
For reasonable
propagation
distances,
we can identify
three
distinct
regions:
(1) a stable
region,
where P
does not change (tune depressions
above approximately
= 0.5 to 0.6 for most initial
distributions);
:rj f"u ransition
region
with partial
or incomplete
equipartitioning,
where 1 < Pf < Pi (k i/k0
below
the tune depression
threshold);
and (3y fuly
equipartitioning.
where Pf = 1 for sufficiently
low tune
depressions.
As the beam propagates
further,
Pf •) 1
throughout
the transition
region,
and the curve of Pf
versus kyi/kOy
approaches
a step function.
If we assume that
for the highest
beam intensities
the final
beam charge density
is uniform
or
homogenized
(U,f = 0) and that the final
kinetic
energy is equipartitioned
(Pf = 1), we obtain

=

4my

K uni

*

(‘8)

Equations
(17) and (1B) predict
that the minimum
final
emittance
depends on the initial
nonlinear
field
energy Unit but not on the initial
partition
parameter
Pi.
The minimum final
emittances
are linearly
proportional
to beam current
through
the parameter K.
The numerical
simulation
results
for a round
symmetric
beamI**
have shown excellent
agreement
with
Eqs. (15) and (16).
and supporting
experimental
evidence has also been reported6
for unneutralized
beams
in quadrupole
focusing
channels.
Scaling

With Beam and Channel Parameters
Using the pair of matched rms envelope
equations
for the x- and v-olanes.
and the definitions
of the
equivalent,
uniform
beam tunes k, and ky, it is
straightforward
to show that the three
variables
(P,
X/Y, and ky/kOy that determine
the emittance
growth)
can be expressed
as functions
of three
new dimensionless variables
that depend directly
on the beam and
channel
parameters
K. tX, cy, kOx and kOy.**
These
three
new variables
consist
of two current-dependent
parameters,
ux = K/2cxkox
and u = K/2c k
and the
Y
Y OY'
zero-current
beam-aspect
ratio
X,/Y,
= (cxkO /cykOx)l/2.
Thus, for a given initial
charge-density
pro v.ile,
constant
values
of ux, uy, and X,/Y,
should produce the

(Pi - 1)
2pi
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In Table II, we show values
of U, calculated
for a
For a
spherical
bunch for some comnon distributions.
spherical
bunch, we find that U, depends only on the
shape of the charge distribution
and is independent
of rms beam size and beam current;
also,
U, is a measure of charge-density
nonuniformity,
having a minimum
Additional
work
value of zero for a uniform
bunch.
will
be required
to determine
whether
this
choice
of
normalization
results
in a dimensionless
nonlinear
field
energy that
is a function
only of the chargedensity
profile
in the general
ellipsoidal
case, independent
of the beam semiaxes a and b.

same emittance
growth
from charge-density
redistribution and kinetic-energy
exchange.
We note that the
ratios
I/cx and I/cy enter
into ux and uy to determine
the emittance
growth.

6

Axially

Sytmnetric

Bunched

Emittance
Growth
For an axial1

symnetric

bunch

Beams

in

free

space

with

rms semiaxes a = f- ?x =G
and b = pin
the laboratory frame,
we write
the differential
relation
between
the field
energy and tms-emittance
for an arbitrary
charge-density
profile
aslo
2

dc

2-dCY

TABLE II

2
22-d

+L--L_b2 ds

a2 ds

(W - WJ

9

U, FOR COMMONSPHERICAL BUNCH DISTRIBUTIONS

('9)

mv2y3N ds
Distribution

where W is the space-charge
electric-field
energy of
the bunch, and W, is the same quantity
for the equivalent,
uniform
ellipsoidal
bunch.
Equation
(19) is
exact only for a uniform
ellipsoid,
and is an approximation
for other
cases.
In Eq. (19).
complete
symmetry is assumed for the transverse
x- and y-planes.
The quantity
N is the number of beam particles
in the
bunch, and the emittance
definitions
are as given by
Eq. (2) with the effective
z-plane
divergence
given
by z' = (t - v)/v,
where t is the laboratory
velocity
component of each particle
along the beam axis,
and v
is the velocity
of the center
of mass of the bunch.
We assume that a beam bunch is injected
into a channel
with
linear
continuous
focusing
in all three
planes
with.equal
focusing
in x and y (a smoothed representation
of a well-bunched
beam in a linac).
We allow
for unequal
kinetic
energies
and unequal
focusing
in
the transverse
and longitudinal
planes,
where the
longitudinal
kinetic
energy is defined
in the rest
frame of the bunch.
The beam bunch is assumed to
transform
from an initial
to a final
state,
and as in
the 2-D case, the rms beam sizes are assumed to remain
constant
as the beam propagates,
a good approximation
for space-charge-dominated
beams with
linear
continuous focusing.
Integrating
Eq. (19).
we obtain
2
zbcy+%

2

a2

where
sions

b2

16K3
= b
G,(b/a)AU,

K3 is a perveance-like
of length
given by

parameter

with

density

Un
-

Gaussian

exp(-r2/2a2)

0.308

Parabolic

1 - r2/R2

0.0368

Uniform

1

0.00

defined

Again,
by

we introduce

where

P = b12/a'f

b'

the

partition

=pand

a'

parameter

=fl

P,

.

(24)

In the nonrelativistic
limit,
which is the case of
most interest
P is a measure of the kinetic
energy
asymmetry
between the longitudinal
and transverse
planes
in the bunch rest frame.
Using the partition
parameter,
we can re-express
Eq. (20) to give emittance growth equations
in each plane.
The results
are

2

Czf=
'zi

'

- pi

(‘i

- ‘f)
(25)

(2 + Pf)

[

(20)

.

Charge

L
pf
‘i t2 + ‘f)

G(b/a)($

- l)

(Unf

- Uni)]1'2

,

dimenand

Ne2

K3 =

20&comv2y3

(21)

*

4f=

The average
beam current
for a string
of
an rf linac
with one bunch per rf period
I = Net/A.
where c is the speed of light.
the rf wavelength.
The function
G,(b/a)
Go (b/a)

= (1 - Ii)

+ M(b/a)2

'yi

bunches in
is given by
and A is
is given by

w3 =

where
final
G(b/a)

the subscripts
1 and f refer
states.
The function
G(b/a)
= 2G,(b/a)/3(1

and the quantities
tron wave number
space charge and
ber, respectively,
depression
ratio
tion
of kyi/koy,

(23)

'
bunch
energy

(26)

,

(Ne)2Go(b/a)

For a spherical
electric-field
bunch.

i
L

where N is the ellipsoid
form factor."
which is
approximately
M = l/(3
b/a) for a nearly
spherical
bunch and is M = l/3 for an exactly
spherical
bunch.
Fhe quantity
U, = (W - W,)/w3 is the normalized
nonlinear
field
energy,
where we have chosen to
normalize
to w3 given by

40&cob

(‘1 - ‘f)
(2 + Pf)

‘+

w3 equals the space-charge
within
an equivalent
uniform

tionship
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for

- H)

to
is

the initial
defined
by

,

and

(27)

k . and kOy are the initial
betaof Y'he equivalent
uniform
beam with
the zero-current
betatron
wave numfor the y-plane.
The initial
tunek,i/k,O
can be expressed24
as a funcPi, and b/a.
An approximate
rela-

the.tune-depression

ratio

kyi/kOy,

with

respect
to
valid
near

the
the

The only linac
experimental
for a spherical
bunch.9
results
of which we are aware11 are unpublished,
and
the reported
result
is that the measured scaling
of
minimum final
emittance
is in the range of Ill3
to
1’12. If these results
are confirmed,
they suggest
that other
emittance-growth
mechanisms may also contribute
significantly
in real linacs.

parameters
of the beam and channel
extreme
space-charge
limit,
is'4

(28)
We can also

write

where

Pi = (Czi/~yi)2/(b/a)2,

b/a

z

Scaling

With Beam and Channel Parameters
From the matched envelope
equations
for the
bunched beam and the definitions
of the equivalent
uniform
bunch tunes ky and k,, we can show*. that the
three
variables
(P. b/a. and ky/kOy)
that determine
of
the emittance
growth
can be expressed
as functions
three
new variables
that depend directly
on the beam
and channel
parameters
Kg, cy, kZ, kOy, and kOz.
The
three
new variables
are u , uz, and ho/a , where
l/2k
l/2
ov;2u:
= 4K3kb~2/kz~~'2k0z,
and
= 4K3kOz /cycz
uY
bo/ao = (czkOy/cykOz)
. Then, constant
values of
should yield
the same emittance
uy.
uz. and b,/a,
growth
ratios
for a given initial
charge-density
profile,
assuming that no other
sources
of emittance
For bunched beams, the ratios
;;""lc,n
‘~n~‘f;~“~l /2 enter into u and u and
=Y z
determine
the emft:ance
growth,
inYcontra:t
to the I/C
ratios
that enter
for 2-D beams.
For spherical
bunches,
this
implies
that the emittance
growth deWe have found excellent
agreement
pends on I/c312.
of this
scaling
rule in our numerical
simulation
studies for spherical
bunches.9

(1 + 2k2 /k2 )/3 for a space-charge-dominated
beam.
oy oz
As in the 2-D case, if we assume that
for high beam
intensities
the beam approaches
final-state
homogenization
(U,f = 0) and kinetic-energy
equipartitioning
(Pf = 1 nonrelativistically),
we obtain
emittancegrowth equations
given by

Czf=
tpi

l-f

l/2

p

. (29)

cZi

and
l/2
* (30)

Numerical
simulation
studies
for the case of spherical
bunches with different
charge density
distributions*
have shown good agreement
with Eqs. (29) and (30).
The-above
emittance-growth
equations
for nonspherical
bunches have not yet been tested
by numerical
simulation.
Minimum Final
Emittance
The assumptions
of final-state
equipartitioning
near the extreme
result
in

2

2
'zf

= 'zi

2
'yf

= 'yi

(2 + '1)
+

3Pi

2

16Gz(b/a)
3

+

We have presented
equations
for 2-D continuous
beams and axially
symmetric
bunched beams with linear
continuous
focusing
in free space that predict
spacecharge-induced
emittance
growth associated
with two
mechanisms:
(1) charge-density
redistribution
and
(2) kinetic-energy
exchange.
We have used the relation
between field
energy and rms emittance
to obtain
results,
which have been expressed
in terms of both
the initial
beam variables,
and two dimensionless
final-state
variables:
(1) the final,
normalized,
nonlinear
field
energy U,f.
a measure of the final
charge-density
nonuniformity
and (2) the final
partition
parameter
Pf, a measure of the final
kinetic
energy asymmetry.
In the absence of additional
theory
to predict
these final
variables
from a given initial
state,
we
have used numerical
simulation
studies
to characterize
the final
beam.
Thus far,
we have done numerical
studies
for 2-D continuous
beamsls***l
and spherical
bunched beams.*
We find that the assumption
of a
final,
uniform
charge density
(U,f = 0). which,
neglecting
beam-halo
contributions,
is expected
in the
extreme
space-charge
limit,
leads to a good first
approximation
for the rapid
charge-density
redistribution
component of emittance
growth.
For 2-D beams,
a general
characterization
of the final
partition
parameter,
which determines
the usually
slower,
kineticenergy exchange process,
is more complicated.
When
Pi > 1, three
regions
of initial
tune depression
are
identified:
(1) a stable
region
at high initial
tune
depression,
kyi/kDy
> 0.5 to 0.6. where P is unchanged,
(2) a transTtion
region,
where Pf has
approached
equipartitioning,
1 < Pf < Pi, and (3) a
fully
equipartitioned
region,
where Pf = 1.
As the
beam propagates
further,
Pf approaches
unity
throughout the transition
region.
Therefore,
final
equipartitioning
of the beam is observed
within
a range of
= 0,
initial
tune depressions
that begins at kyi/kO
and approaches
a stability
threshold
near kyi/ ii Oy =
0.5 to 0.6 with increased
distance
of beam propagation.
In addition
to the emittance-growth
equations.
we have derived
formulas
for minimum final
emittances

homogenization
and
space-charge
limit

K 2
0 3k
oz

2'3

(2 + Pi)
3

Conclusions

3

Uni

.

(31)

U

8

(32)

ni

where Gy(b/aj
E G,[3(1
- H)/2(b/a)4]l/3
and G,(b/a)
=
Go[3(b/a)2H]
13.
The minimum final
emittance
occurs
when the initial
emittances
are cyi = czi = 0 (extreme
space-charge
limit),
which results
in

0 ()
00
G

'zf,min

=4

l/2

2 l/3

Kg

$

kOz

and

l/2

'yf.min

=

4%

*

(33)

u l/2
ni

'

(34)

2 l/3

Kg

3

u l/2
ni

koY

Equations
(33) and (34) depend on the initial
nonlinear field
energy Uni, but are independent
of Pi, a
conclusion
that was found also for the 2-D problem.
For the bunched-beam
problem
the minimum final
emittances are proportional
to I 2/3
through
the parameter
This is in contrast
to the'linear
dependence
K3*
obtained
for the 2-D continuous
beam.
The 12'3 prediction
agrees well with numerical
simulation
studies
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9.

corresponding
to an extreme
space-charge
limit,
when
We predict
that the minimum final
emit=i = 0.
tances
should vary with beam current
as cf min a I
a i2/3 for
for 2-D continuous
beams, and as Cf,min
bunched beams.
Finally,
we have shown how space-charge-induced
emittance
growth
scales with the beam and channel
parameters
through
two dimensionless
current-dependent
parameters
and the aspect
ratio
of the zero-current
We predict
that emittance
growth depends on
beam.
for 2-D continuous
beams and on
I/Cx and I/C
andYI/r
~"2
for bunched beams. Experimental
I/CyC]‘2
evidence
for emittince
growth
from charge redistribution
of unneutralized
beams in real quadrupole
transport channels
has been reported.6r7
Further
studies
will
be needed for real quadrupole
systems before
we
can evaluate
the utility
of these predictions
for
improved
high-current
beam transport
and accelerator
design.
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RFQ SCALING-LAW IMPLICATIONS AND EXAMPLES*
E. Alan Wadlinger, AT-6, MS H818
Los Alamos National Laboratory,
Los Alamos, NM 87545
Summary

i

W e demonstrate the utility
of the RFQ scaling laws
that
have been previously
derived.!12
These laws are
relations
between accelerator
parameters
(electric
and beam parameters
field,
rf
frequency,
etc.)
(current,
emittance,
etc.) that act as guides
energy,
for
designing
radio-frequency
quadrupoles
(RFQs)
by
showing the various
tradeoffs
involved in making RFQ
designs.
These scaling
laws give a unique family of
curves,
at any given synchronous particle
phase, that
relates
the beam current,
emittance,
particle
mass, and
space-charge tune depression with the RFQ frequency and
maximum
vane-tip
electric
field
when
assuming
equipartitioning
and equal longitudinal
and transverse
tune depressions.
These scaling curves are valid at
any point in any given RFQ where there is a bunched and
equipartitioned
beam.
W e show several examples for
designing RFQs, examine the performance characteristics
of
an
existing
device,
and study various
RFQ
performance limitations
required by the scaling laws.
Introduction
W e present
four parametric
scaling-law
functions
to C4) that (within
given constraints)
depend only
on the zero-current
transverse phase advance per period
II2
Given a value for oTO, values for Cl to C4
(UTO).
are determined.
These functions
contain the following
parameters:
beam current I, total transverse normalized
emittance c T, particle
charge/mass ratio Q/M,, negative
ratio
of the transverse
(longitudinal)
space-charge to
external
focusing
forces
Pi,
RFQ rf wavelength X,
and vane-tip
electric
field
at quadrupole symmetry E,.
The functional
relationships
zi(I,Q/Mo,~T,X,E,,~)
represented
in
this
paper
by
the
figures
Ci(uTO)
are
that
were generated by the full
set of equations found
in Refs. 1 and 2.
W e make a number of interesting
observations
including
the
resulting
from these relationships,
minimum
rf
frequency
required
for
a given beam
and the RFQ parameter regime, including
the
brightness
required
for a given beam
minimum injection
energy,
current.
A major
intent of this paper is to make it
relatively
easy to determine the RFQ parameters for a
(It
is interesting
to note
given beam requirement.
that
the scaling behavior seen by Walter Lysenko,'
in
his
simple model presented at this conference, has the
same qualitative
behavior seen here.)

oTO(LO)~l'
assumes equipartitioning
(implying
that cToT - eLuL)s's
and equal transverse
and longitudinal
tune depressions
- pT). For the second case, the ratio pL/pT can be
(aL
any fixed quantity,
but we require that J(l-a,)/(l-p,-)
The effect
-of
th?s
JGfT/‘LoL - ‘TOTO/~LoLO.
constraint
(which greatly reduces the complexity of the
is that
increasing
oTO (increasing
the
equations)
external
transverse
force),
reduces pT (eT, rL, oLo,
which is what we might physically
and pL held fixed),
Case
1
is
contained
in Case 2.
expect.
The maximum electric
field
that can be achieved on
sparking is determined by the
the RFQ vanes without
field
scales
criterion.'O
This
Kilpatrick
This scaling by X is included
approximately
by l/fi.
curves by defining
E, - c/G.
The
in the scaling
Kilpatrick

(3

Derivation2
The RFQ""
is a device that provides transverse
focusing,
longitudinal
sinusoidal
bunching,
and
acceleration
of
beam
particles.
The transverse
particle
motion
in the RFQ is approximately
described
by the Mathieu equation,
and the longitudinal
motion by
a harmonic oscillator.
Linear space-charge defocusing
terms are calculated
from the electric
field
components
for
a uniformly
charged ellipsoid.6
(Wangler' has
argued that nonuniform charge-density
ion beams rapidly
evolve
to a uniform charge-density
distribution.
This
argument indicates
that we are using a realistic
spacecharge-force
model.)
W e obtain relationships
between I, eT and, o
TO(L0)
[transverse
(longitudinal)
zero-current
phase advances
generated by the RFQ in one rf period (two RFQ cells)],
which are related
to the beam parameters through the
space-charge
parameters pT(L) IO,(,)
is the transverse
Work performed
under the auspices of the U.S. Dept. of Energy andsupported
U.S. Army Strategrc Defense Command

l

by the

space-charge depressed tune, and (I
T(L)The first
case
W e study two cases:

(longitudinal)

field

for

X

-

0.705 m is E, - 19.9 MV/m

W ith present vacuum and
giving
< - 16.7 MV/m1'2.
surface preparation
techniques,
we can generally
design
for
electric
fields
that
are twice
the Kilpatrick
criterion.
Scalins Law Curves
W e define

the following

c1 - IQW-P,)~‘~I
c2 - (M$+T)

scaling

curve functions:

(no E/R<) (1)

/ [W~T/V3’2~Ll;

/ 02t2Q2di?+

C3 - m

- (IM:+

/ (P,E~,~'~Q~);

c4 - m

- [12MoR~(l-pT)3'4]/[r~'2Q~3~~l;

(no I)

(2)

(no cT)

(3)

(no 1)

(4)

allowable
velocity/minimum
where R
- (synchronous
B
and R
- (minimum RFQ vane
synchronous
velocity)
c
(Note that [ appears with
radius/maximum beam radius).
Increasing
Rc decreases
the focusing
Re as WC.
The minimum
field.)
effectiveness
of the electric
allowable
synchronous particle
velocity
(/3,,,)
and the
energy gain (6) per RFQ cell (length - psX/Z) are

Bmin - [ -2~/(4~0~~) 1 1rTaTO/(XG)

11’2e and

6 - [-~R;~ToTOM~cotdsl / M;@i&
where
stable

4 s is the synchronous phase (negative for phase
acceleration).
Functions Cl to C4 are unique functions
of aTO for
fixed
values
of fiL/pT,
OS, and 'Rs/R c .
W e have a
parametric
relationship,
depending on oTO, between the
quantities
Cl, C2, and any arbitrary
function
of Cl and
C2 (C3 and C4 are examples).
Curve C2 versus oTO
(unlike
Cl)
depends on 4,, R
and R . W e can show
B'
that
Rs and Rc only appear with d, in t;e form [RB/(ds
l Rc)l, and as long as [oTo/(O~ sin4s)] << 1, C2 is
relatively
independent
of d,,
and R c'
This
"s*
situation
often- occurs
in practice,
and parameters
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I
picked
for
a particular
part of an RFQ will be valid
for the entire
structure.
The variables
that appear in Cl to C4 are I, Q/M,,
Function Cl has no E/R,
CT' 1, C/Rb I P=, and pT.
dependence,
C2 has no I dependence,
C3 has no ZT
dependence,
and C4 has no X dependence.
We generally
design
an RFQ for
a given
Q/M, and space-charge
parameters
PI and PT. However, situations
frequently
occur where only three of the four remaining parameters
(I,
me
1 CT' and X) have required values, which is
why we chose functions
Cl to C4. Because we have a
parametric
relationship
between Cl and C2, choosing
values
for
three
of the four
remaining parameters
uniquely determines
the fourth parameter and o
TO'
SI units are used in generating
the scaling curves
with-E,
(V/m), eT (marad), MO [V, (moc2/e)l,
and I (A),
etc.
We show oLo and the betatron
function
pTwiss
versus
uTo
in
Fig.
1.
(The
betatron
function
is
-.
related
to the beam size by RBEAM - J'TBTwiss.
For a
harmonic
oscillator,
B Twiss - "cT0'
which is accurate
for
small
phase advances
in the Mathieu equation.)
Figures
2 and 3 show Cl and C4 versus oTO for pL- pT,
- 1.0 to 2.0 and the following
conditions.
CR,@,)
Figure 2: ds - -900; Fig. 3: ds - -300.
Figure 4 shows
the effect
for
pI, + pT (case 2) when ds - -90° and
apply to
CR&)
- 1. Almost the same considerations
cases where (PI+ -pT) as to where
we get a different
but unique
ratio
of
This
ratio
(P'L/PT).
external
forces through oTO and
lie
on the Fig. 1 curve, pL and Fig. 4 gives an indication
of

--------_____________
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scaling curve for each
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law curves
are given.
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for job - pT, d S - -9OO.
-6
-2
Cl - Dlx10 , C4 - D4x10 .

aLO. When oLo and oTO
aT; otherwise,
pL+ pT
what happens.

1

1

Discussion
Curves of oLo and Cl versus oTO are independent of
and R
c' Curve Cl shows that, for a fixed oTO,
"s*
and pT, the length (X) must decrease for a beam
"T'
current
increase.
This relationship
is independent of
However, the particle
bunch must
the beam's velocity.
sit
the longitudinal
phase-stable
bucket;
inside
so does the
therefore,
as the rf frequency increases,
minimum injection
energy (Eq. 5).
Curve C4 shows that an increase in current
(fixed
pT,
cT, <) requires
a decrease in oTO. This can be
understood
by looking at the betatron
function
versus
For small zero-current
tunes, a small
uTO (Fig
1).
increase
in the tune depression
(decreased tune) leads
to a relatively
large increase in the betatron
function
which translates
into a large reduction
in
(beam size),
the space-charge
Going to higher frequencies
force.
tune allows the betatron
and a smaller
zero-current
function
to grow rapidly
with current,
causing small
changes in the tune depression.
Note that the phase
advance per unit length does not decrease as rapidly
as
the phase advance per period for higher frequencies
because the period length gets shorter as the frequency
increases.
Curve C4 determines the value for aTo once
a value
for
I is chosen.
The value for X is then
determined by using one of the other curves.
We can use curve C3 to maximize the beam current
without
regard
to emittance and can determine the RFQ
3 3/2
We can
parameter regime using I - C3< X
P,Q*/&$.
increase
the current by decreasing oTO (increase
C,),
4 S’
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law curves for pL+ pT, 0, - -30°,
pL/pT - 0.9 (dashed).
- 1, PL/PT - 1.1 (solid),

Rpc
- D1~10-~,
c1

C2 - D2x10-2,

C3 - D3x10+

C4 - D4x10-6

increasing
the electric
field
(0,
or increasing
the rf
What we do depends on the maximum
wavelength
(X).
acceptable
emittance
(cT = X2 for fixed o TO using C2),
how much electric
field
breakdown we can tolerate
(giving
a maximum value for E), and what beam-energygain gradient
is acceptable
(6 a uTO, Eq. 6).
We use
C4 instead
of C3, when a maximum acceptable
curve
Then we can
and electric
field
are defined.
emittance
study the tradeoffs
between I, X, and u TO'
Examples
We
accelerate

determine
the RFQ parameters
required
to
a He: beam. We assume I - 0.1 A, cT - 1.2 x

10S6m*rad and aL - pT - 0.84.?'r1
We require
2 and that
the maximum electric
field be
Kilpatrick
field with a 1.4 field
enhancement
(maximum electric
field/E,).
We have MO - 3.73
Q

- 2, d S - -90°,

and

-

23.9

x

lo6 V/m1'2.

0.10 1.0

0.10 1.0
0.11 1.3

~

The final
RFQ design
is a compromise between
and beam-dynamics requirements.
A design
construction
the safety
factors
should perform as
that
includes
desired.
An RFQ designed without
the safety factors
will likely
experience beam scraping even with a "welloperation
is most severely
matched"
beam.
RFQ
we choose X,
- -300; and therefore
constrained
at d
where 0.52 > X > g.41 (579 to 726 MHz). The injection
lie between 120 and 235 keV
energy (for ds - -9OO) will

from Eq. (4) and find,
-2 .
-4°,andC1-0.88x10
- 0.00 m (375-MHz) from Eq.

the appropriate

aTO, uLo, and X].

Sonclusion

We

lo-6

RFQ design data for Ex. 3.

Rt

[use Eq. (5) with

and < - 16.7 x lo6 x .2 (Kilpatrick)/

1.4
(enhancement
factor)
calculate
=4 - 2.995 x
using
Fig.
2, that
oTO
Knowing Cl, we calculate
X
(l),

that Re twice the
factor12
x 10geV,

Table I.
I

For a given synchronous phase, there is a unique
family of scaling curves (pL/pT and Rc/Rs) that relates
the beam current,
emittance,
particle
mass, and charge
with
the RFQ frequency,
maximum vane-tip
electric
tune depression if we assume
field,
and space-charge
equipartitioning
and equal longitudinal
and transverse
tune
depressions.
We presented
these
scaling
relationships,
given
by Cl to C4, to show the various
tradeoffs
involved
in choosing
RFQ designs and have
provided
curves
to help
choose starting
points in
parameter
space for optimizing
an RFQ for a particular
requirement.
Finally,
we presented several examples
for designing RFQs using our procedure.

use

Eq. (5) to calculate
pmin - 2.93 x 10m2
(1.6-MeV
kinetic
energy).
We have determined
the
minimum frequency and injection
energy for this RFQ.
In
the
second
example,
we determine
some
properties
of an existing
425.0-MHz, 2.0-HeV proton RFQ
linacla'"
at the end of the "gentle buncher" section
(the design "choke" point with beam energy - 1.01 MeV),
which was designed to accelerate
a proton beam with l T
1.2 x lo-'m*rad,
Mo - 938 x lo6 eV, and I - 0.1 A. We
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UNDERSTANDING

SCALING

LAWS*

W. P. Lysenko,AT-6, MS H829
Los Alamos National Laboratory,LosAlamos, NM 87545USA
which we describe the beam and the forces acting on it.
The matching constraint reduces the number of independent parameters in the dynamical system to n-m.
Another way to look at this is to consider the scalin
law as a relation between the equations of motion an cf
the initial conditions. The equations of motion, which
describe the evolution of the 6-D phase space, depend on
the machine parameters and on the spatial part of the
beam distribution. These equations can have many
solutions, depending on the initial beam, which is
The
described by the 6-D phase-s ace distribution.
scaling law is an imposed re Pation between the parameters of the equations of motion and the initial conditions, which restricts the solutions to correspond to
matched beams only.

Summarv
In this naner. I show what accelerator scaling laws are,
how they c^an’be’be generated, and how they are-used. A
scaling law is a relation between machine parameters and
int of view is that a
beam parameters. An alternative
scaling law is an imposed relation goetween the equations
of motion and the initial conditions. The relation between
the parameters is obtained by requirin the beam to be
matched. (A beam is said to be matche 6. if the phase-space
distribution function is a function of single-particle invariants of the motion.) Because of this restriction, the number of independent parameters describing the system is
reduced.Using simple models for bunched- and
unbunched-beam situations, I show how scaling laws
determine the general behavior of beams in accelerators.
Such knowledge is useful in design studies for new
machines such as high-brightness linacs. The simple
model I present shows much of the same behavior as the
detailed RFQ model discussed by Wadlingerl at this
conference.

Third Step: Derive Useful Formulas
Starting with the basic scaling laws given by Eq. (l),
we can solve for any parameter pi in terms of any other of
the n-m parameters. (In practice, we may not be able to
do this analytical1 , but we can always generate the
implicitly defined Punction numerically.) An example of
such a formula is

Introduction
In any accelerator beam-dynamics model, there are two
kinds of parameters:
(1) Machine parameters (focusing strength,
frequency,...).
(2) Beam parameters (emittance, beam radius,...).
A scaling law is a relation between these two kinds of
parameters. We get this relation by requiring the beam to
be matched. This restriction reduces the total number of
independent parameters in our model. Once we have a
scaling law, we can obtain formulas that are useful in
design studies, These formulas general1 take the form of
expressing a beam parameter in terms o Psome useful set
of independent parameters of our machine/beam model.
In this paper I will first describe the general procedure
for generating scalin laws. Then I will work out the basic
scaling laws and use Bul formulas for two cases: a simple
model for an unbunched beam and a simple model for a
bunched beam.

P,

First we establish a model of the machine and beam.
There will be icertain number, R, of independent paramthat describe the state of the machine/
eters (~IJQ,...,~,,)
beam system. Different sets of n parameters may be used,
some more convenient than others.
Second Step: Relate Machine to Beam Parameters
The next step is to obtain relations between the
machine parameters and the beam parameters. These are
the scaling laws.
We generate these relations by requiring the beam to be
matched. The number, m, of such relations depends on
the number of degrees of freedom and on the detail with
F,(P,,P,,...,P~)

= 0,

F,(P,,P,,..~P,)

= 0

P,(P,sPy...,
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This formula would be useful if, for exam le, we wanted to
know how p1 behaved when p2 was held Pixed and p3 was
increased. In general, if we are to obtain meaningful
conclusions, we must conform to the following rules. First,
we must make sure that the number of parameters appearing on the right-hand side of the formula is equal to nm. Then, we must make sure that all parameters that we
wish to observe, to fix, or to vary appear explicitly in the
formula.
For example, consider a four-parameter model in which
the machine and beam are described by the following
parameters: focusing strength, emittance, beam radius,
and beam current. Suppose just one relation is required
to specify a matched beam. Then, our formulas would
express one of the parameters in terms of the other three.
We could use these formulas to answer questions like the
following: What hap ens to the current when the emittance is held fixed an the focusin strength is varied?
g on the va ‘i ue of the beam radius.)
(The answer will depend
If some of the parameters we wish to investigate are
not in the original set that we used in the scaling law,
then we must transform the parameters. Suppose we
wish to obtain some parameter q as a function of the
instead of the pi. In this case,
parameters (ql, qg,...,q,.,)
we use the definitions of the new parameters to eliminate,
in Eq. (1). n-m + 1 of the original parameters in favor of the
new ones. Then we can solve for q in terms of the qi. This
process can be repeated for any number of new arameters
In practice, only a few of the arameters dl4 er from
t‘i; e pi; therefore, the amount of a Pgebra is not large (but
because the transformations may be nonlinear, numerical
solution may be required).

Procedure for Generating and Using Scaling Laws
First Step: Define Dvnamical Svstem

-

=

Example for Unbunched Cylindrical

Beam

For the first example, consider a beam transporting a
current I traveling in the z-direction. We assume the
focusing forces are transverse, linear, independent of time
and z, and that the force constant is the same in both
transverse directions. We assume that the beam is an
infinitely long circular cylinder of radius R with uniform
charge density and that all the particles are traveling at
the same velocity u.

(1)

*Work performed under the auspices of the Dept. of Energy and
supported by the U.S. Army Strategic DefenseCommand.
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Notice that our system is described by five parameters:
one describing the machine (k,J, and four describing the
beam (c,Z,ZZ,v).The scaling law, Eq. (11). is one condition;
thus, only four parameters can be independently chosen.

Equations of Motion for Unbunched Cvlindrical Beam
The transverse single-particle motion is given by
dx

(3)

p,

and

;

=,,

dp
-?
dt

= -(kex + klc)x ,

-(4)

where x is a transverse displacement,p, is the con’ugate
momentum, k,, is the external-force constant, an d k,, is
the space-charge-force constant. A similar equation holds
for the y-direction. The space-charge force constant is
(electromagnetic quantities are in mks units)
el
ksc = - 2ncoR2u

Invariants

(5)

Formulas for Unbunched Cylindrical Beam
First, let us take the scaling law, Eq. (111, and solve for
the current.
2ne
I=0

c*mc*
k
e ( ez -R”
b

(12)

2

“’

This says that, given any emittance, we can have as large
a current as desired if we are willing to let the beam radi, or beam velocity et large enough.
us, focusing stren
Of course, physica P constraints will lea d to practical current limits.
Now let us transform the parameters to get other useful formulas. The spacecharge parameter is defined as
k

(13)

p=-f

for the equations of motion are

l x

A&y,px,p,)

(6)

= cunst., and

= x2 +

It is related to the tune depression factor as follows:
a
-=(l-p)m

00
(7)
AJk~r~x,~Y)

= Y

where
(8)
A, and A, are the oscillation
transverse directions.

amplitudes in the two

c=

x
ma% *In,
-:

(9)

mc

then by using these Eqs. (61 and (71, we get the basic
scaling law
cc=R2u

(10)

,

where we identified the beam radius R with the maximum
beam amplitude. In terms of our basic set of five
parameters (&,Z,k,,,R,v), the scaling law is
Lt2

(11)

(14)

where a and u. are the phase advances per unit independent variable with and without space charge, respectively.
We can eliminate R in the basic scaling law, Eq.( 111, in
favor of p to get a relation involving the ( eJ,k,,~,v)
parameters and solve for 1. Similarly., we can eliminate Z
in Eq. (11) in favor of p to get a relation involving the
(c,R,k,,p;v)
arameters and solve for R. This will give us
formulas of tl e following form.
I = I(e,keZ,lv),

Basic Scaling Law for Unbunched Beam Case
The beam is described by the distribution function
flx,y,px,py,t), which is the density in 4-D phase space. The
beam is matched if the distribution function is a function
of the single-particle invariants. In our case, this means
the density in hase space is constant on the invariant
ellipses given Ii y Eqs. (61 and (71.
We will describe the matched beam by four arameters: normalized emittance E. current I, radius f; . and
velocit v. The normalized emittance in the x-direction is
define B to be the area occupied by the beam in x-p, phasespace projection, divided by nmc. The boundary of a
matched phase-space distribution is the same as that of
an invariant ellipse. (Because our example is time
independent, the invariant ellipse is also a phase-space
trajectory.) Therefore, for a matched beam, we have

’

and

(15a)
(15b)

The actual formulas are as follows.

(16)

(17)

Suppose we fix the machine arameter k, and the
beam emittance and velocity. 8 he beam current and
radius are plotted as functions of the space-charge parameter in Fig. 1. For a given machine, many different beams
of a given emittance and velocity will be matched. The
graph shows that beams having lar e p values transport
more current. Actual machines wll3 have a finite aperture, thus, the larger beam size at larger p values will
determine a finite current limit. Also, we may want to
kee the tune depression from becoming too large (perhaps
we Pear instabilities). Then the restriction on p may
determine the actual current limit.
Example for Bunched Beam
Let us consider the simplest possible model for a structure that transports a bunched beam. Let us assume the
beam to consist of uniformly charged spherical bunches
moving at a velocity v and s aced so that they go by a fixed
point in space at frequency P. Assume the focusing forces
to be linear, isotropic, and constant in the beam frame of
reference.

.

2.

~

charge

parameter

Beam current and radius as a function of
space-charge parameter for the unbunched,
cylindrical-beam case.

Fig. 1.
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Figure 2 shows the current, radius, and phase advance
nlotted as a function of the freauencv for fixed values of
hex, and p. We see that the curreni increases with frequency but that the beam radius is independent of freuency. Because the available accelerator aperture
3 ecreases with fre uency, there is a fre uency at which
the pipe is filled, w1. ich corresponds to tR e current limit for
the given values of c,kex, and p. The fact that higher frequencies are favored for high-brightness machines has
been recognized for some time, both from scaling law2 and
particle simulation3 work. In this very simple model, the
R parameter is also the bunch half-length.
Therefore, the
maximum allowable R-value also depends on velocity,
with larger velocities being favored. The limit occurs at
the point where adjacent bunches overla
In real machines such as DTL and RFQ linacs, the t unch-length
limitation is caused by the nonlinearity of the longitudinal
focusing forces; thus, the real limit occurs before &he
overlapping bunch limit.

beam mdius

space

,
__,

Equations of Motion for Bunched Beam
The e uations of motion are again given by Eqs. (1) and
(2) as in t?l e unbunched case, but the space-charge force
constant is now given by the following:

hose advance

(18)

where f is the frequency at which the bunches pass.
Basic Scaling Law-for Bunched Beam Case
The basic scaling law is again determined from Eq. (91.
Using the new expression for the space-charge-force
constant, we get the following basic scaling law in the
(c,fJ,k,,P)
parameters:
(19)

Formulas for Bunched-Beam Case
Using the same procedure of eliminating one or more of
the five parameters in favor of new ones and solving for
one parameter in terms of the other four, we can write
formulas of the following form:
(20a)

I = kf,k,,,p) , R = R(c,f,k,,,p),

(20b)

and

0 = okf,k&

The parameter u is the phase advance per period, taking
into account space-charge forces. The actual formulas are
as follows.
(21)

2 lJ4

R = (mc )

II4

,,,:“,,,

’

and

(22)

1

2
frequency

Fig. 2.

(arbitrary

3
units)

Beam current, beam radius, and phase
advance per period as a function of the
frequent for the bunched-beam case. The
Gem an B p parameters are held fixed.

We also see that high-brightness machines tend to
have a small phase advance per period. Of course, highbrightness machines need strong focusing forces, but
strong focusing means a large phase advance per unit
time. The phase advance per period is small because the
frequency is high. Because of the small u, high-bri htness
alternating-gradient
structures will have a small if utter
factor. This means the space-charge forces will be practically time independent. This fact may be helpful in developing simulation codes for high-brightness structures.
It is encouraging to see that this very simple bunchedbeam model has the same qualitative behavior as seen by
Alan Wadlinger in his scaling law study using a realistic
model of the RFQ. His aperl shows how RFQs can be
designed using scaling Paws.

1. E. Alan Wadlinger, “RFQ Scaling-Law Implications
and Examples,” these roceedings.
2. W. P. Lysenko, “Equl *Ylbrium Phase-Space
Distributions and Space-Charge Limits in Linacs,” Los
Alamos National Laboratorv - report
LA-7010-MS
.
(October 19771.
3. R. A. Jameson, “Beam-Intensity Limitations in Linear
Accelerators,“IEEE Trans. Nut. Sci., 28, (31.2408
(1981).
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Summary
We describe
a dc volume H- source, employing multicusp
plasma confinement,
which has been constructed
An extracted
H
for use with the TRIDMF cyclotron.
current
density
of 12 mA/c& has been obtained.
‘Beam
emittance
and brightness
have been measured as a function
of current
density
and beam fraction.
Beam
brightness
values for normalized
beam emittances
at 81%
beam fraction
are typically
10 mA/(mm*mrad)2 (equivalent rms B = 200 mA/(mm*mrad)2).
A 9.4 m long beam line
containing
only electrostatic
optics is being built
to
transport
up to 2 mA of H’ beam at 300 keV from the ion
source
into
the existing
cyclotron.
injection
beam
line.
1.

Introduction

Volume
production
is
the
preferred
presently
mechanism for producing
bright
negative
beams of hydrogen or deuterium.
Several laboratories
are investigating multicusp
plasma generators
as volume H
ion
sources for neutral
beam injection
in applications
with
fusion plasmas and for particle
accelerators.14
These
sources are characterized
by their
good beam quality,
i.e.,
low emittance,
high brightness,
stable
output,
and relatively
long filament
lifetimes.
Since cesium
is not required
in the ion source, the associated
voltage breakdown problems resulting
from cesium contaminasystem
are avoided.
These
tion of the accelerating
properties,
along with the inherent
simplicity
of the
volume. source,
make it a practical
choice
for high
intensity
accelerators.
We describe
here the dc Hsource developed for the TRIDMF cyclotron,
and present
some measurements of its performance.
2.

body, consists
of a 20 cm diameter
with
a 6.5 mm diameter
extraction

The extraction
lens is an axially
symmetric fourstructure
similar
to that employed at KfK3
electrode
The H’ is extracted
through the 6.5 mm hole by applying
a positive
3 kV potential
(wrt the cusp body) on the
second electrode
(see Fig.
1).
Permanent magnets in
the first
and second electrode,
arranged such that they
have a jB*dl of zero, serve to sweep the simultaneously
extracted
electrons
from the beam while
giving
the
heavier H- ions only a small net displacement.
An additional
voltage
increase
of -22 kV between
the
second
and third
electrodes
then brings
the ion energy to
25 keV. The optimum dimensions of the extraction
system
were calculated
using the computer code AKCEL5 for a
desired
beam energy of 25 keV and current
density
of
<lO mA/cm2.
In order to reduce gas stripping
in the extraction
lens region and to run the source at optimum gas pressystem
was designed
to allow
sure,
the extraction
differential
pumping.
On-line
tuning
of the extracted
beam is accomplished with the aid of the four wire scanners shown in
Fig. 1. The first
wire scanner is placed in a diagnostic box immediately
after
the extraction
system.
The
remaining
three wire scanners are placed in diagnostic
boxes downstream of a solenoid magnet.
The beam emlttance
is determined
by a
scanner .6
In this
technique
a portion
of
passes through
a narrow slit
(0.06 rmn) Into
where two parallel
plates
(2.8 mm gap by 38
impose a variable
transverse
electric
field.
which passes through
the second slit
(0.06
detected by a Faraday cup.

Cusp Source

The TRIUMF ion source,
shown schematically
in
Fig. 1, is a cylindrical
full-line
cusp source employing 10 lines of 3.2 kG samarium-cobalt
magnets deployed
axially
on the outside
of an all-copper
water-cooled
plasma chamber.
The plasma chamber is divided
into two
regions
by a strong magnetic filter
(IBad
= 200 G-cm)
after
the method of Leung et al.’ Four lines of magnets
across the back face complete
the confinement
of the
plasma.
The extraction
face, which is insulated
from

TURBO
PUMP @

the cusp chamber
plasma electrode
aperture.

3.

Initial

Measurements

The output of the final
Faraday cup was examined
on an oscilloscope
and revealed only a small (-5%) high
frequency
component in the total
extracted
current.

ISOLATION
GATE VALVE

THERMOCOUPLE
BEAMSTOP

7

WIRE SCANNER @
I

:D

CRYOGENIC

MAGNETIC
FILTER
RODS

Fig. 1. Schematic diagram
diagnostics
geometry.

two-slit
the beam
a region
mm long)
The beam
mm) is

PUMP

of the multicusp
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ion source,

extraction

system and

mized.
The maximum extracted
current
density
of
10 mA/cm2 at an arc of 70 A - 145 V corresponds to a
current of 3.1 mA at 10 kW of arc power.
This is consistent
with
the value observed by the pulsed Los
Alamos source.2
The measurements were made with the
magnetic filter
rods installed
in the position
closest
to the first
electrode
(5 mm). This position
yielded
the maximum extracted
H- current
while minimizing
the
electron
contamination
as evidenced by the drain currents on the second and third
electrodes
(typically
-15 mA).
Figure 3 shows the measured normalized
beam emittance (Y~c) as a function
of current
density
for the
data in Fi
2 for several beam fractions.
The beam
fraction
f b' is defined as the square of the measured
one-dimensional
fraction.
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The brightness
data is shown in Fig. 4, as a function
of extracted
current
density,
for several
beam
fractions.
The normalized brightness
is defined as:

Fig. 2. Total extracted
H- beam current and density vs
arc current
for optimized
plasma parameters at a constand arc voltage of 145 V and 25 keV extraction
energy.

Bn - 2If2/,2,2 n
This was mostly due to noise on the power supplies controlling
the source.
The intrinsic
plasma noise was
only a small fraction
of this figure.
The dependence of extracted
current
on source
pressure displays a broad pressure optimum at - 7 mTorr
(corresponding
to a II2 flow rate of 15 cc/min),
in
agreement with observations
of other sources.1-3
At
high
pressure
the extracted
current
eventually
decrebses.
This decrease is not, however, due to etripping
in the beam transport
section.
The current
measured on the Faraday cup at the end of the beam line
is -97% of the total
current measured with the cup in
the fi_rst box, indicating
that gas stripping
in the
beam line is negligible.
Evidence that stripping
is
also unimportant
in the extraction
region was obtained
by measuring the ratio
of extracted
beam current
to
power as a function
of gas load.
This measurement was
done using a Faraday cup-calorimeter
in the first
box.
The
aperture.
aperture
pared to
standard
improved
decrease

extracted
current
scaled with the extraction
Initial
measurements with a 13.2 mm diameter
yielded
an extracted
current of -4.1 mA com-1.0 mA under similar
conditions
with the
6.5 mm aperture.
The beam brightness,
however,
with the smaller
aperture
probably due to a
in aberrations
in the extraction
system.

where I is the Faraday cup current,
f is the fraction
of total beam within
the one-dimensional
emittance contour and E,, is the normalized
beam emittance.
The
brightness
is nearly constant between 3 and 10 mA/cm2.
Above 10 mA/cm2 the apparent brightness
falls
because
the extraction
geometry was optimized
for currents less
than this
value.
The maximum measured normalized
brightness
for 81% beam fraction
was 14.0 mA/(xvn*mrad)2
at a current
density
5.6 mA/cv?.
The corresponding
emittance
figure
is shown in Fig. 5.
For these data
the emittance
(area divided by n for 90% beam fraction
in one dimension)
is 0.147 mmemrad and the normalized
rme emittance
is 0.038 mm*mrad yielding
an rms brightness (- ZI(n6ye rms)-2) of 250 mA/(mm*mrad)2.
The data
of Fig. 5 show the qualitative
features of a Maxwellian
(semi-Gaussian)
distribution.
Moreover, four times the
rms emittance contains very nearly 90% of the beam (in
one dimension
and this is also true of the Maxwellian
3# The plasma temperature corresponding
distribution.
to
these data is therefore
0.52 eV.'
4.

Operational

Status

The cusp source has proved to be operationally
stable
and easily
tunable.
The teetbed measurements
the operational
suggest
that
it
should
outperform
Ehlers'
PIG source.*
We have moved the system to a new
high voltage
terminal
and will
soon subject the source
to the operational
demands of H- production
in order to
examine its reliability.
A second cusp body is being
built
to serve as a spare and will
be set up on the
testbed to allow further
source development.

Figure 2 shows the total
extracted
B current,
as
measured by the Faraday cup, versus arc current for an
arc voltage
of 145 V with all other parameters opti-
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Fig. 3.
Normalized beam emittance vs. current density
at several beam fractions
for the data in Fig. 2.

Fig. 4. Normalized brightness
vs. current density
several beam fractions
for the data in Fig. 2.
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at

mrad

(0.57 m).
The phase advance per cell can be varied
between 0" and 150' though it is intended to be 90".
The 2 mA beam will depress the incoherent
phase advance
per cell from 90' to 65".
Recent measurements9 indicate that this depression
is still
safe from the point
of view of beam stability
and emittance growth.
Motor
driven horizontal
and vertical
slits
are placed in the
first
two cells so that the emittance can be cropped in
all 4 dimensions.
Provision
has been made for two-slit
scanners at either
end of the new 300 keV section
so
that emittance growth can be measured.
Also, a puleer,
operating
across the accelerating
stack, will allow one
to control
the time structure
of the beam so that
time-dependent
neutralization
effects
can be measured.
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Abstract

Table

Ion acceleration
at CERN already has a long .history but had been limited
in the past to deuterons and
alpha-particles
apart
from the usual proton
(or H-1
beams.
A review on these activities
will
be given.
Over the last years the possibilities
were discussed to
accelerate
even heavier
ions and detailed
plans were
worked out for an oxygen injector
for Linac 1 by a
GSI-LBL-CERN collaboration.

will

Year

Particle

1964

d
d
atd
a
a
a
a

1976

1976
1977
1979
1980
1980

This paper will
present the scheme including
the
combination
of two injectors
which allow independent
injection
of protons,
H- or oxygen ions using two
radio-frequency
quadrupoles.
The progress
concerning
oxygen ion acceleration
be presented together with first
results.
Introduction
The first
deuterons
had been accelerated
in the
CERN 50 !4eV Linac back in 1964.
Later on they were
injected
and accelerated
in the PS and transferred
and
stacked in the ISR (Intersecting
Storage Rings).
Studies were made several times1 to investigate
the possibilities
to accelerate
heavier masses but only a-particles were finally
used in the PS and ISR. The growing
interest
of the physics community in (light1
ions was
made evident
with a letter
of intent
to the relevant
CERN committeer.
At that moment it was decided to have
a new look’ to what might be possible
with the CERN
machines.

1: Liaht

Ion Beams in Linac

Current
(IfA)

1 till

Ti7-j-j
pulse-Duration

7
12
2
0.7
2
6
10

10
100
100
100
100
100
100

I

1980

Destination

PS, 1:SR
(PSI

I

PS, ISR

acceleration
of ions, heavier than deuterons and alphas
must be done in the same mode, provided their charge to
mass ratio
is the same f.51. Unfortunately,
there are
not too many ions with these charge to mass ratios
available
in sufficiently
large quantities.
The subsequent
circular
machines after
the Linac
need a
certain
for
their
beam control
minimum current
systems.
Therefore,
we had to look into the possibility to get higher currents
from the ion source at the
Unfortunateexpense of smaller charge to mass ratios.
ly, this means that the fields
in the Linac have to be
increased
by the corresponding
amount as it is not
possible
to run the machine in the 38h mode.
This
limits
the charge to mass ratio to .30.
Fig. 1 shows
possible charge states for acceleration
in our machine.
pis.

1

Jiistorv
Due to a certain
interest
expressed by some physicists
some thoughts
were given to light
ionsl,s,s
after
the first
deuteron acceleration
in 1964. But it
took 12 years before another attempt was made to accelerate deuterons
with the Linac (Linac 11, profiting
from the fact that Linac 2 (the ‘New Linac’)
supplied
now the CERN machines with protons and that Linac 1 was
available
for lengthy machine studies.
Not only was the pulse length increased by a factor 10, but also the current
was almost doubled.
The
deuterons were finally
injected
into the PS, accelerated and stacked in the ISR. The production
of a-particles was also tried,
but acceleration
in the PS was
very lossy.
It was only due to the interest
of certain
experimental
groups
in
the
ISR that
a-particle
production
was pursued.
The method selected
finally
was the production
of a Hel+ beam and stripping
at 516
keV to produce a’s which could be injected
into the
first
tank of the Linac (Linac 1). The result was very
good and gave currents
similar
to
running
with
deuterons,
making acceleration
in the PS and stacking
in the ISR a not too difficult
procedurea.
Table 1
gives a summary of what has been achieved in the past.
Limitations

for

Ion Acceleration

in the CERN Linac

RI=
m=

Ionisation
q/A = .5

Energy < 138 eV,m=
m=

q/A = 1
q/A < .3a

Note that in this figure
the limit
of the ionization energy of 138 eV is taken as a rough indication
of
the availability
of sufficiently
high currents
from the
ion source.
As can be seen, the only heavy ion species
available
for our purpose is Ost.
However, present day
development in ion sources gives hope for S12+.

1

tie

Deuterons and alphas were accelerated
in the socalled
28h mode because, for obvious reasons, it was
not possible
to increase
the RF field
levels and the
quadrupole gradients
in the tanks by a factor
2. Hence

proiect

to Accelerate

Oxvqen Ions at CERN

After the first
letter
of intent
(aiming first
for
a careful
study of the possibilities
with the PS
machines and later on with the SPS was carried out7,a.

Neat),
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1’ finally
resulted
in a formal collaboration
between
LBL, GSI and CERNs. GST was to provide the ion source
(ECR-type, produced by R. Celler,
CEN, Grenoble10 for
an 06+ beam and the
low energy beam transport,
LBL
would build an heavy ion RFQ and CERN had to provide
the infrastructure
and make the necessary modifications
to its machines.
In general,
the latter
implied
the
adaption to these ultra low currents
and, on the Linac
side,
the
necessary
increase
of acceleratina
and
effective
focusing fields
Lavout
Fig.2

shows the

layout

of the front‘ end of Linac

R (aperture)
Peak RF power
Transverse acceptance
Output phase spread
Output energy spread

2.10 m m
21 kW (at

no,(x,yl
f 23'
+ 4.3

Q = 5500)
= 0.9n mm-mrad

keV/u

- Transverse
and longitudinal
matching section.
This section features
two rebuncher cavities
of a similar
design to the buncher used with the CERN proton
RFQll.
They are essential
for correct matching of the
oxygen beam into the acceptance of tank 1.
Proton Line:
The proton line is composed of:
- a conventional
duoplasmatron
source (or a multipole source for H- production).
- The CERN RFQl.
- The necessary matching elements which, in this
case, cannot ensure an ideal matching between the output of the RFQ and the input of tank 1.

1:

P (H-1
Ion source
Solenoids

It should be pointed out that this
installation
was implemented
after
the backward displacement
of
Linac 1 by some 12 m. This operation
was necessary to
allow
for
the
installation
of a decent
radiation
shielding
wall between the Linac and the PS ring in
order to guarantee safe access to the Linac building,
independent of PS operation.
This change became possible because of the replacement of the Cockcroft-Walton
by an RFQ. This manoeuvre turned out to be essential
to allow for the conversion
of Linac 1 into an oxygen
accelerator.

P-RFQ

P-Rebuncher

Results

.r
;
L
-r-L.‘”

J
/\90"

-3

:
_
Rebuncher

Runnins-in

Analyzer

,

Steerer
Solenoid
Faraday

The running-in
of the ECR source, together
with
the RFQ, was performed without major problems.
It was
eased because of the original
tests
already
done at
GSI’z.

1
cup

60 to SO )rA of Ost beam were obtained
of the RFQ.

ECR
t Ion source

Formation

Care has been taken to make the change over from
First
oxygen to proton
(H-1 injection
very rapidly.
ideas involved dis- and remounting of the corresponding
The
RFQ’s and major reshuffling
of larger components.
present
scheme makes it
(almost)
possible
to change
over from oxygen to protons and vice versa in between
subsequent pulses.

of Tanks

1606+

transmission

Tin

Tou
Length
No. of cells
Vane-vane voltage

95%
202.56

at the end

As mentioned above, Ost acceleration
in the Linac
needs 33% higher
fields
as compared to deuteron
and
As the ECR source can also supply
alpha acceleration.
and the adjacent proton injection
line
alpha particles,
allows
for quick change-over
between these different
ions, care was taken as to compare the RF levels needed
It turned out that
in the Linac tanks in either
case.
the RF levels are practically
the same in both cases.
This did not come as a surprise,
however, calculations
of the transit
time factors
turned out to be much more
surprising.
Fig.
3 shows the field
enhancement necessary to compensate for the low transit
time factors
In this context it must be noted
(on axis for Os+).
are
axis
off
that
time
factors
the
transit

Oxvsen Line:
The oxygen line
features
4 major
items :
- the ECR ion source which is of the MINIMAFIOS
type uses about 1 kW of 10 GHz power in a pulsed mode
(pulse length 30 ms). It is fed with oxygen gas and
helium in order to improve the Os+ intensity.
- A 90” analyzing
magnet with a bending radius of
25 cm to select the 06+ beam (at 5.6 keV/n) amongst the
other ion species.
- The RFQ accelerating
the Ost beam up to 139.5
keV/n.
The mechanical design of this RFQ is similar
to
the heavy ion RFQ developed at LBL for use at the
It
uses vane coupling
rings.
The main
Bevatron.
parameters are as followss:
Design ion
Theoretical
Frequency

of the Injector

MHz

5.625 keV/u
139.5 keV/u
a58 w
169
35.6 kV

FIG. 3
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--7,ably better.
One should also remember that a
stable phase angle of,. say, -30” constant throughout
the tank is not necessarily
a condition
for
the
successful
acceleration
of a beam. A simulation
program showed good beam transmission
through tank 2 at
field
levels increased by 45%.
cc .

i

Formation of the tanks to t 3 3 % caused no problems
on tanks 2 and 3 as soon as the necessary RF power was
made available.
As expected, tank 1 was more of a problem inspite
of a drastic
increase
in pumping speed
achieved by the installation
of a huge cryo-pump.
After some ‘bake-out’ at moderate temperatures
(55”C),
the formation
up to the necessary levels
(using a Special computer program) took some weeks.
It turned out
that the tank is extremely sensitive
to pollution
with
hydro-carbons.
Acceleration
of the Beam: Out of the 30 ms beam
pulse coming from the source, only about 200 ps are
accelerated
by the RFQ (limited
by the RFQ pulse
length).
As the pulse of the ion source is still
rising during the full
30 ms, the 200 ps are obviously
taken at the end. Unfortunately,
a very low percentage
of the low energy beam can drift
through the RFQ before
it is powered.
It turned out that this extremely low
intensity
beam is sufficient
to prevent the two subsequent rebunchers from operating.
It was necessary to
install
an electrostatic
deflector
to stop this beam
before it reaches the rebunchers.
So far, about 10 uA of 06~ beam were obtained at
the end of tank 1, and subsequently accelerated
to full
energy (12.5 MeV/n) through tanks 2 and 3.
Due to
limitations
in the available
RF power, the pulse length
was limited
to 30 us. Work is in progress to lengthen
it to the nominal value of 100 ps.
The current
is
certainly
not yet optimized
- a difficult
and lengthy
procedure due to the instability
of the ion source.
The measurement of the beam qua,Instrumentation:
almost more
lity
is, in the case of these low currents,
important
than at the usual proton intensities.
This,
because the efficiency
of the transmission
to and
through the subsequent machines is critical
as one is
running near the lower threshold
limit
as far as the RF
beam control is concerned.
The conventional
beam transformers
turned out to
be pretty useless.
Some tests indicated
that with special precautions
readings of a few pA would be possible.
Faraday cups allowed measurements well below 100
nA.
TV screens proved to be valuable,
but quantity
The SEMgrids were the most
readings are a problem.
OUI
effective
and
sensitive
instrumentation
on
Readibgs as low as 20 nA could be taken in
machine.
case of 06+ or OS+ beamsl3. Fig. 4 shows a measurement
of a beam profile
as analyzed behind a spectrometer
magnet.
Intensity
Signal

Dutlook
After the implementation
of this project
into the
general CERN program, the aim is now to reach heavier
masses.
An upgrading of the source with the goal of
reaching Sl2+ with intensities
of the same order of
magnitude as Ost is under way.
The success of this
operation
will
ultimately
depend on the transfer
efficiency between the ion source and the end of the Linac.
Concluw
After the successful
acceleration
of deuteron and
alpha beams in the past, beams of fully
stripped oxygen
ions are now produced with the CERN Linac 1. Upgrading
to higher masses is foreseen for the not too distant
future.
In this context it should be noted that after
the ground had been broken by the first
experimental
experiments
had
group, a large number of additional
been proposed and were finally
approved.
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OPERATION OF A SHORT PULSE NEGATIVE ION SOURCE

WES-42

C.E. Hill
CERN, Geneva, Switzerland
Abstract

shown as installed-in
overall
arrangement
been describeds.

A magnetically
filtered
multicusp
negative hydrogen ion source has been tested on the RFQ-1 preinjector
at CERN in anticipation
of injection
of H- beams into
Although the source is remarkably
the LEAR machine.
its operation
‘in the short pulse
simple in concept,
mode () 10 ps) has proved to be somewhat more complicated
due to a long formation
time of the negative
For a 150 us long discharge of 230 A, a maximum
ions.
of S mA of H- has been accelerated
to 520 keV in unoptimised conditions.

At CERN, a negative
ion beam is being developed
for a very specific
experimental
purpose where the
accelerator
use is only of secondary importance.
One
of the options retained
for the LEAR (Low Energy Antiproton Ring) machine was a co-rotating
p/H- mode for
the
production
of
the
proton/antiproton
bound
state1 in flight
with Linac 1 acting as a source of the
necessary H- beam. Beams of between 5-10 mA, 0.5-5 ws
long would be required.

Experimental

During the very first
tests,
about 1 mA of a
narrow unstable beam was detected at the end of the RFQ
(520 keV).
Little
could be done to improve this beam,
although
it did establish
a need for very high discharge currents
and a relatively
underheated
cathode
(compared to proton operation).
The beam length was
independent of the discharge
length and not reproduceable.
After the reconfiguration
of Linac 1 in 1985 (same
RFQ layout 1, a much longer
period
allowed
a more
profound study of the source.
The problems noted above
again manifested
themselves but with reduced beam output.
Attempts were made to reduce the PE dipole field
but this only increased
the electron
load.
Modif ication of the extraction
geometry to increase the initial
extraction
field also had little
effect.

This absence of caesium and a reasonable gas efficiency
indicated
that a volume production
multipole
source seemed well suited to the conditions
existing
in
Linac 1. The results
presented in this paper will show
that,
whereas the volume source has given encouraging
results,
its operation
as a pulsed source still
requires study.

In the absence of an absolute pressure gauge, the
pressure in the plasma chamber could only be estimated
confrom a knowledge of the gas flow and calculated
ductances which are temperature
dependent.
It is known
that if the pressure in the plasma chamber is too low,
the negative
ion yield drops whilst
the electron
load
increases.
Reducing the extraction
aperture
to 5 m m 0
with a thin plate produced a dramatic change in source
characteristics.
1.5 mA at 520 keV were measured at
the exit of the RFQ for 230 A discharge current
(equipment limit)
and a gas flow of 3.5 cc/min.
Whereas the
gas flow and the PE bias had little
effect
on the
accelerated
beam, the cathode heating
proved to be a
Measurements
very sensitive
control
of beam intensity.
at the source showed that the optimum cathode conditions gave arc voltages
(after the initial
peak) in the
range 120-150 V (Fig.
2).
More remarkably,
the beam
length corresponded
to the discharge
length but with
long risetime.
The current was eventually
optimised to

investigation2

Some years ago, tests with the 520 kV CockcroftWalton preaccelerator
using a hollow discharge
duoplasmatron
(based on the Brookhaven work4)gave promising results.
These tests were repeated when Linac 1
was converted to RFQ preaccelerations.
The outcome was
very disappointing
as this preaccelerator
was less tolerant
of gas consumption and extracted
electron
current.
It was believed at the time that the electron
load could be tolerated
for short pulses.
During these
tests
it was remarked that the accelerated
currents
were very unstable
and narrow compared with the discharge length (1 us beam for 10 us discharge)
and data
to be presented later point to an explanation.

3.5

An initial
design
geometry was calculated

Observations

Initial
tests
in the laboratory
had established
discharge
current
and gas flow parameters
similar
to
However, the negathose of a proton multipole
source.
tive ion parameters proved more difficult
to find.

Self extraction
negative ion sources based on surface generation
of H- ions on caeseated surfaces have
been used with success by a number of laboratories2
in particle
accelerator
applications,
but in general,
these sources suffer
from the disadvantages
of low gas
efficiency
and t-he presence of caesium vapour.
The
latter
was felt
to be a major problem in a multiparticle
test accelerator
such as Linac 1. Current developments in negative
ion source technology have come
gas economic, reliable
from attempts to produce clean,
multimegawatt
neutral
beam injectors
for fusion
research.
The yield of negative ions directly
extracted
from large volume low density discharges
can be significantly
improved by the addition
of a magnetic filter.
The bias on the plasma electrode
(PE) can also
influence
the yield whilst
reducing the extracted
electron component3.

Experimental

the preinjector
in Fig. 1. The
the RFQ injector
has already

The stainless
steel ion source chamber (100 m m 0
surrounded by a steel backed permand 200 m m long),
anent magnet decapole, is divided in a ratio of approxThe
imately
2:l by a small permanent magnet dipole.
larger
arc chamber contains
a standard CERN manufacHydrogen is introduced
into this
tured oxide cathodes.
The front of
chamber by a commercial flow controller.
the smaller extraction
chamber is closed by an insulated PE with an extraction
aperture of 14 mm. Two permanent magnets are installed
close to the aperture
to
The initial
8 m m thick extracreduce electron
drain.
tion electrode
held at +3 kV relative
to the source was
gap was 17 m m
3 m m from the PE. The final accelerating
and the source was held at 50 kV relative
to ground.
Beam monitoring
points were after
the preinjector
and
diagnostics
could be mounted on
the RFQ. No further
the beam line.

Introduction

Earlv

of

mA.

Lavout
The extraction
aperture was then increased to 8 m m
and with a gas flow scaled to the increased aperture,
5 mA could be obtained at 520 keV for a beam length of

of the source and extraction
using the program BEAM and is
358

Ion source installed
in preinjector

Fig.

--

extracted

1
.0.

Fig.

Arc voltage and current
optimal conditions.

2 :

under

I
I

accelerated

Fig.

t
Fig.

4

:

Accelerated
beam for discharge
lengths of 50, 100, 150, 175 US.
Source parameters constant.
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3 :

Typical beam extracted
at 50 kV
showing initial
electron
peak and
beam accelerated
by the RFQ.

125 ps.
Under these conditions
approximately
12 mA was
Fig.
3
extracted
and accelerated
from the source.
shows the extracted
beams. Of special note in the extracted
beam is the large initial
peak which is probably hot electrons
generated during the initial
turn-on
transient
whilst
the arc voltage
falls
from around
2.2 kV at ignition
to around 200 V at the end of the
The bias on the PE could be either positive
discharge.
or negative
over a range of 5 V without
noticeable
the total
effects
on the beam. Under these conditions
drain on the HT supply was of the order of 200 mA.

6.

With the ion source settings
fixed,
the amplitude
of the extracted
and accelerated
beam was found to be
dependent on the length of the discharge.
Fig. 4 shows
the accelerated
beam for discharges
varying from 50 It was not possible
with the pulser
175
~1s long.
available
to investigate
if a true plateau
had been
reached or whether the amplitude
would start
to decrease.
Bad acceleration
optics prevented any notable
increase in discharge current.
Increasing
the cathode
heating towards proton values caused a progressive
loss
of ion current whilst
reducing the arc voltage towards
80 V.
Conclusions
A volume production
multipole
negative
hydrogen
ion source has been made to operate in an accelerator
However, its
environment
as a short pulse source.
operation
has proved to be much more complicated
when
To date, from a total
excompared with a dc source.
tracted current of 12 mA, 5 mA have been accelerated
to
520 keV.
If the extracted
current
is assumed to be
the electron/ion
ratio
would be around
only'
ions,
16:l.
Further
investigations
will
be needed to optimise the filter
-and to discover
its actual
location
(intended
or at the PE magnets).
The formation
time
phenomena will
also need study to establish
whether
this is due to the real formation
time of negative ions
or due to the decay of hot electrons
generated during
the source turn-on transient.
Equally,
both could be
present.
Better extraction
optics will also be needed
to improve the transmission
from source to RFQ.
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Abstract

the output.
Along the shaper, the adulation
of the
rods
(or
vanes)
is gradually
increased
to begin
bunching and accelerating
the beam and moving it away
from
input
its
synchronous
phase
angle
of
The gentle
buncher
continues
this
OS = -90'.
process,
gradually
ramping the modulation
up to a
maximum, and shfftinq
ec to about -30'.
In most
cases, this is done ai a'*rate that keeps the physical
length
of the longitudinal
separatrix
constant,
and
the synchrotron
oscillation
frequency constant.
Typically the beam energy increases by a factor of 6 to 10
over the first
three sections.

An RFQ accelerator
that will
accelerate
ions of
mass 6 to 60 amu with 1 keV/amu input energy to an
output energy of 60 keV/amu has been proposed as part
of an ISOL facility
at TRIUMF.
This RFQ has some
novel
features,
including
single
turn
lumped
inductors,
modular
construction,
and an aperture
increase and longitudinal
voltage tilt
of 2.5 between
input and output.
Continuously
increasing
the aperture and intervane
voltage of an RFQ as the particle
velocity
increases can significantly
reduce its length
while
avoiding
the complications
of nultiple
tanks
with step changes between them.
Beam dynamics calculations
showing the advantages and disadvantages
of
such tapered RFQ's are presented.
From structure
considerations,
a 4-rod RFQ with the desired
bore and
voltage tilt
seems inexpensive
to build.
A l/5 scale
cold model of the proposed TRIUMF RFQ was built,
and
preliminary
measurements compared with computer code
predictions.

Since total
energy gains for RFQ's are usually a
factor
of 30 or more (60 in the case of the TRIUMF
ISOL proposal),
the bulk of the acceleration
takes
place in the last
or accelerating
section.
Conventionally,
synchronous
phase,
modulation,
bore
radius
and inter-rod
voltage
are all
held constant
over this
region.
This
causes the accelerating
gradient to decrease from its peak value at the gentle
buncher/accelerating
section boundary, and the length
of the accelerating
section often accounts for 75% or
more of the total
length of the RFQ. Obviously,
the
accelerating
section presents the greatest opportunity
for significant
length reduction.

Introduction
A conceptual
design
study*
was undertaken
to
look at the feasibility
and define some parameters of
an accelerator
to accept ions of mass 6 to 60 amu with
an energy of 1 keV/amu, and accelerate
them to an
output energy that could be continuously
varied over
the range 0.2 to 1 MeV/amu. The accelerator
proposed
in this study included a 23 MHz 4-rod RFQ to accelerate the ions from 1 to 60 keV/amu'.
Conventional
design recipes2 were used for this RFQ, and conservative upper limits
were applied
to the peak electric
fields
(1.5 * Kiloatrick
1 and rod modulation
Im=1.8
maximum) because 'of the .requirement
for 100%‘ duty
factor
(cw) operation.
The RFQ design obtained
by
this method was 15 m long,
so ways were sought to
shorten it.
Keeping the same electric
field
and modulation,
but increasing
the bore and inter-rod
voltage
approximately
proportional
to 6 once bunching of the
beam was completed,
led to a decrease in length to
9.7 m. Further
design calculations
investigated
the
consequences of relaxing
the original
electric
field
and modulation
limits,
and determined over what region
and to what extent
the bore and intervane
voltage
could be tapered.
Results are presented below.

The axial
field
phase angle Q is

EZ = kAV sin

A=

jointly

supported

by

with

sin(wt+$l

m2 - 1
m210(ka1 + Io(mkal

where In is a modified
Bessel function.
Problems
arise with field
enhancement and higher order modes as
"m" is increased.
makina it difficult
to use an "m"
greater than about 2. This sets a practical
limit
for
"A" of 0.6 for small values of (kal.
For the 15 metre
RFQ, A = 0.548 at the start
of the accelerating
section.
The most gain in accelerating
field
comes from
increasing
"V", but the peak electric
field
varies as
where 'ro"
is
the mean bore radius,
and
Vho,
cannot be increased without increasing
the probability
of sparking.
One normally
designs
for as high a
based on sparking
considerations,
V/r0 as possible
and therefore
to
increase
"V",
"ro"
must also
increase.
Therefore,
the achievable
length reduction
is primarily
determined by the initial
bore radius and
by how much the inter-rod
or inter-vane
voltage and
bore radius can be jointly
increased.

Following
usual design recipes,
an RFQ can be
described as having 4 distinct
longitudinal
sections,
which, starting
from the input end, are called
the
radial
matching,
shaper, gentle buncher and accelerating
sections.
The transverse
focusing is increased
over the radial
matching
section
by tapering
the
bore radius
so that the focusing
strength
increases
smoothly from essentially
zero at the input to the
value required
for stable transverse
oscillations
at
was

(kz)

a particle

9

Beam Dynamics Considerations

This
study
TRIUMF.

an RFQ for

where k = 2n/$A and V is the inter-rod
or inter-vane
voltage.
The energy gain depends on cosg, but for the
usual value of es = -3O", cosos q 0.87.
At most a
13% improvement
is available
and a reduction
to
= -17.5" gives a 10% improvement,
but with a cons derable
reduction
in lonaitudinal
focusfna.
The
accelerating
factor
"A" depends on the rod modulation
"m" and the aperture
"a" as follows:

Previous studies
of the 4-rod RFQ rf properties
were extended to develop better
design equations
for
shunt impedance optimization.
Also a low power l/5
scale model of the 9.7 m tapered bore RFQ was built
to
confirm that the voltage tilts
could be achieved and
to study the rf properties
of such a device.

*

in

Constant
bore RFQ's
choosing values for ro, m
gentle buncher section that
and longitudinal
focusing

AECL and
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are usually
designed
by
and V at the end of the
will give equal transverse
with stable
oscillations.

The Four Rod RFQ Structure
Canfiauratians

To minimize
the overall
length,
ro, m and V should
Higher order effects
all be as large as possible.
depend on the ratio
of r. to 6X so this often gives
an r. that is somewhat too large at the input end,
but the resulting
emittance
growth can usually
be
In the accelerating
section,
because 6 is
tolerated.
at the same rate (i.e.,
increasing,
r. can increase
by a factor
of 3.1 for the TRIUMF case).
Keeping
V/r0 constant
will
then keep Ez and A constant
(to
first
order) over the accelerating
section,
and if the
rod tip radius is varied over each cell to keep the
voltage enhancement factor
constant4,
sparking limits
unaffected.
Transverse
focusing
-will
are
also
decrease along the accelerating
section,
since the
transverse
field
Er(r,e,zl

where II
the low
envelope
show the
Table 2
emittances

= A
r

r cos (2el

- !$!

The four
rod RFQ modular
structure
proposed
suited
to
a
seems
ideally
low
previously5*6
frequency cw application
such as the TRIUMF ISOL. The
rf efficiency
is reasonable,
construction
and assembly
should be relatively
straightforward
and cost should
be minimal.
Each four
rod module acts as an inductively
centre
loaded half wave transmission
line
resonator
Also
with no longitudinal
currents
at the rod ends.
there is very little
current flow between the inductor
Therefore,
even in
and the outer cylindrical
tank.
joints
(garter
cw system, a demountable mechanical
spring or "C"-seal)
at the inductor
base and between
modules could be used to allow easy replacement
and
automatically
The
configuration
is
service.
"strapped"
by the inductors
which connect opposite
Thus the azivanes via a very low inductance
path.
muthal
electric
field
is well
stabilized
against
The maxiasyrmsetries produced by thermal expansion.
mum current density on the tank wall is at most only a
few percent of that on the inductors.
This means that
only minimal (and possibly
no) outer tank cooling
is
The
required,
reducing
tank construction
costs.
dimensions of the tank have very little
influence
on
so that dimensional
tolerthe structure
frequency,
ances on the tank can be very coarse, again reducing
The tank does little
more than provide a vacuum
cost.
envelope.
the
beam dynamics
calculations
For Case 2,
determined that a 9.7 metre long, 23 MHz structure
was
required
hose
bore radius
and vane-to-vane
voltage
increase from 5 ma and 38 kV at the input to 12.5 n
The first
step
in
and 97 kV at the output.
determining
if a practical
design with these properties was possible
was to model,the
structure
with the
equivalent
circuit
code, RFQ30 . It was found possible to produce the desired
voltage
tilt
by monotonically
changing
the inductor
values
along
the
length
of the structure
(Fig. 2(b)).
The code aim
calculates
the positions
of the nulls in longitudinal
rod current
(Fig.
2(a)),
where one could divide the
structure
into individual
modules.

cos (kzl

0

is a modified
Bessel
current
cases studied,
radius is acceptable.
X-XP emittance
plots
Xmax is larger
below.
of the two beams are

function.
However for
the. growth in beam
Figures l(a) and l(b)
for cases 3 and 4 of
in Fig. l(b) but the
the same.
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Output

emittance

Case 4 (tapered).

Effects

1.0

x

l(a)

of Operating Closer to the Sparking
Limit and Tapering the Bore

Four
RFQ designs
were
studied,
and their
parameters are given in Tables 1 and 2. Cases 1 and 3
are conventionai
untapered bore designs optimized
for
1.5 and 2 * Kiloatrick
fields
resoectivelv.
Cases 2
and 4 are the same basic designs'but
with the bore,
inter-rod
voltage
and for case 4, the synchronous
phase, varied over the accelerating
section.
Cases 1
and 2 have conservative
peak fields
and modulations,
3
and 4 go slightly
beyond that of currently
operating
accelerators,
but are in line with values suggested by
sparking
tests
and field
enhancement calculations.
The calculated
power requirements
are based on OFHC
copper structures
achieving 60% theoretical
Q.

Table
Cornnon Parameters

1
for

Frequency (MHz1
Ion Mass (amu)
Charge State
Input Energy (keV1
Output Energy (MeVl
Input Emittance (100%)
(n mn mradiansl

All

Cases
:i
6:
3.6
0.5

and Tapered Vane

The final
requirement
for
suitability
of the
structure
is that the rf power losses be acceptable.
The shunt impedance per unit length of a structure
of
length
e. made up of N modules of the type shown in
Fig.
3 was calculated,
where the loss contributions
from currents
on both
rods
and inductors
were
included.
Table 2
Specific

Peak Field (Kilpatrick
Criteria)
Bore Taper (ratio)
Voltage Taper (ratio)
Length (m)
Number of Cells
Mean Bore Radius r. (cm)
Total RF Power Required (kW)
Transmission
(91
EZ Start Accel. Sect. (MV/ml
EZ End Accel. Sect. (MV/ml
Length Rad. Match. Sect. (cm)
Length Shaper Sect. (cm)
Length Gentle Bun. Sect. (Cm1
Length Accel. Sect. (cm)
Output Emittance (90%)
(n mn mradiansl
362

Parameters

for

the 4 Cases

Case 1

Case 2

Case 3

Case 4

1.5
1.0

2.0
1.0
8’;:
230
0.615
64
86
1.39
0.51
5

1::
1270

1.5
2.5
2.5
9.73
331
0.498
75
85
0.76
0.66
5
72
157
739

i!
684

2.0
3.1
3.1
4.63
170
0.615
131
87
1.39
1.41
5
40
85
334

0.33

0.34

0.33

0.34

15ti):
421
0.498
43
OX
0.27
5

Z = (2Li/RsCtl/,(Ro/r

+ Ao/[12N W,ll

where Wr is the length of the rod circumference
that
effectively
carries
longitudinal
current,
Li is the
inductance
of an individual
inductor
(Li
= R. *
K(r,Rol
with K only weakly dependent on r and Rol,
Ct is the total
rod capacitance
per unit
length
(= 110 Puf/m),
and R, is the "effective"
surface
resistance
(= l.24*10m3 ohms for copper at 23 wzl.

Fig.
3
A schematic
cross-section
through
a support inductor
of
the
proposed
4-rod
RFQ module.

For the TRIUMF ISOL a convenient
design would
have five 1.9 metre long sections,
each with two support inductors
per section (N=lO).
To achieve 23 Miz.
the individual
inductors
must have Li
= 460 'nH.
which
can be obtained
with
R,
3 0.20
m and
rods nust be approximately
r = 0.03 m. The individual
oval in cross section to accommodate cooling and provide sufficient
mechanical strength.
Under these conthe current
carrying
portion
of the cirditions,
This
cumference
was estimated
at Wr = 0.10 m.
results
in Zinductor
= 1 Mn/m, Zrod = 8 Mn/m and
ZTotal = 0.89 Mn/m for pure copper.
Assuming 60% of
theoretical
Q, a practical
shunt impedance ** 0.5 Mnlm
Thus the structure
rower loss
should be achievable.
per unit
length
at 38 kV peak vane voltage
is
Assuming a linear
variPII1 = Vp2/ZT = 3.0 kW/m.
ation of the voltage between 38 kV at input and 97 kV
at output,
the total
power required
for the 9.7 metre
structure
is P = 75 kW.
A l/5 scale model with tapered vane bore (Fig. 41
Preliminary
was constructed
to test the calculations.
results
show agreement
with
the theoretical
predictions.

Conclusions
The most effective
way to reduce the length of a
long RFQ is to operate with an electric
field
gradient
as high as permitted
by sparking
considerations.
Additional
length
reduction
can be achieved
by
tapering
the bore in the accelerating
section
while
maintaining
constant
electric
field
gradient.
This
prescription
does not reduce transmission
or cause
emittance
growth,
although
it does increase
the rf
power required.
The 4-rod design allows the tapered
feature
to be incorporated
into the structure
in a
mechanically
simple
way leading
to an inexpensive
accelerator.

:
-----_

-06L

-4

Fig.

2(a)

-3

--2
-1
Longitudinal

References

i f
i
‘,

1.

i’
/

0

1
Position

2
(m)

3

Longitudinal
rod current
- positions
of nulls.

4

5

2.

showing

3.
4.

5.
6.

/
0”
-5

Fig.

-4

2(b)

-3

’
-2
-1
Longitudmal

Rod voltage

’
0
1
Posibon

*
3

4-;

showing field

tilt

2
(m)

7.

363

G.E. McMichael,
B.G. Chidley
and R.M. Hutcheon,
"Conceptual
Design Study for the Proposed ISOL
Post-Accelerator
at TRIUMF", Atomic
Energy of
Canada Limited,
Report No. AECL-8960 (1985).
K.R. Crandall,
R.H. Stokes and T.P. Wangler, "RF
Quadrupole Beam Dynamics Design Studies",
Proc.
1979 Lin. Act. Conf., BNL-51134, 205 (1979).
W.D. Kilpatrick,
"Criterion
for Vacuum Sparking
Designed to Include
Both RF and DC", Rev. Sci.
Instr.
28, No. 10, 824 (1957).
B.G. Chisley,
G.E. McMichael and G.E. Lee-Whiting,
"Design of RFQ Vane Tip to Minimize
Sparking
Problems",
IEEE Trans. Nucl. Sci.,
NS-30, No. 4,
3569 (1983).
R.M. Hutcheon, "A Modelling
Study of the Four-Rod
RFQ", Proc. 1984 Lin. Act. Conf.,
GSI-84-11,
94
(1984).
A. Schempp, H. Deitinghoff,
M. Ferch, P. Junior,
H. Klein,
"Four-Rod-x/2-RFQ
for Light Ion Acceleration",
Proc. 8th Conf. on the Application
of
Accelerators
in Research and Industry,
Denton,
Texas, 1984, Nucl.
Instr.
iI Meth.,
810/l,
831
(1985).
R.M. Hutcheon, "An Equivalent
Circuit
Model of the
General
3-Dimensional
RFQ", IEEE Trans.
Nucl.
Sci., NS-30, No. 4, 3524 (1983).

WE344

IONIZATION FRONT ACCELRRATOR*
C. L. Olson
Sandia National Laboratories
Albuquerque,
NH 87185

11
(3 2]-1’2 and f I n /n . For case (c), a short
1as;r bulse (typicafly
<pjO Es for r I 1 cm) is injected co-linearly
with th; IRRB. Notebthat case (c) can
in principle
be used to attain unlimited
ion energies.

Abstract

The ionization
front accelerator(IPA)
is the first
controlled
collective
accelerator
powered by an intense
relativistic
electron
beam to demonstrate particle
Eere
acceleration
with a high acceleration
gradient.
the IPA concept is reviewed, results
of second generation accelerator
experiments are summarized, and an
analysis
for future IPA development is presented.

Demonstration

Two complete IFA systems, IFA-l3 and IFA-24. have
IFA- used a 0.6 Rev IRRR and
been built and tested.
had a 10 cm acceleration
length; IFA-P used a 1 Rev IRBB
and had a 30 cm acceleration-length.
Both systems used
Cs as the working gas and two-step laser photoionization
with excitation
at 852.1 nm and photoionization
from the
excited state at 347 nm (IFA-1) or 308 nm (IFA-2).
The
advantage of the two-step process is that the cross
section for photoionization
from the excited state is
about 50 times larger than the cross section for photoionization
from the ground state.
Synchronization
of
the lasers with the IRRB was needed to within 1 ns.
Self-breakdown
oil Blumlein switches on IFA- had a l-u
jitter
of 6 ns; laser-triggered
gas Blumlein switches on
IFAreduced the l-u jitter
to - 1 ns. Key reg$ts
of
the IFA- and IFA- experiments are as follows:
working gas at a
1. Cs was shown to be a feasible
reduced prefgure
Iff 30 microns (i.e.,
a neutral density
cm- ). In IFA-1, the excitation
laser was
of 1.0 x 10
swept while the kicker
laser was on. In IFA-2, the
entire Cs volume was excited,
and then the kicker
laser
was swept.
Both schemes work.
2. An accurately-controlled
fast laser sweep was
demonstrated with two different
methods.
In IFA-1, a
passive light
pipe array swept the dye laser exciter
beam quadratically
in time.
In IFA-2, an electro-optic
crystal
deflector
swept the XeCl laser kicker beam
quadratically
in time (typically
30 cm in 20 ns).
Both
sweep methods work.
motion of the IRBB beam front
3. Laser-controlled
was demonstrated on both IFA- and IFA-2.
Programmed
sweep motion was observed with streak photography.
Controlled
phase velocities
S c programmed for
- 0.07, 0 - 0.1, and O’- 0.14 were demonstrated.
%= ia A small amount of laser energy was shown to
control
a large amount of IRRB energy in IFAexperiments.
Specifically,
it was shown that

Concept
The ionization
front accelerator
(IPA) is a collective
ion accelerator
in which the large space charge
field at the head of an intense relativistic
electron
beam (IRRB) is controlled
by a eyer to-produce high
In the basic congradient
particle
acceleration.
cept, as shown in Fig. l(a),
an IRRB is injected
into a
metallic
drift
tube filled
with a special working gas.
The pressure of the working gas is chosen low enough so
that the IREB does not significantly
ionize it before a
photoionizing
laser beam does, that is injected
through
a window along the side of the drift
tube.
As the laser
beam is swept, a plasma of density n is created with
_
where n is the IRRB density.P
As the plasma
&!,‘,:Pons are i?xpelled by the IRRB’s space charge field,
is left that permits the
an ion background
density
n
Ions
IRRB to propagate in a char!4 neutralized
state.
from an ion source gas mixed with the working
(e.g.,
gas) are trapped and accelerated
in the strong potential
well at the IRRB head.
Key features of the IPA include a high acceleration
gradient,
a relatively
low laser energy requirement,
and
a moderately high efficiency.
The peak axial electric
field
that can be created is

EZ
=2nneerb

(1)

where r, is the IRRB radius and e is the electron
charge. IJ Fields exceeding 100 RV/m are already routinely
available:
fields
of 1 GV/m and higher should be
attainable.
The energies of the laser, ions, and IRRB
are ordered as
&

laser

<< ‘ions

(2)

< ‘IRRB

so that a very small amount of laser energy is used to
control
a large amount of pulsed power IRRB energy.
Theoretical
conversion efficiencies
of IRRB energy to
ion enerq are-relatively
high (e.g.,
32% for 300 Rev
protons).
IFA scenarios are given in Fig. l(a),
(b), (c) that
produce phase velocities
ranging from zero up to the
speed of light
c. These are divided into three cases as
follows:
(4
(b)
(c)

non-relativistic
case
transition
case
relativistic
case

0 < Biz
‘ez 5 ‘iz
B,,

< 0
<- lez
=l

(a) 0 < Pi, < be,

ion bun$h

law pressure working gas

laser beam
ion bunch
I

low pressure rorking gas
I
+

IREB

H-

where S. c is the ion axial velocity
and S c is the
IRRB axfkl velocitv.
Note that because ofefhe electron’s betatron oscillations
in the IRRB’s self fields,
-we have S < S where S c is the injected
electron
velocity. eZFor Eases (b)eand (c) where B
exceeds B
the IRRB is made to pre-propagate
ahead 61 tp, ion b&h
so the laser sweep velocity
can exceed (3 c.
Thjs is
done by creating
a weak preformed plasmaetith
y
< f
<< 1, or by using an axial magnetic field BZ. fiere Tee*Supported by U.S. Department
DE AC04-76-DP 00789.

Bxperiments

IREB pre-propagates in
weak fe or along 8,

laser beam
iojl bunch

low pressure working gas

I

IREB

I
t

-

laser pulse
IREB pWpropagates in
weak fe or along Bz

of Bnergy under contract
Fig.
364

1.

Ionization

Front

Accelerator

(IFA).

0.001 J/cm2 of dye laser and 0.0005 J/cm’ of XeCl laser
could control
1,000 J of IREB energy.
at the programmed phase
5. Ion acceleration
velocity
was demonstrated on IPA-2.
5 Rev II ,
10 Rev D+, and 20 HeV He++ ions were produced (each
originated
from the appropriate
ion source gas).
The D+
and He++ ion data demonstrated that particle
acceleration vith controlled
fields
of 33 RV/m over 30
had
been achieved with a controlled
collective
accelerator
using an IRRB for the first
time.

cm

Scaling

for

Future

Focus
Using the two-mass approximation,
the radial
equation for an ion in the potential
well is

force

(4)

mass

the transverse
increases
(- yr) and the radial focusing force decreases
(- l’- -6 6 ) but always remains focusing.
Forifh$sIFA
cases of Fins. l(b) and (c) with a veak
> 6” , the’radial
force will be
preformed plasma and 6
focusing or defocusingi8epen8ng
on the radial distribution of the pr$formed plasma.
If the plasma is
uniform with y
< f << 1, then the electrons
vi11
focus and the Tons wifl defocus.
Eovever, it is possible to focus both the electrons
and the ions if the
preformed plasma is created vith an annular laser beam.
For example, if n = 0 in an inner core (e.g.,
0 3 r/rb
< 0.5) and n f OPin an outer annulus (e.g.,
0.5 < r/r
spl), then the ions contained within the
inner car B will have f = 0 and will always focus, and
the electrons
will tra$erse both areas and will alvays
be focused in the outer annulus.
The plasma ion annulus
vi11 be attracted
inward, but the IFA sweep can occur
before the ion annulus contracts
significantly.
Adiabatic
Cooling and Dampin
The radial force Eq. (4 is an harmonic oscillator
equation with slowly varying parameters (y , Bi).
For
the adiabatic
case, the motion maintains c d nstancy of
the action angle variable
E/w where E is the local
oscillation
energy and w is the local oscillation
frequency.
The resultant
solution
of (4) is

r=r
0

1’2
cos
j;W -B,,B,,)
[
1

1

n
.l
vhere K I Ze21e(6e,crbLAHD)-‘.
f-y
.
r-

i
Yi

dt

ri

ri 1’4(1-6is6e,)1’4

It

follows

-li4

(1-~is@ea;-1’4

(d-@w)

-3’4

(1+sBes)+l’4

(cooling)

The transverse

emittance

then scales

(5)

that

(7)

Axial

Energy Spread
Pollowing a similar
procedure for the axial oscillations,
and using the two-mass appsoximation
(so the
the
longitudinal
oscillating
mass is y A M ), we find
adiabatic
harmonic oscillator
equa t ionPfor the axial (s)
motion yields

vhere e+
and AEi/$

the proton mass, A is the
charge, I is the IRRB
charge neetralisation,
and
neutralization.
For the
= fm = 0 in the well

As the ion accelerates,

-1

(B,Y,)

(dwing)

(8)

(cooling)

The longitudinal
emittance and the axial
spread then scale as
3
*
El, - NYi
~pwqYi~pC)
- (BiYi)
-3/2
Aei/Ei - <e+o/Ei>yi

(3)
-Ze21e(~e,crb)-1((1-fe)-BiEBez(l-fm)~r/rb

YjAnpt’ = -Ze21e(0e,crb)-1(1-6isf3es)r/rb

-

as the ion energy increases.

-314
Iri
.
-9/4
2 Yi

Radial

U is
where y L I l-$21-1’2,
atomic Aumber, +Ze is thePion
current,
f is the fractional
f is the fractional
magnetic
IPA case of Fig. l(a),
with fe
region, ve have

which improves

Development

Previously,
scaling calculations
vere made for’the
IFA case of Fig. l(a),
including
efficiency
pstimates
Eere we
and seven limits
to the beam front velocity.
consider scaling to higher energies,
and we examine
radial
focus, adiabatic
cooling and damping of transverse oscillations,
axial energy spread, secondary
electron
escape, gas scattering,
and potential
instabilities.
Following
this, we present an IFA design chart.

..

.

- nr(vi~pr)/(BiriMpc)

I

ion energy
-1

(9)
(10)

is the initial
potential
well depth.
improve as the ion energy increases.

Both E,,

Secondary Electron Escape
As plasma is created by laser photoionization
near
the potential
well, it is assumed that the plasma
electrons
will be expelled to the walls at radius R
(Rer ) essentially
instantaneously
until
f - 1.
In
reali c y, expulsion by the radial electric
f?eld E is
complicated
by the presence of the beam’s self mainetic
field B which, if large enough, can tend to trap the
seconda 1 ies.
If trapped, the secondaries vi11 drift
tovard the beam front with trajectories
that resemble
Bs x BP drift
trajectories.
Fortunately
there is also
a axi 1 E near the potential
vell that causes an
E x B drfft
in the outvard radial direction,
that does
These drifts
are given
&se
h e secondaries
to escape.
approximately
by:
axial

drift:

radial

drift:

Bes -l

vs e (Er/B6)c

e (1-fe)

vr a (Es/B$c

ir (rb/As)

Bes-l

c

(lla)
c

(lib)

vhere As is the axial gradient
length over vhich the
Initially,
E > B , and the
potential
drops.
secgndaries do directly
escaperradi&ly.
As f exceeds
, then trapping can begin if the height ofethe drift
Y
t?ajectory
is contained within the IRRB. The cyclotron
radius of a secondary electron
at the beam edge using
(lla)
for the drift
velocity
is
r

= rb(l-f,)
6es-1(mc3/e)/(21e)
(12)
ce
This shows that for large I , and/or as f approaches 1,
trapping occurs with the axPa drift
(llag and secondaries will not escape directly
in the net Er. However,
they will escape by the radial drift
(llb).
S nce t e IFA requires a background working gas,
it is of interest
to see if the accelerated
ion beam
will be scattered
significantly
by the gas. The mean
square angle of5the Gaussian multiple
scattering
distribution
is

<e2>- 4nng(2ZZge 221
* [ln(210

2
(Bi riMpc
Zg-1’3)]
L

2 -2
1
(13)

vhere g refers to the working gas and L is the ion path
length.
For proton accelefgtiorr3with
Cs as the vorking
gas (Z - 55, n = 1.0 x 10
cm
), this is

(6)

as

<e2> - 1.:
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x 10-11

(8,-4~i-2)

L(cm)

(14)

“O
In an IFA with 100 HV/m accelerating
fields,
proton
acceleration
to 1 WeV (S = 0.046) occurs in 1 cm, and toto
100 Rev (g = 0.43) in 100 cm. Because acceleration
high S occurs so quickly,
scattering
effects
as given by
(14) appear to be negligible.
Also once relativistic
energies are reached (yi >, 2) scattering
effects
become
even more negligible.
Potential
Instabilities
We have examined several possible instabilities,
The e-i
and we can present only a brief summary here.
two-stream instability
for IREB flectrons
and plasma
ions has a 2-D current threshold
at I = y (y +l) I ;
for the IFA, I < 11 typically
so I‘ iI velf bglov f f e
threshold
cur&F
for instability.
Cue have also
examined the e-e two-stream instability
(IREB electrons,
plasma electrons),
return current (Buneman) instability
(plasma electrons,
plasma ions), filamentation
instability,
and resistive
hose instability.
For the
ideal IFA (f
= 1, no return current,
u = 0) none of
For a real IFA
these instabflities
should even occur.
with possible over neutralization,
some of these may
occur.
Bovever, for that case, we have estimated
saturation
effects
to be small, or stabilization
to
occur by transverse
velocity
spreads or by image current
wall stabilization.
IPA Design Chart
Having established
from the above that scaling of
the IFA to very high energies appears plausible,
we
present in Fig. 2 a chart to aid in designing IFA’s.
Eere the IRBB current I is plotted against the IRBB
radius r . If we speci?y I < I1 , then the IREB energy
I8 practical
units,
this is
must be 1, 1 eI,/(B,,c).
.E,(@J)

(15)

2 30 Ie(A)/Be,

Fig. 2 shows sets of lines giving the axial acceleration
gradient
Es, the fREB current density J , and the number
accelerated
per pulsg
%%~bu~d#&
are also shovn.
The ;or%gcqzr
depletion
limit occurs when n = n so the working gas,
if fully
ionized,
can just refch fg = 1. The charge
exchange61imit
for the ion source %as requires
E/p 2 10 V/cm/Torr for the initial
acceleration
to 100
The IFA- operating
point (1 Rev, 30 kA,
keV .
= 1 cm) is shown in the center of the figure.
‘b
Some interesting
comments can be made in relation
to Fig. 2. First note that fields of 1 GV/m and higher
are well within the allowed parameter space.
To achieve
high fields
at moderate currents
requires small radius
beams with high current densities
(e.g.,
16 kA in a 1 m m
radius beam gives a 1 GV/m field).
Also, for high
fields
(E L 1 GV/m), Stark field
ionization
may be used
to ionize the excited state working gas atoms; then no
kicker laser is-required,
and only a swept dye laser
exciter
is needed.
Host IFA applications
require ion energies of
100 Rev < &i/A < 1 GeV, which can be achieved with the
IFA of Frg. l(ay with a length of l-10 meters.
For high
energy physics applications,
a staged IFA consisting
of
all three IFA cases of Fig. 1 would be used. For
example, for a 1 TeV proton IFA, the three cases of
Fig. 1 would be:
(a) 0 to 1 GeV
% = o-o.07
(b) 1 GeV to 20 GeV Si - 0.87-0.999
(c) 20 GeV to 1 TeV Bi = 0.999-0.999999
For case (c),
envisioned.

10 meter sections

ri

= o-2
= 2-22

::

= 22-1067

0.01
Fig.

IFA design space for
acceleration.

high gradient

chart
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SILUND is the electron
induction
accelerator.
The plasma cathode is used as the
electron
source. It is combined with the
first
accelerating
section.
The beam accelerating
sections are composed of the inductors with a ferrite
as a work ferromagnet.
A
thyratron
with a system of power formation
and amplification
using non-linear
elements
serves as the accelerating
power generator.
The electron
beam transporting
along the acceleration
canns.1 is being making by the solenoid type magnetic system. The accelerator
permits to accelerate
the electrons
up to
2.5 MeV with the current 800 A. A characteristic
current pulse entering
the Adgezator
is given on fig.3.
1ADGEZATOR.The
electron
beam
is injected
in
2OnsAi the chanber of
300~
the Adgezator
on the radius
40 cm with the
help
of the spefig.3
cial inflector.
The magnetic field
is chosen
accordingly
the radius of injected
electron
orbit - 35 cm. The pulse correcting
device,
cpmpensating the transversal
particles
oscillation
velocity
is placed on the quarter period of the radial
betatron
oscillations.After the corrector
the beam is captured without oscillations
on the orbit with the 35 cm
radius.
On fig.4 the time process of the
electron
current capture is shown. As it can
be seen from the oscillogram
the electron
current capture coefficient
on the orbit is
about 70%. This value depends on magnetic

heavy ions
The KUTI-20 is a collective
accelerator
being constructed
in Dubna.Today
the adjusting
works on the first
stage of
the accelerator
are finished.
First results
of its adjusting
are given in this paper.
TEE ACCELERATORFIRST STAGE TOTAL SCHEME
The accelerator
KUTI-20 systems are preL
sented on fig.1:
injector
"SILUIUY with a

fig.1
power system, ADGEZATOR- the electron-ion
ring generation
and formation
system, LUEK the electron
ring induction
accelerating
set+
tions.
The general view of the accelerator
is given on-fig.2.
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field

quantity

and the corrector's
pulse,
especially
its
trailing
edge
2nd can go up
to 80s. To illustrate
the
resonance influ
ence (field
index n=0.25).on
fig.5 the capfjg.4
ture oscillog-

tor

viations.
The ring ion component is produced by
the directed
neutral
beam from the laser
of the atoms
radiated
target.
The control
ionization
process in the ring was made by
the bremsstrahlung.
The fig.8 represents
the

the resonance
fig.8
$=l
crossing.
Even in condition
of good
self-focusing
ring when we have minimal
amplitudes
of first
azimuth harmonic of the
magnetic field,
the radial
drift
of the ring
is observed (fig.9).
The resonance crossing

magnetic

is made in such a manner that during
the ring compression from 35 cm to 3.5 cm
the dangerous resonances are not crossed.
Neverthelessthe
eddy-current
in the walls
of the vacuum chamber influences
on the reso
nance of the beam. The ring compression process with the switching
on in serie magnetic
field
systems is given on fig.6.
The beam
disturbances
ere
well seen on the
fall
times when
the
following
sys
lmti
tern is switched
on. To evaluate
the level of these
we
fig.6
- disturbances
examined in detail
the rin !g cross-section
dimentions at different
radi .i. We examined t&m
by the synchrotron
radiation
distribution
in
the ring cross-section.
The fig.7
demonstratis
such s distribu
tion at 4 cm ra
2mm/d dius. Such a
system

the dimentionschange
batic lows
and there

fig.9

at the extraction region by the additional
coil.
The well
decreasing time could be different.
The investigations
have 8hcmv.nthat for the time
4 5~s the drift
is not more than 2 mm.
That means that the first
harmonic amplitude
is about 10 -3 . In the work regime the additional
coil well removed at the times
- O.lp
what permitted
besides the fast resonance
passage to make the synchronization
of the
ring extraction,
that is necessary for the
further
acceleration
in the induction
sections.
PRIK4RY RING ACCELER4TION is realized in the gradient
field
of the accelerating solenoid.
The plot of the solenoid magnetic field
is given on fig.
10.
It's
seen
don't exceed
that the mean-gradients
$z
the admissahle
values and are 0.23 T/m. The
principal
parameters of the ion beam have
been measured after the acceleration
magne-

cross-section
2OMd
examination
has
shown that when
the systems are
well adjusted
according to the adiaare no considerable
de368

fig.10
tic system. We have done the separation
of
components and measured the angular and
energetic
characteristics
of the ion beam.
The main parameters of the ion beam are given in table 1.
c
TABLE 1.
Energy
Ions velocity
Bmittance
Energy spread

1.7~0.2

Between the section and for the accelerating
sections and solenoid jointing,
special tram
sitional
sections were made for the pumpingout and ring observing.
The transient
zones
have also the coil sgstems of the magnetic
field
for the elements jointing
with a necessary accuracy of the field.
All magnetic system elements are powered by the current pulse
with the help of a serie of thyristor
commutators.
The field
formation
results
for the
transient
sections are presented on fig.12.

MeV/nuc.

These measurements permitted
to formulate the principal
conditions
for induction
section parameters.
In particular
the magnetic field
along the accelerator
should be
gradient
should
1.3T
, the magnetic field
be not more then 0.30 T/m. The accelerating
magnetic field
in sections is taken equal
to 10 kV/cm.
THE ACCELER4TIOM SECTIOFS (LUEIc2Q)
The first
acceleration
stage is composed of 3 acceleration
sections.
Every section
has 18 identical
inductors.
The inductor scheme is shown on fig.11.
In the body
+ (1) two permalloy cores
are fixed (2). The leading magnetic field
is
forming with the help of
coils (3) placed in the
cores (4,coils
in every
core). The ceramic vacuum
tube with 130 cm diameter
is placed in the inductos
The transformer
oil is do
ped into the section.
It
serves as the isolator
and heat carrying
agent.
fig.11

:

fig.12
PULSE MODULATORis made with the use of
non-linear
schemes of power amplifying
by
the electro-magnetic
energy compression in
time. The modulator is destinate
to power
one accelerating
section and to create the
acceleratind
field
strength
10 kV/cm. A standart hydrogen thyratron
is used as the commutator.
The modulator construction
is shown
on fig.13.
where Ho1 is a commutator, 2 storing
capacity, 3 - preliminary power amplification
cascade, 4 - final
amplification
I'and formation
cascades, 5 +
fig.13
non-linear
sharping lines,
6 - inductor.
The
principal
modulator scheme is given on fig,
14.

i .._._ _ _ _- _-.-.._.- __..---- ..-- -/
The modulator adjusting

- ---

results

.-_-_-_

-

The ring velocity
measurements bythe
!
flying
time
has
shown
that
the energy inI
I
movement
1 crease of the ring longitudinal
j per one section is 1.7 - 1.8 KeV, that cor1
strendth in the ini responds to the field
/ duction sections
10 kV/cm.
So,
preliminary
results
of the accele-.
/
have shown that the
I ration system adjusting
~ parameters correspond to these designed.

have

shown that:
1. the output voltage of the modulator with
the load 0.5~ is UL = 50 kV,
2. current in the load IL = 160 kA,
: 3. pulse duration - 80 ns.
One inductor load characteristics
(RI,=
I
= 4.5a ) is given on fig.15.
The experiments on the ring
acceleration
in
ua.
Iso'
the first
stage
sections has been
performed. First
experiments have

'
j
/
I
,
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tire&ion

The acceleration
cavity
is of four
vane structure
The cavity
is 56 cm in
driven
with
a loop coupler.
The
cavity
is
diameter
and 730 cm in
length.
longitudinally
separated
into
four
sections,
each of
which is 1.8 m long.
aligned
and
section
is
assembled
Each
independently.
The vane is mounted in a cavity cylinder
with three base plugs.
The cylinder
is made of mild
steel,
copper
plated
to a thickness
of 100 pm. Each
for
side
section has 16 holes of 100 mm in diameter
It also has
tuners,
pumping ports
and rf power feed.
one monitor loop in each quadrant.
The cylinders
are jointed
with
rf
contactors
of
The vanes have no rf
silver
coated
metal
O-rings.
contact but narrow gaps of 0.2 mm to tolerate
machining
the
unequal
elongation
at
errors
and
thermal
longitudinal
joints.
The vane separation
effectively
of the voltage
variation,
and
reduces
L2-dependence
allows vane positioning
with realizable
accuracy.

Field
tuning
and beam test of the w;P linac.TALL
were done. The machine is designed to accelerate
heavy
The
ions with
charge
to mass ratio
of 1 x l/7.
vane structure
driven
acceleration
cavity is of four
The cavity
is 56 cm in
with
a single
loop coupler.
diameter and 730 cm in length.
No vane coupling
ring is
A field
uniformity
was obtained within an error
used.
of f 2% azimuthally
and f 5% longitudinally
by use of
The TE210
side
inductive
and end capacitive
tuners.
mode was tuned at 101.3 MHz, 0.9 MHz lower than that
of
Beam test was done by using
the closest
mode Elll.
proton beam. Transmission
exceeding 9ZL was obtained.
Energy and its spread of the ouput beam were measured by
an analyzer magnet as T = 825 keV and AT/T = 1.6% in
FWHM. They agree with calculated
values.
Ietroduction
The RFQ linac
TALL was constructed
as the first
stage of an injector
linac
system
for
a heavy ion
which
is under construction
at
synchrotron
‘TAHN II’
An RFQ linac is best for the stage
because it
INS.‘!
can accept low velocity
beam and has bunching function.
The machine is designed on the basis of the experience
of the test RFQ linac LITL.‘)
The design parameters of
the TALL are given in Table 1. The machine can accept
By using an
ions with charge to mass ratio of 1 x l/7.
ECH ion source it can accelerate
heavy ions up to Xe and
w.3’
Injected
ions
at 8 keV/u are accelerated
up to
800 keV/u.
For 100 MHz, the Pi at the output energy
is
12.4 cm and long enough to be accepted by the following
drift
tube linac.

Table

1. Design

parameters

*

One
Two sets of vanes are prepared for the TALL.
is for low power operation.
It is made of aluminum and
has no cooling channel.
The other
is made of oxygen
free
copper and has cooling
channels for high power
operation.
The field
tuning and beam test
were done
with
the aluminum
vanes.
The vanes and cylinders
are
electrically
contacted with C-shaped contactors
made of
stainless
steel,
silver
coated to a thickness
of 50 I.rm.~
transverse
geometry
of the vane tip
is
The
approximated
by a circular
arc with
a varying
radius,
similarly
to the LITL.
The modulation
was machined with
in most of the vane
a ball end mill of 30 mm dia.
length.
Mills
of 12 and 20 mm dia.
were used on the
first
section where the cell length
is short
and the
The modulation
modulation
factor
increases
steeply.
machining was checked
to be within
a tolerance
of
f 30 m by an inspection
machine.

of the TALL.

Ions (q/A)
Operating frequency
(MHz)
Input energy (keV/u)
Output energy (keV/u)
Total number of. cells
Cell number of radial
matching section
Vane length (cm)
Cavity diameter
(cm)
Characteristic
bore radius,
r, (cm)
Minimum bore radius,
Gin
(cm)
Margin of bore radius,
Gin/hMaximum modulation,
h,
Focusing strength,
B,
Maximum defocusing
strength,
At.
Synchronous phase, $, (deg )
Intervane voltage for q/A = l/7 (kV)
Maximum field
(kV/cm)
Rf power wall loss for q/A = l/7 (kW)
Transmission
for input beam
with a normalized emittance
of 0.6 z mm- mrad for q/A=1/7.

1 s

Cavity

l/7
100
Emt
300

The cylinder
has square flanges on both the ends.
The vertical
and horizontal
rims of the flanges are the

g
58
izi
1:15
2.5
- O.&E
-30
81
205 (1.8 Kilpat. )
180
ODA
0.94
2mA
0.91
10 mA
0.63
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Inspection

of the vane alignment

Roth the vane ends have fiducial
holes near the vane
tip.
They were used to measure the radial positions
of
the vane tips.
The side flats of the vanes near the tip
and base were used as the azimuthal
fiducial
planes.
The accuracy of the vane positioning
was checked with an
inspection
machine (Fig. 1).
The vanes were assembled first
with no rf contactor
and no vacuum seal.
After the vanes were aligned within
an error of f 50 pm , the positions
of the vanes,
base
plugs and cylinders
were fixed with locator pins.
Then
the cavity was disassembled and cleaned up. Guided with
the locator
pins,
the vanes were assembled with rf
contactors
and vacuum seals.
Again- the vane position
was measured with the inspection
machine and re-aligned
when necessary.
The four section was jointed
on a bed. The bed has
five
support
flats.
They were leveled within an error
off
2Opm.
The square flanges were jointed
so that
there
remained
no clearance
between the horizontal
fiducial
planes and the flats,
and so that the vertical
fiducial
planes were in a plane.
The beam axis was aligned within an-error
of 200 pm
over the length
of 7.3 m.
The steps
between the
longitudinally
adjacent
vanes are within
100 pm at the
joints.
A computer
simulation
shows that
alignment
errors of the beam axis of 100 pm at three joints
do not
decrease the transmission
significantly.

On the input and output ends, a part of each end of
the aluminum vane is removable
in order to vary the
inductance of the cavity ends. The end wall
has four
movable capacitive
end tuners.

+--i

1

-

I
I

r

1
I

They are aluminum rods of 25 m m in diameter.
Each
each section,
movable side
quadrant
has 4, one for
tuners.
They are water cooled copper cylinder
100 m m in
diameter
driven
with
stepping
motors
in a stroke of
50 mm. They will
compensate
the resonant
frequency
shift
due to thermal elongation.
Aluminum cylindrical
blocks of 100 m m in diameter and various thicknesses are
inserted
through
the side
holes
to obtain
uniform
field.
Resonant frequencies
of various modes were measured
with the vane ends shorted to the both end plates.
From
the dispersion
relations
the cutoff
frequencies
were
determined
at 97.6 and 101.1 MHz for the dipole and
quadrupole modes, respectively.
The calculated
ones by
SLWRFISH for
the cross
sectional
geometry
at the
quadrupole symmetrical
plane are 96.3 and 106.6 MHz,
respectively.
The field distribution
was tuned roughly by varying
the shape of the vane ends. Then fine tuning
was done
by using side inductive
and end capacitive
tuners.
The
electric
field distribution
between the vane tips
was
measured by use of a dielectric
pertubator
moving guided
A field
uniformity
within a deviation
of
by the vanes.
& 2% azimuthally
and + 5% longitudinally
was obtained,
by using two dozen side tuners of fixed length and three
end capacitive
tuners (Fig. 2).
Slight potential
jumps
were measured in the quadrants 1 and 4 at the joint
of
the first
and second sections.
The distribution
does
not depend on the position
of the coupling
loop.
The
separation
of 0.93 MHz between the TE210 and the closest
TElll mode is satisfactory.

Ions extracted
from a microwave ion source at 8 keV
are transported
to a magnet with two einzel lenses.
Protons are separated from other ions with the magnet.
They are focused into the RFQ entrance with a triplet
of
electric
quadrupole lenses and an einzel lens.
The accelerated
ions are focused with a triplet
of
quadrupole
magnets on an object point of an analyzer
magnet _
The energy,of
the output beam was measured by the
magnet as T = 225 keV/u.
Considering
that the frequency
is tuned at 101.3 MHz, the measured energy dose not
cotradict
with the design value.
The energy spread was
measured as AT/T = 1.6% in WHM.
It
agrees with
a
computer simulation
by PARMTEQ.
Transmission
efficiency
was measured for
input
proton beam of 10 VIA. The emittance
and intensity
of
the input
beam were measured just
in front of the
entrance or, downstream of the final einzel
lens.
The
intensity
of the output beam was measured at the object
point.
Transmission
exceeding 90% was obtained.

t

F

--

Fig.2.
Electric
field
distribution
between the vane
tips.
Ordinate:
shift
of the phase difference
between
the cavity
field
and input signal
(arbitrary
scale).
Abscissa: position
of a dielectric
perturbator.

Fig.3.
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View of the beam test

stand

from output

side.

The beam test was done in pulse
operation.
The
factor was 16.7% ( 2 ms duration/
12 ms repetition
required
rf power of
period ). The proton acceleration
The unloaded
quality
factor
Q was
4.6 kW (peak).
measured at 7100.
It is about 70% of a caluculated
value for the aluminum vanes.
With the loop coupler the
cavity was stably operated up to the full power of 25 kW
Multipactoring
was
of a power supply
now available.
* observed in three ranges below the proton
acceleration
On the first
power test they were easily
rf
level.
surmounted after a few hour outgassing.
The cavity is pumped with two turbo-molecular
pumps
The vacuum pressure was 1 a tom6 Torr with
of 500 l/s.
It increased to a range of lo-’ Torr
on
no rf power.
the outgassing process.
duty

RePlacement of the Vanes
the
beam test
the aluminum vanes were
After
disassembled in order to replace by the copper
vanes.
Sparking
marks were observed on the end surfaces of the
vanes between the first
and fourth
quadrants
at the
It corresponds
joint
of the first
and second sections.
to the potential
jumps measured on the field
tuning
(Fig.2).
end shape of the high power vanes were
The
determined on the basis of the field
tuning.
The vanes
rods
at the longitudinal
are contacted
with
copper
joints
to eliminate
the potential
jumps.
The vanes and
cylinder
are contacted with O-shaped contactors
instead
of the C-shaped ones for
the aluminum vanes,
because
higher contact force becomes possible.

We obtained
a field uniformity
within an error of
f 2% azimuthally
and + 5% longitudinally
with
a loop
No
vane coupling
ring was used. The IF210
coupler.
mode was tuned at 101.3 MHz. The closest
mode TEllI has
Transmission
a
suffiecient
separation
of 0.9 MHz.
The measured energy and its
exceeding 9X was obtained.
Field tuning and
spread agree with
the calculation.
beam test with the new vanes will begin in June.
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Fig.5. Fmittance of the input H+ beams of 10 I.IA measured
at 21 cm upstream of the RFQ entrance.
Thick
and thin
bars cover 95% and 100% of the beam, respectively.
The
ellipses
are ones for
RFQ acceptance
at the design
The area is 145~ mm. mrad, or 0.61 mm. mrad
voltage .
normalized.
A and B are for beams limited
by apertures
inserted
between the
of 13 and 8 m m dia. , respectively,
electric
quadrupole lenses.
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Abstract

comparing the difference
of experimental
results
between
have
been
two cases,
following
effects
of stems
clarified.
1) The resonant frequencies
of the fundamental and
higher harmonics modes at the structure
with
end-plates
are generally
higher than without end-plates
as shown in
Table 1. This
result
shows that
the stems between
adjacent
modules increase the inductance of structure.
Therefore,
inductance due to the stems should
be taken
into account in addition
to the coaxial like inductance.

coaxial RFQ with modulated
In the development of a split
cavity structure
has been used to
vanes, a multi-module
achieve
the easy alignment of vanes and the mechanical
stability
of structure.
The rf characteristics
of the
structure
such as the effects
of the stems and electrode
shape on the resonant frequency are examined by using
a
l/4
scaled
model with
flat
vanes.
The results
of
experiments are compared with calculations.
The proton
acceleration
test
is in preparation,
-where
the l/4
scaled model is used by replacing
the flat vanes by the
modulated vanes.

Table 1. Resonant frequencies
with and without end-plates.

of structure

hhwduction
No. of

A

multi-module
cavity
structure
of split
coaxial
FlFql.2
has been developed
based on the new idea to
support
the vanes by stems at several
points
for
improving the vane alignment and mechanical
stability.
This
structure
is different
from the split
coaxial m;P
of single
cavity
some
3.4.5 and
has
unknown
rf
characteristics
with respect to the mode separation,
the
field.distribution,
the reduction
of quality
factor
and
Then, a l/4 scaled model of a uranium machine
so on.
with flat vanes has been fabricated
and the mechanical
properties
and rf characteristics
have been examined.
This
model consists
of 4-module cavities
and the
dimensions of each module are 40 cm in diameter,
50 cm
in length
and 7.5 cm in stem width.
In order to
accomplish
the vane
positioning,
the
parts
for
positioning
have been manufactured with accuracy better
than f0.02511~11. The 4-module tanks are aligned
on a
basis
like
a V-bett
machined with
accuracy
within
with
*o.o25mln.
The vane positioning
has been achieved
accuracy within fO.lmm".
As
for
the
rf
characteristics,
before
the
experimental
study, it was concerned whether the stable
resonant
mode is obtained and whether both end modules
affect
the field
flatness.
However,
it
was confirmed
experimentally,
there are not such problems as mentioned
above. On the other hand, it has been clarified
that the
effect
of stems on the resonant frequency is fairly
strong and the cross-sectional
shape of inner
conductor
affects
also the resonant frequency.
Then, in order to
examine the effect
of stems,
we have measured rf
characteristics
systematically
by closing the both ends
of each module with end-plates.
The effect
of cross-sectional
shape of
inner
conductor
on the inductance
of the cavity has been
examined by installing
the various inner conductors
in a
small
split
coaxial
cavity
made of aluminium.
The
to these problems
are
experimental
results
with respect
reported in the present paper.
As
the next step of the development,
proton
acceleration
is in preparation.
For the acceleration
test, the flat vanes in the l/4 scaled model is replaced
by the modulated vanes.
The outline
of this project
is
also repor ted.

With

1

75.0092

end-plates

41.7616

MHZ

I

3

Without

end-plates
37.1200

2

MHz

76.2687

I

132.994

132.879

185.362

187.968

I
4

2)

In the case of 4-module cavity structure,
the
of end-plates
set inside the structure
are 3 in
all.
Every time when an end-plate
is mounted, the
resonant frequency of the fundamental
mode has been
measured.
The change of resonant frequency due to the
This
resonant
frequency
end-plates
is shown in Fig.1.
well by the calculation
where the
change is explained
stem inductance is considered.
number

A2g

!ll-

,
l

I

I

Experiment

0 Colcutotlon

3
$9 40-

0

frequency
mHz)
l

31.7

37.11

Resonant

N
0
1

2
I---

8
w
4J 39 s
E
i 38-

3 I

38.8

38.40

40.2

40.09

41.5

41.76

N

Number of module ends
closed by semicircular
plates
Fig. 1. Relation between the resonant frequency
and the number of end-plates
installed
in the
four-module
cavity structure.

BtLQCharacteristi
Fffect

harmonics

of Stems
3) Un loaded Q-value of the structure
with
three
about
2Q% higher
than one without
end-plates
is
end-plate.
4) The flatness
of the longitudinal
electric
field
distribution
is within f2.5
even if the end-plates
are

In order
to examine the effect of stems on the
resonant
frequency
and
field
distribution,
rf
characteristics
have been measured on the l/4 scaled
models with and without end-plates
in each module.
By
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used or not.
Results of the calculation
and the experiment
are
summarized in Table 2. From these results.
following
matters are discussed.
When the end-plates
are installed
in all modules, the resonant frequency and the unloaded
Q value become higher than when the end--plate
is not
other
hand,
installed.
On
the
the flatness
of
longitudinal
field distribution
is not different
in both
cases.
Therefore,
these features on rf characteristics
should be taken into account as well as the mechanical
features,
when the multi-module
cavity
structure
is
employed.
Table 2. Comparison between calculations
experiments on a l/4 scaled model.

The difference
between the estimated frequency and
the measured one is within 2-4%. The result estimated by
the same method on the l/4 scaled model is compared also
with experimental
one in Table 2.
Table 3. Comparison between calculations
and
experiments
on-a small split
coaxial cavity
with various electrode
shapes.
Inductance Ml1
sblrm of
Elrtrcdu

tba&rurd
Static
y;,i
tace

and

end-plates

Calculation
1 Inducteye

1

Measurement

48.4

Resonant
frequency

With

1

49.8

1

159.5

37.1

37.7

"Ilit

t4easurement
1

1,

re*istance

157.1

41.5

Unloaded
0

SO

120

70.25

0.98

69.10

14.62

0.93

66.12

1.04

41.8

plates

55.2

84.38

82.4

69.1
1

nH

1
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MHZ

45.1

74.79

81.10
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kn
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Re*OnEA”t

calculated
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foe

63.3861.1

84.0
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Calculation
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1,

Resonant Frequency ( tnlz!
nrearured
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Fig. 2. Longitudinal
field
distributions
of the
fundamental and higher harmonics modes;
left and
right show the cases without and with end-plates.
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of Electrode
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:

blulated

frm measured valw.

At the second method, the inductance of cavity
has
been approximated
by the inductance of coaxial line,
that is, the inner conductor
has been assumed to be
cylindrical.
The calculated
values of resonant frequency
are about 2-8 % different
from measured values.
This~
method is not suitable
for estimation
of the resonant
frequency at the electrode
shape used in the l/4
scaled
model.
The penetration
of the azimuthal magnetic field
into the space between adjacent vanes has been examined
at the electrode
with rectangular
plate beam which is
In this
similar
to one of the l/4
scaled
model.
experiment,
variation
of the cavity inductance has been
measured by perturbation
method at the points of 16 in a
quardrant space of the inner conducter.
The measurement
method is as follows:
a metal rod is set parallel
to the
axis
in each point and the capacitance
and the resonant
frequency are measured.
By using these two quantities,
inductance
of
the cavity
has been measured
the
The difference
of inductance between the
systematicaly.
rod-filled
state and the empty state is plotted
at each
point in Fig.3.

3

0

(2nfa)

end-ptotes

6

0

----y--

ShaB

It has been found out in the rf
measurement on a
l/4 scaled model that the cross-sectional
shape of inner
conductor affects
the inductance of cavity remarkably.
A
small
split
coaxial
cavity of aluminium has been made
for examining the relation
between electrode
shape and
resonant
parameters.
Its dimensions are 134mm in inner
diameter and 2801~~ in length.
Four kinds
of electrode
shapes have been made as split
electrode.
Resonant
frequency and static
capacitance
have been measured for
each electrode
shape.
On the other hand, by using the estimated value of
inductance and the measured
value of static
capacitance
for
each
the resonant
frequency
has been
shape,
calculated
for each shape. The calculated
frequency
is
compared with
measured one in Table 3. In order to
estimate the inductance of cavity,
two methods are used.
At the first
q ethcd,
it
has been assumed, that the
current of inner conductor
concentrates
on the outer
surface of the beam of each electrode,
and magnetic flux
between the inner conductor and the outer conductor
has
been calculated
numerically.

Pori tia
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Fig. 3. Change of the inductance
a perturbation
method.

of psrturbator

i I

measured by

>

The variation
shown in Fig.6.
Based on the remarkable
achievements
on the l/4
scaled
model with
flat
vanes, a model of uranium RFQ
‘AMJJR‘ has been designed
to accelerate
proton
beam.
Figure
4 shows a test stand for the proton acceleration
where an ion source of a compact fXR type is used.
The
purpose
of construction
of accelerating
model is to
evaluate synthetically
the performance of a vane type
split
coaxial
RFQ which adoptes a multi-module
cavity
model
structure.
In the vane
design, _ this
can
accelerate
the ions with charge to mass ratio of l/15
from 2 keV to 60 keV. In fact, proton
acceleration
is
enough to examine the problems on the beam dynamics.
Ream dynamics parameters
are summarized in Table
4. As for vanes, the copy of TALL vanes ‘will
be used
by the economical
reason.
TALL is operated
at 100
MHz. Therefore,
the characteristics
of
the
beam
dynamics
has been investigated
when the TALL vanes have
been operated at a frequency of 50 MHZ.
Table 4. Design parameters
uranium RFQ.

Kilpatrick
factor
InteAne
voltage (V)
Focusing strength (8)
Max. defocusing strength (&, )
Synchrono-ys phase (#, )
Max. modulation (0~ )
Number of cells
Vane length
Mean bore radius (rO)
Hin. bore radius (a.., )
Margin of bore radius (a... /a,
Transmission
(0 emA)
(2&l
(4 =A)

keV/u

0.03

x cm-mrad
kV

Number

01 CeLLI

01 Rod@

Beam

MOtChW

C&-rant

(mA)

Fig.6

Fig.5

Fig.5. The relation
between the transmission
efficiency
and the length of radial matching
section.
Fig.6 The variation
of transmission
due to
space charge.
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From the above experimental
study,
electrical
characteristics
of the multi-module
cavity structure
has
been clarified.
An estimation
method for the structure
design
has been established
in the explanation
of the
experimental
results
of a l/4 scaled model and a small
alminium
model.
In the beam simulation
for a model of
it
has been clarified
that
the vanes
uranium m,
designed
at 100 MHz can be used as vanes operated at 50
MHZ.
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K.Sato, H.Suzuki, Y.Oguri and E.Arai
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for Nuclear Reactors,
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of Technology
Ohokayaua, Meguro-ku, Tokyo 152, Japan.
Summary
A heavy ion accelerator
system-has been costructed
for material
science and nuclear physics studies.
It
consists of a tandem Pelletron
as an injector
and two
heavy-ion linacs.
The first
module of the linac system
was designed to accelerate
particles
injected
at 240
keV/u with charge to mass ratio
( q/A ) of 1 - l/4 up
cavity has an interto 2.4 MeV/u. The accelerating
The accelerating
resonance
digital
H structure.
frequency is 48 MHz. The linac has succesfully
accelerated
ion beams of H, C, 0, Cl. -The overall
transmission
coefficent
has been determined to be 30 40 % for a dc proton beam. The effective
shunt impedance ( Ze ) has been determined to be about 180 MG/m
by the experiment.
This Ze is about 5 times as large
as Ze of other accelerating
structures
in the same
velocity
region.

ion sources were connected to the tandem through a
switching
magnet.
This injector
is able to accelerate
ions up to g = 2 % in the mass-number range 1 to 30.
This S value has two advantages : 1) We can design drift
tubes with focusing elements adopting r - II mode.
2) For the ions ranging from lithium
to chlorine,
the
fraction
of the ions stripped
in a carbon foil is not
too small at q/A = l/4, which is the design value for
the linac.
Design of Linac

For the design work of the cavity we have constructed several 114 seal models2.
Including
resonance
frequency and field
distribution,
every impotant design
parameter was checked by measurements on these models
in terms of the configuration
of the short-circuit
wings in low-energy section and the magnetic flux
inducer in the high-energy
section of the cavity.
The
particle
trajectory
was analyzed by mean of a computer
programme LINOR3.

Introduction
The interdigital
H type structure
is well known
for its high shunt impedance at low particle
velocity.
In spit of this advantage, there exist serious
disadvantages
such as the undesirable
distribution
of
accelerating
voltage in the cavity.
A new method has
been developed to control
a gap voltage distribution
and a prototype
IH linac has been constructed
at INS i .
Adoping this design concept a linac was constructed
by
Toko Institute
of Technology as the main accelerator
for study of heavy ion physics.
Construction
Accelerator

Linac

of the Heavy Ion Linac

Fig.1 show the layout of the system.
The injector
is an NEC 5 SDH-HC2 tandem Pelletron
with a maxmum
terminal
voltage of 1.6 MV. A sputter
type and a PIG

-Tandem

Pelletron

Carbon Foil
Stripper

Cavity

The main parameters of the linac are shown in
tank is made of a copperTable 1. The resonator
laminated steel ( 35 mm steel + 3 mm oxygen free copper
1 . The cavity has a dimension of 1.4 m by 7 m in
diameter .and in length,
respectively,
as shown in Figl.
The surface of copper has been polished.
Its roughness
is estimated to be 3 urn. The heat generated in the
cylinder
wall is removed by means of cooling panels
glued outside the tank.

System

JJ

Structure

The drift
tubes, the stem and the ridge are copper
plated with a layer thickness of more than 50 urn.
Other elements are made of oxygen free copper (OKFC).
Material

Science

QD-=+B

Course-A

Linac

Course-B

I
0

I

I

I

I

I
5m

Nuclear

Ion

Fig.1

Sputter
Source

Layout

DRIFT TUBE W:

of T.I.T.

Hea

-MAGNET

oRIF

Physics

Course

TUBE Wl7HOUl Q-MAGNET

Ion Accelerator

System and Acceleration

Structure

of the Linac

Table 1. Parameters

of the T.I.T.
Heavy Ion Linac
H - Cl ( 1 - l/4 )
Ions ( q/A )
240 keV/u
Energy Input
2.4 MeV/u
Output
48 MHz
Operation Frequency
-30"
Acceleration
Phase
100 kW
RF Maximum Input Power
Number of Cells
44
Focusing Sequence
FODO
Element
Q Magnet ( Gmax= 5 kG/cm >
Drift
Tube Bore Diameter
23 m m
Outer Diameter
100 m m ( tank side )
50 m m ( ridge side )
1.4 m
Tank Inner Diameter
Length
7
m
8.8 cm
Ridge Width
Length
650 cm
70 cm
Height
94 cm 140 cm
Wing Tuners Length
58'
43"
Angle
40 cm
-Magnetic Flux Inducer
3000 l/s
2 Turbo Pumps
Vacuum System
Because of fleon cooling and of wiring of the focusing
quadrupole magnets in the drift
tubes, the beam axis
is asymmetrically
located in the cavity.
The drift
tubes without quadrupole magnets are connected to the
top of the stems which are mounted on the ridge.
The
drift
tubes with a quadrupole magnets are mounted on
the stems that are suspended from the tank wall through
diaphragms for center ajusting.
An optical
target was put into the bore of each
drift
tube to measure setting
errors using an aligment
telescope.
We have got final
alignment errors of
-+ 0.1 mm.
The rf is fed through a coaxial line to the cavity.
We are using a loop coupler with an area of 180 cm2.
The inner and outer coaxial sections of the loop
coupler are cooled with pure water.
The two wings are
made of OXFC plate and cooled with pure water.
A capacitive
tuner consists of a copper disk of
700 cm2. The stroke of the tuner is 30 cm. An inductive tuner is plunger with a volume of 20 9. and cooled
with pure water,
It is made of copper plated stainless
steel.
The plunger has an diameter of 30 cm and moving
stroke of 30 cm.

Fig.3

view of the T.I.T.

Linac

The cavity has a volumes of 11 m3 and a copper
surfaces of about 85 m2. The vacuum system includes
two sets of 3000 ll/s turbo molecular pump backed by
500 RImin. rotary pumps. The vacuum of cavity is sealed
The rate of outgassin
with viton o-rings.
from the
copper surface was lower than 10-a Pa*f/cm 9 *s. The
final pressure in the system is 3 x 10m6Pa .
A photograph of the accelerating
cavity is shown
in Fig.3.
Quadrupole

Magnets

There are five groups of quadrupole magnets : 1)
the entrance half lens ( the maximum magnetic field
gradient G(max) = 1 kG/cm ), 2) the low-energy section
with 8 lenses ( G(max) = 4kG/cm ), 3) the middleenergy section with 6 lenses ( G(max) = 3 kG/cm >, 4)
the high-energy
section with 7 lenses ( G(max) = 2
kG/cm ), 5) the extraction-port
half lens
( G(max) =
'1 kG/cm ). The quadrupole magnet of prototype
is shown

The rf contact between two OKFC side plates of the
ridge and the tank wall is maintained using Helicoflex
We use it also
type seals ( symbol of l in Fig.2 ).
for the rf contact between the short circuit
wings and
the ridge.
The Helicoflex
type contact is 3.8 m m in
diameter and 0.2 m m in thickness and consists of a
silver
sheath-and a spring of SLJS-304. The rf contact
for the stems of the drift
tubes is performed using
silver-plated
stainless-steel
tubes of 3.2 m m in
diameter and 0.25 m m in thickness
( symbol of A in
Fig.2 ).
The cavity

Inside

Fig.4

Prototype

quadrupole

magnet

has a volumes of 11 m3 and a copper
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Figure 5 shows excitation
curves and
in Fig.4.
temperatures
of two types of quadrupole magnets, namely
one with spiral-plate
coils and the other with tape
coils.
Using the spiral-plate
coils stable operation
was observed up to 4 kG/cm. We had chosen spiral-plate
coils for 21 lenses in the drift
tubes and tape coils
for the entrance and extraction
half lenses.
The
quadrupole magnets of both type were succeeded in a
running test of 500 hours.
RF Characteristics
Resonance Frequency

and Field

High Power Test
In the first
high power test, multipactoring
was
observed for 20 hours at input powers between 0.1 and
has been very often inte1.5 kW. The linac operation
rupted by the overheating.
The fabricated
ridge plates
were different
from the design structure.
Namely, the
cooling pipes were pot soldered as design.
The ridge
The
plates were overheated for cw 50 kW operation.
design work for new ridge plates is now going on.

of Cavity
Acceleration

Distribution
Experimental

The resonance frequency was measured to be 48 UHz
for the TElll mode. The frequency was lower than the
design value by 0.5 MHz.
We have obtained an unloaded Q factor of 21500 with
weak coupling.
This value amounted to 140 % of the
We have rotated
the loop coupler to
design value.
minimize the rf reflection
and to optimize matching
between cavity and the 50 n feeder line with an
effective
area of 130 cm2.

. Wingl158°1
l-l-l
0

Transmission

and Effective

Shunt Impedance

The transmission
of protons is shown in Fig. 7 as a
function
of the rf power.
The transmission
of 30 - 40%
has been observed for a dc beam of injected
protons at
The momentum spectra of output
the optimum rf power.
beam were measured with an analyzer magnet.
The
momentum
distribution
of accelerared
particles
were
analyzed of the input rf power of the acceleration
voltage as shown in Fig.8 together with results
of the
The acceleration
characteristics
orbit calculation.
The effective
agree well with the computer simulation.
shunt impedance of the linac was estimated to be about
180 Ma/m from rf powers for protons ( 4.6 kW ) and for
05+ ( 47 kW ).

Wing2(43Dl
I

1

10

Fig.6

Results

Beam tests have been performed using ion beams of
, 05r6tand ClgVIO;$ Momentum spectra, beam
H+, I?++
bunching spectra and output beam currents were measured
The output
as a function
of the rf power for protons.
currents were measured as a function
of the injection
The linac was operated in cw mode for H and
energy.
05+ and in pulse mode with duty factor of 30 - 50 % .
The emittances of a proton beam were measured to be
9.1 TI ( horizontal
) and 9.9 TI mmamrad ( vertical
) at
2.5 m downstream of the linac.

The field distribution
was measured by means of the
The field distribuwell known perturbing
ball method.
tion is shown in Fig.6 where the symbol -) and A)
represent
the design values and measured values of
In the
electric
field
in the cavity,
respectively.
high-energy
section,
the accelerating
field
drops at
most to 70 % of the design value.

b)
E

Test

1
20

1
30

Gap Number
Distribution
of accelerating
gaps of the cavity

!
40

field

in the

At the last stage of the design work, we found out
that the accelerating
frequency converged on a value
which was lower by 5 % than the original
design value
of 50 MHz. We have chosen to change the frequency from
50 to 48.5 MHz, to keep the input and output energies
as high as possible
by modifing the accelrating
structure.
The number of accelerating
gaps was reduced from
46 to 44. The result
is that the accelerating
field
distribution
has been deformed as seen Fig.6.
RF Source and Control

System

The rf power is supplied from a power amplifier
A tetrode
system connected with a master oscillater.
tube Eimac 4CW-100000E supplies cw power up to 100 kW.
The rf power is fed through a coaxial line WX-12OD to
The system has a
the cavity with the loop coupler.
tunable band of f 5 MHz at 50 MHz. Cw and pulse
operations
are possible.
An automatic gain control
-( AGC ) is performed with an accuracy of f 1 X.
The frequency range of the capacitive
tuner was
0.8 MHz. This is used for the coarse tuning.
The
range of the inductive
tuner is 40 kHz with a moving
stroke of 30 cm. This tuner is used for the automatic
control of the resonance frequency which shifts
due to
the change of temperature
of the cavity.
An automatic
frequency control
( AFC ) is stable within a phase
shift of lo.

Fig.8

Momentum distribution
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THE TWO-BEAM
ACCELERATOR*

THl-1

Andrew W. Sessler and Donald B. Hopkins
Lawrence Berkeley Laboratory
Berkeley, CA 94720
Abstract
The Two-BeamAccelerator (TBA) consists of a long
high-gradient
accelerator structure-(HGS) adJacent to
an equal-length
Free Electron Laser (PEL). In the
FEL, a beam propagates through a long series of unduAt regular
Intervals.
waveguldes couple
lators.
microwave power out OP the FELL into the HGS. To
replenish energy given up by the FEL beam to. the
microwave Pleld,
induction
accelerator
units
are
placed periodically
along the length OP the FEL. In
this manner It Is expected to achieve gradients OP
more than 250 MT/m and thus have a serious option Por
The state oP present
a 1 TeV I 1 TeV linear collider.
theoretical
understanding OP the TBA is presented
OP the
emphasis upon operation
with
particular
“steady-state”
FEL. phase and amplitude control OP
the rP wave, and suppression OP sldeband Instablllties.
Experimental
work has Pocused upon the
development OP a suitable HGS and the testing OP this
structure
using the Electron Laser Facility
(ELF).
Description is given OP a first
test at ELF with a
seven-cell
2~13 mode structure
which without prevacuum
conditioning
and with
a not-very-good
nevertheless
at 35 GHz yielded an average accelerating gradlent OP 180 W/m.

In this report we shall give the present status
oP research on the. TBA. which we shall do by discussing, In order, various topics.
ELF Results
The Electron Laser Facility
(ELF), using the
Experimental Test Accelerator (ETA) at Llvermore, was
built
to develop a Free Electron Laser (FEL) at
35 GHz. The apparatus has been described in the
literature
rather completely4 and its perpormance
has been documented.5e6.7
An FEL is the heart OP the TBA concept.
Although the TBA concept was developed1 prior to the
successPu1 operation oP a high-power FEL; the generation
oP large amounts of power by an FEL Is
essential to the TBA concept. An introduction to the
literature
OP FELs may be obtained through a recent
review article.8
It Is therePore most important to ap reciate
that ELF has now produced 200 MU of power%v7 and,
most recently,
more than 1.0 GU OP peak pcwer when
the undulator was tapered.9
Steady-State

Introduction
The continuing vitality
OP high-energy physics
research program demands particle
beams oP everincreasing energy.
However, iP a linear accelerator
capable OP producing a 1 TeV electron beam were to
operate at the accelerating
gradient OP the SLAC
Linear-Collider
(17 HV/m), it would be many kilometers
long and would consume prodigious amounts OP power.
Perhaps, both OP these dlPPlcultles
can be clrcumvented by using a Pree-electron
laser (FEL) as a
source OP relatively
high-Prequency rP power and by
operating at a high gradient.
The Two-Beam Accelerator
(TBA)l Is a partlcular use OP an FEL which appears to address these two
diPPicultles
while, yet, being a practical
device.
It is seen as operating at a gradient OP several
hundred llVV/mand at a Prequency OP about 30 GHz and
as being an ePPicient means Por converting conventional electric
power into an accelerating potential.
Thus, this approach oPPers the promise OP a llnac oP
very high energy and reasonable cost.

FEL

The TBA requires an FEL which is operated continuously
(in length);
i.e. is In “steady state.”
Energy Is pumped in with periodic
induction units
while essentially
continuously
being generated and
removed. OP course no one has yet operated an FEL in
such a mode and we are Ported to Pall back upon theory
and numerical simulations.
A careful study of the
longitudinal
dynamics In such a Steady-State FEL has
been given by Sternbach and Sessler.10
In Fig. 2 we show phase plots OP a TBA. One
sees that there is essentially
no loss OP particles
in steady-state
operation OP an FEL. On the other
hand an individual
particle
undergoes rather complicated motion in longitudinal
phase space as Is shown
in Fig. 3. But the average, over many particles.
0P
this complicated motion Is the previously shown phase
plot; i.e. contained particle motion.

A high
The TBA concept can be summarized easily.
current but relatively
low-energy electron beam (oP
about 20 WV) (the Pirst beam) traverses a series OP
undulator magnets and undergoes Pree electron laslng.
and emits intense microwaves. The microwaves are conducted by waveguldes to an adJacent beam line where
their phasing produces traveling
waves with a very
high longitudinal
electric gradient.
The second beam,
a low average current 0P electrons, Is accelerated to
great energies by the very high gradient.
The energy
lost to the microwaves by the Pirst electron beam Is
made up by conventional induction accelerating units
-located between undulator magnets. This 1s shown,
schematically.
In Fig. 1 and described In much more
detail in EeP. 2 and 3.

*This work was supported by the High Energy 6 Nuclear
Physics Division oP the US DOE under contract No. DEACO3-76SFOOO98.

that
Fig.
1 Schematic OP a two-beam accelerator
transPers energy Prom a high current low-energy b-earn
to a low current high-gradient structure.
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Those particles
which are not captured must be
removed otherwise they will take energy out OP the
induction units and contribute
to TBA InePPlclency.
Certainly this can be done, but a convenient way to
accomplish the separation, in a practical device. has
yet to be conceived.
Transverse EPPects
Transverse etlects in the FEL portion OP a TBA
have not, yet, been studied very extensively.
Conceptually the simplest is transverse ePPects in the
FEL. These should be okay, Por parameters are not
very dlPPerent than ELF. On the other hand, a steadystate FEL could bring in new phenomena. As a side
benefit
of the sideband studies (described in the
next section) a 3-D numerical simulation,
employing
the program FRED, was run by W. H. Fawley Por a model
TBA. No untoward ePPects were dlscovered.I2
Periodic ePPects, on electron transverse Pocuslng, was studied by Harks.13 and shown to produce
no unexpected behavior.
The problem oP supplying transverse
Pocuslng
within the induction units has been briePly examined.
It is not clear that any Pocuslng is needed (“the
beam can be thrown across the gap”).
Alternatively,
solenoidal
Pocuslng could be supplied by locating
Helmholtz coils outside the induction acceleration
cavities.
Since the phase space is rotated slightly
there will
be “mls-matching” errors at each FEL
section, unless the FEL is also “rocked” slightly.

Fig. 2 Longitudinal phase plots OP a numerical slmulatlon of a TBA. The parameters are that oP a Pullscale FEL (Ref. 2) and the phase plots are taken at
100 (a). 170 (b), 290 (cl and 310 (d) meters down the
TBA. One sees that steady-state operation is quite
possible.

Finally,
an opt lmlzed design Por an FEL beam
reacceleratlon
cavity has yet to be carried out. Its
overall beamllne insertion
length must probably be
held to 2-3 cm in order not to seriously degrade the
TBA’s high average accelerating
gradient.
Horeover, the mlcrouave pawer loss incurred in crossing a
reacceleratlon
gap should be only a Pew percent.
Initial
gap-loss measurements indicate that special
mlcrouave Pocuslng or guiding will
be required to
achieve an adequately low loss.

Improved Capture
The particle
simulations,
oP ReP. 10, require
that the particles
in the FEL portion OP a TBA be
“started” or “captured” into the FEL bucket.
ew=rly
APter that, steady-state
operation poses no partlcular problems.
The capture has been studied by Sternbach who
has, in particular,
observed that in a waveguide,
with microwave radiation,
the boundary conditions can
be employed to control
the phase velocity
OP the
radiation,
and thus optimize capture.11
This technique can be employed in the initial
section OP a TBA
so as to reduce the “wasted length” devoted to starting up the TBA.

Sidebands
Sideband growth could be slgnlPlcant
in a TBA
and, consequently,
lead to unwanted Prequencles.
This observation has been made by Rosenbluth. and
subsequent numerical simulation
studies by Colson
have conPlrmed that it can be a serious problem.I4
Sidebands arise because there is slippage between
the electrons in an FEL and the electromagnetic pulse.
They are contained in equations which are the usual
Kroll , Horton, Rosenbluth equations Por an FEL,I5
mcdlPled by replacing derivatives with respect to dlstance with hydrodynamic derivatives.
Thus;
1
oaa
a
a
( a2 +<“II>at > Yi”-y9 cyl sin ql,
t--

1
-a,,>

a
at >

*1

-&(lta2

Fig. 3 This shows the actual phase space traJectory
OP an electron in a TBA. The trajectory
begins at the
top OP the picture.
The dashed vertical
lines lndlcate when the electron passes through an induction
llnac.
The numbers indicate the order OP the jumps.
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= kw - 6ks

W

- 2awas cos oil

+ 2,

In these equations we use the notation oP Reps. 15, 2,
and 20. The phase OP *the rP wave is + and its amplitude
(normalized)
is a,.
The average longltuOP electrons
is <vII> and vg is
dlnal
velocity
the group velocity OP the electromagnetic waves. Note
that into the hydrodynamic derlvate comes the nroup
velocity
OP an electromagnetic
pulse, although the
resonance condition
involves the phase velocity.
A
proper derivation
OP the ekonal approximation gives,
automatically,
the group velocity.
These equations have been employed to study sldeband growth in the TBA.16 The growth is very quick,
indeed, as can be seen in work by%. B. Fawley sh6wn
in Fig. 4. An analytic Pormula has been obtained by
S. S. Yu in the approximation that energy is contlnuously Ped into the particles in a TBA. In that case
the grouth rate is

The parallel
<VI,> - c

velocity

oP electrons

is

[ 3
1 t aw2

l--

,
Y2
and equating these two puts one more condition
design; namely
l/2
y =: 2 (1 + aw2’
(b/A)

on TBA

where L is the microwave wavelength.
The sideband Prequency is given, approximately.
[kt Ak + kwl z - (o f
where

and

Au

AL

AU)

t I 7*S z

are the shirts

by

,
Prom the Pundamen-

*S
tal and ( q-)
is the wave number oP the synchrotron
Letting
z = <v,,>t and
0P electrons.
osclllatlons
employ the resonance condition oP an FEL
w = (k t kw’ <v,,> ,

r-=(2) ($b)2’3 *
osclllatlon,
or
where OS/C is the synchrotron
bounce, Prequency. This analytic Pormula is in good
agreement with the numerical simulation.

and since

Consideration
oP the physical
source Memti;
s ldebands suggests a method to remove
.
For
microwave
make
vg = <vu>.
namely
to
radiation,
where the waveguide is important, it is
possible to satlsly this requirement.

we have

AU = f$ Ak = vg Ak ,

Q
Au=

S

g
An experiment has observed sidebands at Just the
position
predicted
by this
last equation.18
An
experiment to study sidebands is planned Por ELF.19

In a smooth waveguide OP cross section a x b we
have Por the m,n th mode:

l-

<vpv

Vg=$Zo=
-

d-

kc2

Note that as <v,,> approaches v it is predicted that the sidebands move out in i requency. but
that the growth rate, P, is unchanged. OP course
the growth rate must decrease. although Just how is
not yet known. For example, when the lower sideband
approaches -- or even goes beyond -- cutoPP there must
be a large ePPect on P‘. To study the phenomenon we
must go beyond the usual ekonal approximation made in
FEL theory.

ppJy
L

J

Phase Control
Perhaps the largest outstanding TBA challenge is
in the area OP phase stability
and control.
An analytical study OP the sensitivity
OP microwave phase to
errors in Prequency, undulator magnetic Pleld. and FEL
beam current and energy has been completed.20 Vlth
no correction,
the phase errors resulting
Prom very
small, but realistic,
deviations Prom ideal operating
conditions are unacceptably large.
The most serious sensitivity
is to captured beam
current,
I, which can be described by the plasma
frequency parameter.
For an FEL section wave guide
a I b we have:
2 1.3 I 10 21 I(kAl
“P = a (cm) b (cm) .
The phase deviation
due to an error
in wp2 is
given by20
I
au AU ‘co9 *
+ deviation = 47 as c 0 r z
*

Fig. 4 A numerical simulation, by V. ?l. Fawley using
the program GINGER, which shows the growth oP sldebands in only going Prom 0 m (a) to 6.9 m (b) to
13.5 m (c) to 20.0 m (d) down a TBA. The parameters
are those oP ReP. 2.

where the symbols are standard (see ReP. 2 or 19).
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The work oP ReP. 20 was done in the “resonant
particle” approximation; i.e. one-particle.
Recently,
numerical simulations have been done by Sternbach.
This work conPlrms the validity
OP the one-particle
model. On the other hand, it has disclosed an error
in the treatment oP ReP. 20 oP the response in phase
The necessary change aPPects
to a change in as.
the Peedback system proposed, which can, however, with
somewhat dlPPerent numbers, still be made to work.

g

10 GV/m

B
;;”
1 GV/m
.L?
z
58 100 MV/m

HopePully, a system can be devised which is autoThe system mentioned
matic and nearly instantaneous.
above is cumbersome and costly.
We are nou explortng
solutions employing Perrlte, or even Perro-electrlcs,
which ii they can be made to work will be most advantageous.
The idea here is to have the waveguide
partially
Pilled with material whose magnetic, or
electric
properties
can be readily changed. This
will aPPect the phase velocity oP the electromagnetic
The
mode, i.e.
its phase, aPter some distance.
blaplng signal should, therepore, be made proportional
to phase error and this can be done, instantaneously,
by mixing a small sample oP the electromagnetic wave
with a clock signal.

0.3

3

Fig. 5 Theoretical
curves,
and the operating point oP
expected suriace Pield as
Point
1 is by Wang &
Tanabe. 25

30
1

300
0.1

Frequency, GHz
Wavelength, cm

two experimental points,
SLAC showing the maximum
a function 0P Prequency.
~~24
and point 2 by

Normally, new accelerator structures are preconditioned with pulsed rP whose pouer level is slowly
increased to the rated value. This may take several
days or more at repetition
rates up to 360 pps. Because oP the lack oP other high power 35 GHz sources
and the ELF repetition
rate oP 0.5 Hz. there was no
opportunity to precondition the HGS. Details OP the
experiment, and experimental procedure have been presented
elsewhere.
The best
HGS perPormance
achieved was equivalent
to an average accelerating
Pield
oP -180 NV/m.
Considering
the marginal
vacuum conditions
and routine HGS metallurgy,
this
result ls’very encouraging.

Wake ePPects in the high-gradient
part oP a TBA
depend upon the inverse cube OP the distance Prom the
particles
to the nearest wall, and it is proposed to
operate the TBA at (say) A = 1 cm radiation,
so
that the distance to the walls is ten times less than
hence, to study wake-Pleld
in SLAC. It was vital,
ePPects carePully and to determine whether or not a
TBA.could work at the design parameters OP ReP. 2.
This was done by Selph and Sessler21 and it was
shown that with plenty OP (but not unrealistic)
transverse Pocuslng In the TBA, a slightly
1nePPlclent
accelerating
structure
(where the walls are Purther
removed Prom the particles
than in a maximally
structure),
and with
energy
ePPlclent
proper
variation
across the pulse, the wake-Pleld ePPects
are no worse than in the SLC.

New accelerator sections are being constructed,
by two dlPPerent techniques:
electro-Pormlng
and
brazing.
These sections will undergo a thorough high
temperature bakeout and will be tested at a vacuum
level OP 10-7 to 10-8 torr.
Ve expect to demonstrate,
at ELF, maximum gradients
signlPlcantly
higher than the value quoted above.

Gradient Studies
An initial
goal oP our TBA experimental program
has been to demonstrate ultra-high
gradients in an
actual accelerating
structure
in order to increase
our conlldence in the breakdown gradient
scaling
shown in Fig. 5. Figure 5 shows a plot oP theoretical
maximum surPace electric
Pleld gradient vs frequency
In the comPor copper rP accelerating
structures.
monly used disk-loaded waveguide geometry, the average
accelerating gradient is about halP the maximum surPace electric Pleld gradient.

Output Coupling
A slgnlllcant
Practlon oP the FEL microwave bcwer
must be periodically
extracted and coupled to the

The seven-cell
high-gradient
accelerator
test
structure
(HGS) shawn in Fig. 6 was constructed Por
testing at ELF. Its method OP Pabrlcatlon and other
details
have been reported elsewhere.22
It is a
with all cavity and
copper 2~13 mode structure23
input/output
coupler dimensions scaled down Prom SLAC
dimensions.
in this structure,
the highest electric
Pleld
gradient is produced in the input cavity.
The ratio
oP peak surPace Pleld to average accelerating
gra‘dlent is 1.95. A surPace gradient OP 1.52 GV/m occurs
at a power level 01 100 PN. The HGSwas dimple-tuned
(see Fig. 7) to a Prequency OP 34.6 GHz to match the
Prequency oP the FEL magnetron driver.
Figure 8 shows
the test arrangement at ELF. The vacuum in the HGS
was only marginal, typically
in the mid 10-5 torr
range.
Photomultipliers
viewing the input coupling
aperture and along the HGS axis served as spark
detectors.
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Fig. 6 The high-gradient
drawings.

accelerator

test

section

- __

._ _ .-- _-._

Fig. 9 The septum coupler, with non-linear
designed so as to minimize mode conversion.

tapers,

Conclusions
Fig. 7 The high-gradient
dimple tuned.

structure

Studies to date on the TBA have not revealed any
Patal Plaws in the concept.
Consequently Purther
study and experimental test would seem to be in order.
Host notable successes so Par are the achievement OP
(1) more than 1.0 GU Prcm a 3-meter FEL and (2) an
accelerating
gradient in a very small high-gradient,
slow-wave structure OP more than 180 FleV/m.

electroPormed and

adJacent accelerator
structure in a TBA. This must
be done in such a manner that the FEL modal power
distribution
is not disturbed;
i.e., essentially
all
of the power should continually
exist in the desired
TEOI mode in the FEL.

Outstanding problems are numerous at this stage,
with (1) control oP the rP phase and (2) inhibition
OP the sideband instability
being, perhaps, the paramount sub&&s.
Solutions Por both these have been
produced on paper, but have not yet been realized in
hardware and demonstrated experimentally.

It does not appear possible to achieve the necessary output coupling in the FEL’s oversized lnteraction waveguide with negligible mode conversion using
directional
coupling.
Our proposed solution is to lntraduce angled septa into the guide which will Punctlon as “scoops” for gracePully removing a Practlon
OP the Plowing micrawave power. This scheme is shown
conceptually
in Fig. 9.
The scoops are gradually
tapered to Pundamental waveguide size so that power
can be transported
to the accelerator
HGS without
mode conversion.
A septum coupler test section
structed and will be tested at ELF.

is

being
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TBA Parameters
Some TBA studies can be, and will be done, with
the ELF Paclllty.
We intend to separate the undulator sections and put induction units between some
oP them.

Table 1 Parameters Por a 30 Fleeter Test Model oP a
Two-BeamAccelerator
Length
Acceleration Gradient
Vavegulde dimensions
High Gradient Structure Filling Energy
Vavelength
Relativistic
Factor y
Undulator Vavelength
Undulator Field Parameter s
Relativistic
Factor Change
Current
Pulse length
Standing power in FEL
Period (between induction units)
Synchrotron period QS/c
RF Field parameter as

The next stage should consist oP (say) a 3Omdevice.
Parameters Por such a model TBA have been derived by J. S. Uurtele and are given in Table 1.26
They have, so as to suppress the sideband instability.
with
a slightly
dl PPerent
= CV(I’*. but
,‘9:ge waveguide the growth OP the sideband lnstablllty
would easily be observable.
We have not, yet,
again produced parameters Por a Pull-scale TBA.

30 meters
?leV/m
5cmx2cm
10 J/m
1.0 cm
10
16 cm
2.3
0.55 m-l
2.0 kA
18 nsec
2.0 GM
2m
4.3 m
250

0.06

Relerences

Fig. 8 The high-gradient

test arrangement at ELF.
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PROGRESS ON PLASMA ACCELERATORS*
PISIN CHEN**
Stan/ord
Abstract

Stanford Linear Accelerator Center
University, Stanford, Calijornia, Qd305
In this paper we review primarily the concepts of PBWA
and PWFA, which are by far the most developed plasma accelerator schemes. Other ideas mentioned above will only be
discussed auxiliary to these schemes. Following mainly Ref. 9,
we first review different ways to excite fast waves in a plasma in
Section 2. We then investigate various accelerator physics issues associated with particle acceleration in these plasma waves
in Section 3. Numerical examples are given in Section 4 which
serve to illustrate possibilities in design. Next we discuss the
efficiency in both PBWA and PWFA in Section 5, and provide
suggestions that would make both highly efficient. In Section 6
we reveal the question of emittance growth due to Coulomb
scatterings and the imperfection of the driving beam. Finally,
experimental efforts in testing either the PBWA or the PWFA
rue briefly reviewed.

-

Several plasma accelerator concepts are reviewed, with emphasis on the Plasma Beat Wave Accelerator (PBWA) and the
Plasma Wake Field Accelerator (PWFA). Various accelerator
physics issues regarding these schemes are discussed, and numerical examples on laboratory scale experiments are given.
The efficiency of plasma accelerators is then revealed with
suggestions on improvements.
Sources that cause emittance
growth are discussed briefly.

1. Introduction
The acceleration gradient attainable from the currently existing high energy accelerators is of order 10 MeV/m. To apply
the present technology to future ultra-high energy accelerators,
the sizes are necessarily be enormous. In recent years, various novel ideas on future accelerators have been proposed,‘J
among them plasma accelerators promise to provide very high
gradients.

2.
2.1.

to Excite

Fast Waves

iu a Plasma

Beating Lasers

It is well known that a plane electromagnetic wave cannot
cause any net drift of a charged particle along its direction of
propagation. An originally stationary charged particle experiencing such a EM wave would execute a ‘Yigure 8” closed orbit
motion. In the case of two beating EM waves the amplitudes of
the EM fields vary along the direction of propagation. Accordingly the force due to the magnetic field does not balance with
that due to the electric field, and the charged particle would
drift in the longitudinal direction. This net force is called the
ponderomotive force.

Plasmas are known to exhibit oscillations where electrons
and ions execute periodic motions. For fully ionized plasmas
with density perturbation
nr due to charge separation during oscillations, there will be an induced instantaneous longitudinal electrostatic field d, i.e. V - E’ - k,E u Q?renl,
where ki = wrfc is the plasma wave number. Since the maximal possible density perturbation
is ray= - ne, the msxima1 acceleration gradient provided by the E’ field is eEmu w
4xe2no/(wp/c) - &iT eV/ cm. For a laboratory plasma of density ran,= lo’* cmm3, we have eEmax - 100 GeV/m.
This is
more than three orders of magnitude better than that of the
conventional accelerators.

A plasma can be driven resonantly by the beating lasers
through the ponderomotive
force if the frequency and wave
number differences between the two lasers match with those
of the plasma wave, i.e. wp = WI - w2 and k,, = kl - k2,
where wi and ki are the frequency and wave number of the two
lasers, and wp the plasma frequency, w,, E [47re2~/m]1/2. The
force that excites the plasma is most easily calculated from a
Hamiltonian which has been averaged over the fast oscillations
of the laser frequency. This leaves only the beating effect of
the two laser frequencies. Assuming that wP < wr, w2 = w, the
averaged Hamiltonian can be written as

To have an effective acceleration of relativistic particles,
it is necessary that the plasma wave phase velocity be close
to c, the speed of the high energy injected beam. To achieve
such a plasma oscillation several ideas have been suggested. In
terms of the nature of the driving sources, there are basically
two types of plasma accelerators, namely, the laser beam driven
and the electron beam driven plasma accelerators. The Plasma
Beat Wave Accelerator (PBWA),3 which exemplifies the first
type, employs two laser beams beating at the plasma frequency
wr, while the Plasma Wake Field Accelerator4*5 (PWFA) replaces the laser beams by a bunched relativistic electron beam.
Other concepts like the Plasma Fiber Accelerators and the
“Surfatron”’
are variants of the PBWA aiming at improving its deficiency in different ways, while the Plasma Grating
Accelerator* replaces the beating lasers by a polarized laser
beam side-injected on a plasma where static ion ripples are
prepared by an acoustic wave.

l

Ways

[I + cos(k+

- wpt)] .

(2.1)

The last term is the ponderomotive
potential due to a beating laser with a finite cross section. The divergence of the
ponderomotive
force can be derived from the above Hamiltonian if the radial profile of the laser E:(r) is specified, i.e.
V -F’= -V2(H).
Assume that the radial dependence of the ponderomotive
potential is given by

* Work supported in part by the Department of Energy,
contract
DE-AC0376SFOO515
and by the National
Science Foundation, contract NSF-PHY-84-20958.
* Department
of Physics, University
of California,
Los
Angeles, California 90024.

E;(r)

= 2E,2

Kz(kpa) h(k,r)

+
r>a

(24
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The electric fields for the two schemes turn out to be remarkably similar, except that the coefficient in Eq. (2.6) is replaced
by 16eN/a2 for the case of PWFA.

where K,, and I,, are modified Bessel functions. This radial
profile is parabolic near the origin but falls off exponentially
for r > a. It is chosen to yield a simple parabolic dependence in
the ponderomotive force expression and to simplify the discussions on the transverse behaviors of the PBWA in the following
sections.
i

For reasons which we will discuss later, the transverse size
of the driven beam must be somewhat smaller than the transverse size of the laser beams or the driving electron beam. In
addition if kpa > 1, then the electric fields for both schemes
are of the following form:

To find the plasma response to the ponderomotive force
and the electric field associated with the pIasma wave, we work
with the linearized, nonrelativistic fluid equations in a plasma,
4

-an1
at

d

f, H - A(1 - $) cos(kpz - wpt)

4

ef~
Fext
F
m + m
= ; ,

+tal)(v*t7~)=0,

and solve for the perturbed plasma density nr.
fl
electric field due to nl, i.e. V& = rlzenr, and Fat
external force due to the driving beam.

rC:a

(2.3)
f, N 2A&

is the
is the

P

where A = wprkpeE,$/8w2m for PBWA, and A = 8eN/a2 for
PWFA. Other than different coefficients, the forces that the
driven electrons experience share the same physical characteristics in both schemes. To be specific there is a longitudinal
force ef, that either accelerates or decelerates the driven bunch
of electrons, and there is a transverse force ef, shifted in phase
which either will focus or defocus the driven bunch. It is clear
that we have both acceleration and focusing over l/4 of the
plasma wavelength.

In our approach the plasma perturbation grows linearly in
time during which the laser pulse extents. For a laser pulse
duration r the maximum perturbation can be shown9 to be
w,rE,lk;

r<a.

m(r)=-

(2.4)

Beyond the linear regime the growth saturates due to various
effects. One effect is the relativistic frequency detuning’O where
the plasma frequency shifts to ~,,/q~/~ when the electrons in
the plasma becomes relativistic. In this case the laser drive is
off resonance, and the perturbation
saturates at a maximum
value nFax,ll
(+J&,.

= [+yGI&r)

(EPJ1’=

z [y

2.3.

ala2]1’3.

(2.5)
Another degradation comes from strong couplings between the
primary beat wave and the larger k secondary electrostatic
modes. It is found experimentally12 that under some conditions this effect saturates the beat wave amplitude well below
that expected from relativistic detuning. In this paper we will
only consider the situation where Q; < 1 so that Eq. (2.4) is
valid.
The longitudinal and transverse electric fields for r < a can
be found by solving the Poisson’s equation, V2& = -4zen1,
and are given by9
& = -

wgk,eEj
4w’m m

x cos(k+

&(kpa)

lo(kpr) + z‘(

(2.6)
sin(k+

- &
P

2.2.

Relativistic

Electron

- wpt) .

>

Bunch

For the case of a relativistic electron driving bunch, the
situation is very similar. We only need to replace the gradient
of the driving force by V . F’ = 4ne2(nr + nb), where nb is the
Ariving bunch density. Consider the following density profile
nb = a(r)a(z - ubt). To compare with the PBWA we use a
parabolic distribution given by
a(r) =

l
I

q(lna

r2/a2)
0

r<a

9

Side-Injected

(2.7)

r>a

where N is the total number of particles in the driving bunch.
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Polarized Laser

Another way of exciting fast plasma wave, as proposed in
the Plasma Grating Accelerator,* employs side-injected laser
which is polarized along the direction of a static density ripple
in the plasma, n(z) = no + nl(z) = no + 6n sin krz, where
k, is the wave number of the density ripple. Such a ripple
might be produced by an ion acoustic wave or by ionizing a
grating. The laser field wiggles the electrons in the ripple by
an amount 6s = (eEo/mw2)coswot,
while the ions are too
massive to respond. This produces a longitudinal electric field
disturbance given by the Poisson equation:
W2 6n
6r e 2 - Eok, cos k,z coswot ,
aZ
w,Z” no
(2.9)
Though interesting, this idea needs to be further studied. In
the following, we will only discuss further the first two driving
mechanisms that apply to the PBWA and the PWFA, respectively.
-3-G = 4x&n

3.

1 - 1r’)-&-}

- w,,t) ,

K2(kpa) Il(k,r)

(2.8)

sin(kpr - wpt)

= 4ne g

Acceleration

in Plasma

Waves

In this section we consider the PBWA and the PWFA as
accelerating systems and discuss some dynamic aspects of an
accelerated electron bunch. In order to make optimum use of
the laser beam it is necessary to match the Rayleigh length R
to the acceleration section. Here we choose the section length
L to be twice of R. This in turn determines the diffraction
limited spot size, a2 = RX/x = LXf27r. On the other hand, a
relativistic electron beam is much less divergent, and is given
by a radius b. According to Eq. (2.8) the acceleration gradient
efz has a parabolic dependence on r, which induces an energy
spread among particles at different radii after being accelerated
for some distance. For high energy physics purposes, the final
energy spread has to be limited to a small percentage. This can
be insured if b < a. The accelerated beam is injected behind
the. driving beams on axis at a proper phase such that it is
both accelerated and focused. The structure for the PWFA is
basically the same other than that the driving electron bunch
is essentially divergenceless in radius.

I
3.1.

The Betatron

Oscillation

6-5”

While accelerating, the driven beam will in general slip
over the phase of the plasma wave. If this phase slippage is
slow, which is the case in both schemes, then we can calculate
the transverse focusing effects as if the beam were at a fixed
phase on the wave.
*

The differential equation governing
tron” oscillations of a highly relativistic
d%
-=e-,
dz2

the transverse
particle is

“beta-

6~
where -ymc2 is the particle’s instantaneous relativistic
mass.
Thus, for small radius from Eq. (2.8), we find the beta function
to be

locates.

From Eq. (2.8) it is evident that for a driving beam with
finite transverse size, the longitudinal
field varies transversely.
Since the field varies parabolically in the transverse direction,
the average energy gain is reduced slightly and an energy spread
is induced. If we assume that the beam is already very relativistic, then the average gain in energy relative to that for a
particle on the axis of the plasma wave is

3.4.

.

3.3.

(3.4

(3.7)

-

(-Yli72f)-‘]

PWFA

-

(3.8)

The Transverse Size
we defined our system with
at the waist, a2 = RX/r =
slippage 6 and eliminating
that

PBWA.

Notice that the effect of Rayleigh diffraction diminishes
when the laser beam reaches the threshold power,l’

For both accelerator schemes the phase velocity of the
plasma wave is not equal to the velocity of the driven bunch.
This means that the driven bunch will slip in phase along the
plasma wave as it is accelerated. For the PBWA we maximize
f, for a given L by optimizing the phase shift 6. If we choose
a laser frequent? w, an acceleration length L, and a phase slip
page 6 for speed of light particles; then the plasma frequency
is given by’=

WC N $- %mc2

(‘)‘(‘)’
WP

.

(3.10)

WP

When above the threshold, the laser beam would exhibit relativistic self-focusing effect during propagation
through the
plasma. This occurs because the electrons near laser beam axis
are the ones being driven the hardest, which acquire higher
relativistic
masses and therefore result in higher laser group
velocities. From computer aimulations1s it is found that the
laser beam will focus down to a radius u c/wp asymptotically.
One obvious merit for invoking the relativistic self-focusing effect in PBWA is to extend the Rayleigh length substantially.
But there are shortcomings.
It is not clear whether a system can be properly arranged such that only self-focusing, and
no filamentationls
occurs to the laser beam. In addition, the
strong radial gradient of a focused beam provides a radial ponderomotive force which blows plasma out of the channel in a
time aa fast as one ion plasma period, necessitating the use
of laser pulses shorter than this. In turn this imposes a stringent constraint on the necessary laser power. To avoid these
subtleties we still confine ourselves in a Rayleigh diffraction
dominated regime for the remaining discussions.

(3.5)
On the other hand, the acceleration gradient that the driven
bunch sees varies along L due to the phase slippage. If the
total phase slippage over the entire acceleration length is 6,
then the average acceleration gradient is related to the ideal
gradient by a phase slippage form factor sin6/6, that is
= umcw

[(7u71/)-’

0’ = -26c2w
Wp”

Phase Slippage

efy

z

At the beginning of thii section
a diffraction limited laser spot size
LX/27r. In terms of a chosen phase
the section length L, we can verify

The corresponding energy spread induced in one stage for the
model we have chosen is

[!gq/(!)‘.

.

From the above diicussion we see that in PBWA the phase
slippage is a non-negligible
effect that influence the performance of the scheme. To avoid a large 6, two ideas have
been introduced.
The Surfatron’ employes a transverse external magnetic field which forces the accelerated particles to
“surf” around plasma waves. With proper arrangements, the
beam could in principle lock into a fixed phase. The Plasma
Fiber Accelerator,6 on the other hand, tries to increase the
phase velocity of the beat wave to near e. This is achieved by
creating a duct structure in the plmma, in which the density is
1oW inside and high outside such that the EM wave is evanescent, enabling the plasma beat wave phase velocity to be equal
to any prescribed velocity within the channel.

Energy Spread

..,=A.(,-;($)

PBWA

Since in an actual high energy accelerator the second term
would be quite small, one can neglect it when using Eq. (3.8).

(3.2)

3.2.

sin6
6
u 0.85

and

For the PWFA we consider only relativistic
driving and
driven bunches. In addition we require that the final energy of
the driving bunch after the distance L is still relativistic. In this
case we can calculate the phase slippage along the plasma wave
since the plasma wave phase velocity is equal to the velocity of
the driving bunch. Following Ref. 5 we integrate the relative
velocity along the length L to obtain

fr
7mc2

where 4 is the phase at which the particle

16

sin 6
,
p 6

Here the phase has been allowed to slip
where a E nl/n+
from the top of the cosine down one side so that the bunch is
always in a focusing region. The average acceleration gradient
can be maximized for a given L if
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For the PWFA since we would like to fix the number of
particles Nr in the driving bunch, the transverse size is determined by the desired accelerating field,
a = [ Or,fiyz]

“’

PWFA

,

Table 1. Plasma Beat Wave Accelerator
Chosen Parameters

(3.11)

The Energy Requirement

In the PBWA the laser power for the beam profile given in
Eq. (2.2) is W = ra2Eic/16r.
If we assume that we have a
laser pulse length r’, the energy necessary to drive the plasma
wave density to anc is’=
PBWA

4.

Numerical

1.78 x 10”

L I4
Q

10

100

.

PWFA

.

CO2 1.78 x 10”
10

100

0.25

0.25

0.25

0.25

5x/16

5*/16

5r/16

5x/16

ein6/6

0.85

0.85

0.85

0.85

WPT

1000

1000

1000

1000

Derived Parameters

(3.12)

where Eq. (3.9) has been used to eliminate a*. On the other
hand, the total energy in the driving bunch of Nr particles for
the PWFA is simply given by
Wr = NIEl

Nd:Glass

6 [rad]

where rL is the classical electron radius.
3.5.

Values

w [set-l]

wp [lo’= se+]

2.65

1.23

.571

.265

ra0 [lOle cm-3]

21.7

4.67

1.00

0.22

ef# [GeV/m]

9.38

4.36

2.00

0.94

a b4
a/Xp
P [&7=3 -1

0.13

0.41

0.41

1.30

1.82

2.70

1.25

1.82

0.18

0.57

0.57

N2 [1010]

1.!%)2

W r [Jl

23.9

9.04~2
515.4

4.19~~

(3.13)

11.1

1.80

t .%7,J2
239.2

Table 2. Plasma Wake Field Accelerator

Examples

Chosen Parameters

Now we come to specific examples of both schemes. Our
approach is to choose a set of parameters that we fix from the
beginning. The remaining parameters can then be calculated
in terms of those chosen ones using the formulas derived previously. To make meaningful examples we employ only those
lasers and electron beams that are presently available. Therefore we need to 6x the laser frequency w by choosing a particular laser source. If we further 6x the section length L, the phase
slippage determines the plasma frequency wp. This means that
f, is a derivable quantity in PBWA.

Values

L km1

10

100

10

100

ef* [GeV/m]

9.38

4.36

2.00

0.94

NI

i X lOlo

5 x lOlo

5 X lOlo

5 x lOlo

El [GeV]

1.04

4.84

0.22

1.04

1.82

2.70

1.25

1.82

0.25

0.36

0.54

0.78

a/X,

Derived Parameters

a b4

To keep the dimensions to a laboratory scale, we select
the acceleration lengths to be 10 cm and 100 cm. These two
lengths are then combined with two different laser frequencies,
the Nd: Glass laser and the COz laser, to form four sets of
sample calculations.
For the PBWA the trapping parameter
Q = nr/nc is chosen to be 0.25, which is approximately
the
saturation value,rl and the phase slippage is taken to be the
optimum value given in the previous section. Finally, we assume that the laser pulse length and the growth time for the
plasma wave r is about 159 cycles (wpr = 1000).

6[ IO-= rad]

5.5

2.5

42

18

wp [lo’= see-l]

1.37

1.41

.439

.438

nf~ [lOle cms3]

5.90

6.18

A06

.604

0.38

0.17

0.25

0.11

0.28

0.59

0.73

1.52

2.25tj’2

2.25q2

2.25?,~

2.25r]2

8.33

38.8

1.76

8.33

B Id&
-1
Nl [lOlo]
Wr = NlE1

[J]
5.

Since the PWFA is not so restrictive in its design, we can
now set the parameters’to match some of those for the PBWA.
In particular we use the same acceleration gradient and the
same a/X,. The number of particles in the driving bunch is
taken from the present number in the SLC and the bunch
length is assumed to be somewhat less than the plasma wavelength. The initial and final energies of the driving bunch are
selected so that the final energy of the bunch tail is 90% of
its initial energy. As we can see from Tables 1 and 2, the
phase slippage for the PWFA is much smaller than that for
the PBWA. All parameters except the efficiency and the energy in the driving beam turn out to be quite comparable. In
particular note from the values of p that the focusing for both
schemes is quite strong. The energy required for the driving
bunch is consistently higher for the PBWA; however, because
it is less efficient in these examples, the number of particles Nz
which can be driven is comparable to that in the PWFA.
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5.1.

The Efficiency

The Efficiency

with Untailored

Driving

Beams

The overall efficiency of the plasma accelerators can be
divided into three parts. The first part is the efficiency of conversion of ‘wall plug’ energy to either laser energy or electron
beam energy. These two efficiencies may be quite different,
however, we will not discuss them here. The second efficiency
is the conversion of either laser or electron beam energy to
plasma energy. The third efficiency is that for conversion of
the plasma energy to the driven electron beam. The efficiency
of the transfer of energy from the laser to the plasma has been
calculated for the PBWA model we have chosen.‘= For a general phase shift 6 the ratio of the plasma energy to the laser
energy is given by
P.E.
o~=~=$

PBWA.

If laser depletion is included in the analysis, this number will
be reduced slightly.
*

The 91 in the PWFA can be largely improved if one properly tailors the longitudinal charge distribution of the driving
bunch.” Calculations show that the optimal efficiency nr for a
given number of driving particles occurs when the bunch current is composed of the following two components: (1) a deltafunction “precursor,” and (2) a linear current ramp with length
wpr following immediately after the precursor. The number of
particles in the two components are supposed to have the ratio 2/(wpr)2.
With this arrangement, the energy extraction
efficiency is’s

The efficiency of the transfer of energy from an electron
beam to the plasma is quite different. In this case one must
consider the beam loading effects. If we could treat the bunch
as a macroparticle,
then for a very relativistic driving bunch
we could extract nearly all of its energy before it’s velocity
changed enough to yield a phase slip. However, due to beam
loading this is not possible since the leading edge of the driving
bunch loses essentially no energy to the plasma while the trailing edge loses twice as much as that calculated for a pointlike
particle. Thus, for very short bunches in the model that we
considered in the previous sections, we can only extract about
l/2 of the energy

m

= c&f

- 1,‘:

,

(5.3)

where f is the phase slippage form factor. The second ‘beam
loading’ term is due to the plasma wake induced by the trailing
bunch. The efficiency is given by the total energy gained by
the bunch divided by the plasma energy,

q2=N2GL($$
This efficiency has a maximum
value is given by

L)-’
when Nz =

Asymmetric

Driving

(5.4)

f f,b2/8e, and the

Bunches in P WFA

The various efficiencies discussed above seem to be rather
low. But there are ways for improving them. In this section
we discuss the improvements on ~1. Next section is discussions
on

PWFA

Actually, there is a more important motivation for shaping
the driving bunch current in the PWFA, which is to increase
the Yransformer ratio” R, defined as the ratio of the maximum accelerating electric field behind the driving bunch E,$,
to the maximum retarding electric field within the bunch E;.
If a monoenergetic driving bunch excites a wake field, and if
within distance L the particle in the bunch that experiences
the maximum retarding field E;, which would stop the earliest, loses energy Aymc* = cLE;, then the maximum possible
energy gain for a test charge behind the bunch will be RAymc*
in the same distance.
For symmetric bunches R cannot be larger than 2, and is
generally around 1. This means that it takes tremendous number of stages to boost GeV beams to TeV energies. However,
for the optimal charge distribution discussed above, the transformer ratio is R = dm.
When the bunch length
occupies many plasma wavelengths, i.e. wpr > 1, R can be
very large.

For the PWFA f can be taken to be essentially unity while
for the PBWA f is given by Eq. (3.7). If we require that the
induced energy spread due to the transverse variation of the
longitudinal field is say l%, then the maximum efficiency of
transfer of plasma energy to the electron beam is about one
order of magnitude smaller than the SLAC structure with a
1 m m Gaussian bunch,16 which is @a N 0.3. Even the ~1””
cannot be realized since it would require full beam loading and
thus yield 100% energy spread between the head and the tail
of the accelerated bunch.
5.2.

’ + twPr)’
2 + (WpqJ

When wpr > 1, ~1 approaches 100%. For more realistic charge
distributions,
for example a half-Gaussian profile or a “door
step” profile,” 91 would only be slightly degraded.

The final efficiency to calculate is that from the plasma to
the trailing bunch. This efficiency is the same for both cases
provided that the characteristics of the plasma wave are the
same. The total acceleration gradient experienced by a bunch
with Nz particles in a plasma wave is
G E z

=

~2.

For the ~1 in the PBWA, since the laser is not depleted
too much, it might be possible to reuse the laser beam after a
suitable amplification.
This would yield a very high repetition
rate. The laser self-focusing mechanism may be another possibility. But as we discussed earlier, this effect may have other
complications. Both ideas need to be further studied.
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The difficulty involved in this idea is that the tail of the long
bunch would generally be pinched by the transverse wake field
excited by its head, which would quickly disrup the bunch if the
wake field is too strong. This is indeed the case for a parabolic
radial distribution discussed in the previous sections. However,
if one also tailors the radial distributin such that it is constant
in radius, and for kpa > 1, the wake field is essentially one dimensional and the transverse field is exponentially suppressed
as we will see in the next section.
5.3.

Lmproving

the Energy Absorption

Efficiency

Now we turn to the improvement of the energy absorption
efficiency t7z. There are recently two ideas suggested by Ruth
and Cheng and van der Meer,lg separately. The former suggests a modification of the driving beam’s transverse profile
such that it be independent of r, with a large cross sectional
k,a > 1).
radius compared to the plasma wavelength (i.e.
The second suggestion does not invoke modifying the transverse profile, but requires the opposite extreme that k,a < 1.
We will review them briefly in the following.
Consider in the PWFA that the driving bunch profile.to be
u(r) = N/sa2 for r < a. It can be straightforwardly
verified
that for both kpa and kpr large,
f~~-~(l-~(~)1’2e~k~(a~r))cos(kpz-wpt)
We see that

the field is quite constant

. (5.7)
for r < a and drops

exponentially to l/2 its value at r = a. Therefore
essentially constant until r u a.

the field is

This is because the focusing field in the former case is exponentially suppressed relative to the longitudinal field, whereas the
ratio of f,/f, in the later case scales like (l/k,a)(r/a),
where
kpa < 1, and the tail of the long asymmetric bunch would be
strongly pinched by its head. Another problem with the strong
focusing is that the accelerated particles which oscillate in the
focusing field emit large synchrotron radiation. However, since
the radiation is very sensitive to /3, this problem may be solved
with more careful design.

If we consider a trailing beam with full width b, the full
energy spread induced by the transverse variation of f, is

[%I,,

= 5 (f)“‘e-b(a-b).

(5.8)

In this case the efficiency is again given b$qF”
= (b/a)2. As
an example, let us consider the case in Table 2 column 1. To
maintain the acceleration field of 9.38 GeV/m, we increase the
number of particle in the driving beam to Nr = 1 x 10” while
fix a = 0.25 mm. Furthermore we increase the plasma density
by a factor of 3 such that kpa = 9.6. If we restrict the full
energy spread to about l%, the trailing beam radius b can be
increase to b/a = 0.80, which yields an efficiency nF” 3: 0.64.

0.

1 - kpaKl(kpa)

siz&

.

(5.9)

When both k,a and kpr > 1,
1 - i (:)“I

e-‘p(‘-rl]

,

r < a .

(5.10)

S. van der Meer suggests another way of improving ~2 in
PWFA by taking kpa <j: 1. In this case, for kpa < 1 and
kpr < 1 we find
i-C+ln
L

A-

(i)‘+

; (b)‘]

,

6.1.

Inherent

(5.11)

where C = 0.577.. . is the Euler’s constant. The full energy
spread for a trailing beam of radius b is therefore

AE

full% i-C+In&’

kpa < 1 .

On the other hand, it can be shown9 that the maximum
ciency in this case is
tg=

N

q-c+lq$
i-C+ln&

’

kpa, k,b < 1 .

1

’

(6.1)

Errors

Coulomb Scattering: It has been shown by Montague and
Schnel120 that the emittance growth due to Coulomb scatterings between the beam particles and the plasma ions can be
expressed as

P

’
[W E1 ) (b/a)

(2x)l/2(kpa)3/2Nrc

To this point the plasma accelerators, in particular the
PWFA, seem to be able to provide not only high gradients,
but also high efficiency and how emittance.
The remaining
question is whether the low emittance can be reasonably preserved during acceleration. There are inherent sources for emittance growth due to the nature of the plasma that cannot be
removed.. There are also sources derived from imperfection of
the system, in particular the imperfrection of the driving beam.
We discuss them briefly in the following.

This is the same radial behavior as in Eq. (5.7). By applying
the same method given in Section 2, it can be shown that the
corresponding f. has the same form as in Eq. (5.7), except that
the coefficient 4eN/a2 is replaced by wprkpeE~/8w2m.
Recall
that in the PBWA npax = (sin6/6)2(b/a)2,
we 6nd from the
above example that r]pax H 0.46.

fz=-2eNkj

Accelerators

With the same numerical example discussed above, we find
p = 125 m at 10 GeV when ain4 = 0.1. If we assume perfect
matching, the emittance at 10 GeV is then L = b2/p N 3.2 x
10-l’ m-rad, which yields an invariant emittance cn = 6.4 x
10m6. To compare with rms emittance one might divide by a
factor of 5. This is coming close to interesting values for large
linear colliders.

r>a

{ kpab (kpa) Ko(kpr),

in Plasma

03 &a

r < a

lo(k,r),

Growth

The emittance of the accelerated beam can be very small
when either of the improvement schemes discussed above is
employed.
For example, in the case of a flat driving beam
(kpa > 1) we have weak focusing and

Similar arguments apply to the PBWA. Assume that, instead of a Gaussian distribution, the laser beam radial profile
is modified into the following:
Ei (r) = Et

Emittance

de,
-=dz

(5.12)

1
7

where AD is the Debye length of the plasma and rc N 0.7 x
lo-‘= cm is the effective Coulomb radius. In the same example
which we just discussed, at plasma thermal temperature kT =
5 eV, the growth of emittance due to this effect will be he, H
5.3 x 10e6 m-rad when the beam is accelerated from 10 GeV to
1 TeV. Unfortunately
the value occurs to be the same order of
mangitude as the designed emittance. This is, however, by no
means the optimum design. By choosing the parameters more
carefully, Ar, may be somewhat reduced relative to en. But to
be sure, the emittance growth due to Coulomb scatteringa is a
non-negligible effect in our weak focusing (or large p) approach.

effi-

(5.13)

Again, keeping the full energy spread to about l%, we find the
transverse size (b/a)2 N 0.032. The maximum efficiency can
then be calculated from Eq. (5.13) to be t$= u 0.65.

6.2.

From the above discussions we see that the second efficiency 1]z can in principle be very good in both PWFA and
PBWA from both schemes. However, if one wishes to incorporate an asymmetric current profile in PWFA such that the first
efficiency ~1 and the transformer ratio R are also optimized,
then the first scheme has an advantage over the second scheme.

Driving

Beam Imperfection

Since the plasma accelerators assume staging techniques
to accelerate the particles to TeV energy or above, while each
stage requires a separate driving beam, any random error on
the designed driving beam density distribution
would cause
396

i

emittance growth. In analysing these errors in the PWFA, any
azimuthal perturbation in ihe driving beam can be decomposed
into multipole moments. It can be shown that the electric field
in the plasma generated by the mth moment scales as &, a
l/ml.
Therefore the most severe effects are contributed by the
lowest modes. Notice, however, that this picture preasumes a
transversely rigid bunch. This ia true only when the bunch is
infinitely thin. In reality the driving bunch will always have a
finite thickness, this is particularly true when the technique of
improving rll is invoked. With the help of the transverse selffocusing, the variations of the density distribution are expected
to be smeared out along the course of travel, and thii effect is
hoped to be not too damaging to the preservation of designed
emittance.
7.

Experimental

Progress

The first experimental verification of the PBWA was performed at UCLA.21 The 9.6 firn and 10.6 pm lines of a CO2
laser were used to resonantly drive a plasma of density 10”
crnT9. The conclusive evidence for the existence of high phase
velocity plasma wave excited by the beating of the two laser
lines comes from ruby laser Thomson scattering. The ecattering angle is adjusted to k match to the fast plasma wave. By
moving the fiber optics which collects the scattered light on
a shot-to-shot basis, the k spectrum of the plasma wave has
been obtained. Figure l(a) shows that Ak = kp. In addition,
Fig. l(b) shows the frequency shift of the ruby light from the
stray position to be exactly Aw = w,. These measurements unamb‘iguously identify the wave as being the plasma beat wave.
From Ak and the plasma density perturbation messured, it was
inferred that a longitudinal electric field between 1 GeV/m and
3 GeV/pl was achieved.

(a)

the efficiency in these schemes, in particular in the PWFA, can
in principle be very high if one can properly tailor the longitudinal and transverse density profiles of the driving bunch. The
emittance in these schemes is found to be close to the interesting values for large linear colliders. This low emittance is
potentially jeopardized by various inherent noise effects in the
plasma and the imperfections in the driving beam. Further
studies are needed for a more complete estimate of all these
effects.
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Abstract

_

promise much higher gradients (about 1 order of magnitude).
Sevmethods have been discussed 16,7,8]. The DESY Wake Field
nansformer
experiment is carried out in order to recognize the inherent physical and technical problems in more detail and possibly
to overcome them. As the principle has been described in detail
elsewherejl,?],
we only recall the basics: A driving beam with high
charge (= I@) passes the “Wake Field ‘lIansformer”(WFT),
where
it excites wake fields that lead to deceleration. By proper shaping of
the WFT, the wave packet is subsequently spatially focussed. Thus
the field strength increases proportionally
to the inverse of the square
root of the volume containing the wake fields. A second beam with
lower charge (% O.Ol&) passes the transformer with a suitable delay
and experiences a much greater acceleration than the deceleration of
the driving beam.
Among different geometrical arrangements of the driving and
driven beam[l,2], a hollow beam driving a thin beam on its center
may be achieved most easily. Furthermore for this case the calculated
magnitude of the transformation
ratio is 10, which is large compared
to other geomteries. Assuming a total charge of l@ and a bunch
length of 5 mm, we find values for the accelerating gradient above
100 MeV/m for the inner beam.
In the experiment (fig. l), a laser driven gun produces a high
current (I kA, 150 keV) hollow ring beam of 10 cm diameter. In the
prebuncher the hollow beam is bunched to a length of about 5 cm.
The following linac consists of four 3-cell-cavities (500 MHz) powered
by a 1 MW klystron. At the end of the linac, the bunch has a length
of about 3 cm (rms) and an energy of 8 MeV. The whole equipments
is put into a solenoid guiding field of 0.2 T. The final longitudinal
eral

We are investigating
the possibility of accelerating particles
with high gradients in a “Wake Field Transformer”
(I,z]. The
progress of this experiment
will be described.
The developement of the high current hollow beam electron gun was continued. In the conventional
linac, the hollow beam was accelarated
to about 6 Me\‘. Beam monitors came into operation, two gap
monitor.
monitors,
two fluorescent
monitors
and a cerenkov
Calculations
with the computer code WAKTRACK131 gave the
final details for the high energy section of the accelerator that
will be installed during 198G.

INTRODUCTION
Circular accelerators for electrons are operating very successfully in
the GeV range.
As the synchrotron radiation increases with the
fourth power of the energy, linear accelerators become attractive at
very high energies, above 100 GeV. In the TeV region they are the
only feasible choice.
To become achievable with respect to cost, they have to operate
with high acceleration gradients. The total length of a linac is given
approximately
by
L-

center of mass energy
accelerating gradient

The common technology allows gradients up to 17 MeV/m [4),
with superconductive cavities one reaches up to 20 MeV/m 151. Laser
accelerators [6], plasma accelerators or wakefield accelerators [WOI
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Fig. 1. Overall laynul of the Wake Field nansformer
experiment at DESY shown from left to right: The infrared light
beam produced try a Q-switched
Nd-Yag laser (peak power > 100 MW)
is focused on a ring shaped tantalum cathode.
The emilted thermionic- and photoelectrons are extracted by a voltage of about 100 kV and guided by solenoid fields
of 0.2 T into the linac. First the hollow beam becomes compressed longitudinal/y
in a prebuncher.
Then four 3-cell
cavities (500 MHz) accelerate it to 8 MeV. A pulsed klystron
(peak power 1 MW)
feeds the cavities. In the antisolenoid
further
longitudinal
compression
is achieved.
By increased solenoidal
fields at the end radial compression
takes place
too. After that the ekctron ring enters the actual Wake Field ‘l?ansformer, consisting of 80 cylindrical cells arranged
one aft,er another. For monitoring and adjustment
of the ring beam, several beam monitors have been set up.
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Cross section of the laser driven hollow beam gun. The infrared laser light is focussed on a ring at the
Fig. 2.
tantalum rarhodc.
Z’)IP optical train consists of a viewing port, a focussing lens and a conical mirror.
The conical
mirror is A quartz
cylinder with a polished inverse cone at the top, making use of the total reflection at the glass
Thr emission mechanism is explained by the generalized Richardson effect (pure thermionic effect
racrrurrr
srlrfacc.
and thcrrninnrr supportrd multiphotoneffect).
The emitted electrons are extracted by a high voltage and guided by a
.+O\I~IIOIJfir/d bhrough a slot hole in the anode. In order to increase the break down voltage the insulating ceramic is
surrounded h,~ .q f;,-gaq at atmospheric pressure. The optical tram is separated
from the gas by an insulating tube.
compression is achieved in the high energy buncher, after which the
ring beam is fed into the Wake Field Transformer.
So far, the experimental set up has been installed up to the end
of the IinaC.
THE GUN
Fig.2 shows the design of the gun. An infrared light pulse of a NdYAG laser, consisting of a 3 ns main pulse with two side maxima, is
focused on a ring at the cathode. There electrons are extracted from
the metal via heating and photo effect [lo]. These are accelerated by
the high voltage and follow the field lines of the surrounding solenoid
magnets through a slot hole in the anode.

power density at the cathode surface. However, it may also be possible that it is limited by space charge or parts of the beam are lost
by mechanical obstacles. In the next step an anode with a wider ring
slot will be used.
Pulse Length
The laser produces a light pulse of about 10 ns total length. The main
intensity is concentrated in about 3 ns; the two side maxima contain
less then 10% of the light intensity. This profile was measured with
a fast vacuum photo diode.
The current response lasts about 9 ns
(FWHM), measured with a gap monitor.
Azimuthal

Homogeneity

of the Ring Beam

High Voltage
Using an available ceramic of the DESY linacs the high voltage-is
limited to about 50 kV. In order to reach the design value of 150
kV the gun is surrounded by an insulating material for which SFs
gas is used. Since the laser light must not penetrate the SFs gas,
because otherwise the glass surfaces of the windows would be etched,
it travels in air inside a tube (see fig. 2). The HV feed through has
also been improved. With these modifications, the high voltage was
limited by sparking in the vacuum chamber. This was improved by
increasing the distance between anode and cathode and installing an
additional ion sputter pump (400 l/s). Finally the voltage has been
raised to 130 kV. However at the required magnetic field strength
(- 0.2T) the maximum value is reduced to about 80 kV. Some possible explanations c~~uld br a surface current on the glass prism or
f’rnning rffcrt
Current
-The peak current measured with a gap monitor was about 15 A at
50 kV. This is one order of magnitude lower than the expected value
for a space charge limited current. If the limitation of the current is
not due to space charge it can be enhanced by increasing the lrurer

It is important that the azimuthal charge distribution
in the ring be
as homogeneous as possible. Any inhomogeneity causes transverse
wake fields which lead to transverse instabilities of the inner beam.
However it seems very difficult to create a homogeneous electron ring
beam.
Fig.4 shows the upper and lower part of the electron ring detected
by the two cameras on the movable le fluorescent screen monitor.
Until now two tantalum cathodes have been tested.
Several causes are considered for this inhomogeneity, e.g. an assymmetry in the laser profile or in the light path, a surface e5ect
of the cathode or a mechanical obstacle for the electrons. The laser
profile has been measured (see fig. 3) and it seems not to be the main
cause for the inhomogeneity.
The four tags holding the inner part, of the anode cause holes in
the hollow bc*anr (see fig 4). However these holes do not effect the
innrr bcart~ vc’r! rtlucll due to their fourfold symmetry.

Fig.

3.

Spafial intensity profile of the Q-switched Nd-Yag laser beam (X = 1.064 pm). On the left side the profile
on a “horn paper” and on the right side the profile is scanned with a pin hole power meter. A burn paper
i.- an exposed and der-eloped
black and white photo paper. A single shot evaporates the silver coating on the paper
prqwrtimal
f,o rhc /a.qfarpower density. This pattern gives a first impression of the spatial intensity profile. A pin hole
pow rr meter is a calorimeter where the sensitive area is reduced by a pin bole (here with a diameter of Imm).
The plot
shox< a vertical rcntrr cut tbrougb the profile.
In both pictures a diffraction pattern is seen which is typical for this
is rwordrd
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(a) hfu+abk
screen monitor
for observation
of tbe ring
I~r,i~rrl Idore accrlerabion (left at the top).
(b) The electron
ring
hoam hl!fing on a ffourescent screen monitor
after bunching seen by
IV/VI IWW csmera.c-. upper part of the picture from below, lower from
;iluae (riehf A( thp_ lop).
THE LINAC
Prebuncher

Cavitv

So far, the prebuncher cavity has concentrated a low current electron
beam to 5 short bunches of about 3 cm length each. With higher currents (higher laser power) the bunches are longer. This is interpreted
as a space charge effect.
The prebuncher and the accelarating cavities are powered by
one klystron which is pulsed at 25Hz with 1OOr1sduration. As the
buncher cavity is located in the magnetic field of the solenoid, multipactoring is much more severe than usual. The field strength breaks
down after about 20~s. Thus stable conditions cannot be achieved
easily. In order to avoid this instability, the laser itr triggered in the
first rise before multipactoring
takes place, about lOpa after the rf
has been turned on. Due to filling time (~3 Pope), however, at this
point of time the rf level in the accelarating cavities has reached only
a small fraction of its final value, so that no proper acceleration of the

electrons takes place. Thus a separate rf amplifier for the prebuncher
cavity, that can be triggered separately, is being installed, so that we
can use the first stable region.
Accelerating

Cavities

In the four 3-cell cavities the electrons are accelerated to about 6
MeV. A first phase shifter between the prebuncher cavity and the
first accelerating cavity adjusts the injection phase. A second phase
shifter between the first and the second cavity corrects for the delay in
phase of the not yet relativistic electrons. The third phase shifter at
the fourth cavity allows a variable energy spread for the high energy
bunching in the antisolenoid.
Correction

Coils

The movable screen in the low energy part and a fixed. but transP=ent fluorescent grid a~ the end of the linac allow the observation of the

Version a:

position of the hollna beam. its actual diameter, its radial thickness
and the azimuthal cllargr dis’tribution.
We found a tendency of the ring to be slight,ly oval instead of
round. Ttlis is caused by aberrations from the cylindrical symmetry
<of the solrnoid coils and can be corrected by quadrupole correction
roils; \\ 11II two pairs of correction coils behind the first screen mon111jr a supt~rpo~~~1~~11
of a dipole and quadrupole magnetic field can
tie produced; b) adjusting the currents in the four coils individually. Thus both the shape and the position of-the hollow be can be
controlled.
BEAM

Low mductancc
Induced

SQQ cable

wall

luT851

8
Beam

Pipe

,

Hollow

EkCtrOn

DIAGNOSTICS

In the drift space of the prebuncher, a gap monitor and a movable
fluorescent screen monitor were installed. For beam diagnostics after
the acceleration a Cerenkov monitor, a gap monitor, a fluorescent
grid and a special hollow beam spectrometer were added.
Gap Monitors
For the current measurement of the long bunches; gap monitors are
used which simply interrupt the beam pipe by a ceramic ring. The
image current on the wall induced by the beam current flows through
some resistors bridging the gap (fig 6). The voltage signals appearing
across these resistors are picked up. They contain information about
the charge distribution
longtudinally
and transversly.
The first gap monitor in the low energy part consists of 64 reeistors, 100 each. Sixteen 50R cables pick up the signals over an
additional 50R resistor avoiding the reflection of backwards running
signals. Eight of the 16 signals are summed up and can be observed
either after a long cable with an oscilloscope or directly near the
monitor with a sampling head to avoid damping and distortion of
the signal.
Figure 5 shows two of five bunches separated by 2 ns. The oscillation of about 3 GHz is caused by a resonant circuit consisting of the
capacity-of the ceramic ring (C w 50pF) and the inducbivity of the
resistors and their connections (L - 50pH). This LC resonant circuit
is damped by the low resistance of the 64 gap resistors (together
0.156n).
Thus the signals produced by short bunches are hidden
by oscillations. Fortunately longer bunches do not excite oscillations
with such large amplitudes and thus can be observed reasonably well.
In the gap monitor at the end of the linac very short bunches
would excite large oscillations. Therefore here the ohmic load is adjusted to aperiodic damping (R = 1.56n) in order to get fast rignal response while the oscillations are damped sufficiently.
This is
achieved without any resistors but only by bridging the gap with 32
pickup coax cables of 50R impedance.
If the ring beam is centered to the axis of the beam pipe the
azimuthal charge distribution
can be determined from the different
amplitud=
of the-signals around the pipe. On the other hand the
absolute value of the total beam is obtained by summing all the

TWO of 5 bunches produced by a single laser shot.
Fig. 5.
7%~. srpara/ion h~rwrrn them is 2 ns. The bunch length is about 150
,I.< (F\1’1121) The signals are produced by a gap monitor in front of
I It,, I,nac /)r,hind a drift space of 1.2 m after the end of the prebuncher
ca\ irj The,! .WP de~,ecbed by a sampling oscilloscope.

C?
C

U

i

Ph!.=r,-al layout and wiring of the gap monitor at the
Fig.
6.
/rlH P~W~,V +VI~ d the linac (Version a) and its equivalent circuit
SII~~/{, (* 7 sopF and R = O.l56n), which can explain the
( 1‘
o~l,~lB~~.r~/
~-;//atior~
of about 3GHr between the bunches (see fig. 5).
from the ceramic (d = 4mm, h = 7mm)
( \;WWI I)) Shc,rt ~~necbion
to w,,= or rho 3? big SOR cables damping the oscillations
occuring
at
thfs h&t ~nrrgy end aperiodically.
pickups. This yields a signal which is approximatelly independent of
the azimuthal beam distribution.
Those signals have been compared
with current measurements performed using a pulse transformer on
the high voltage line feeding the cathode.
Also here short pulses
(10 ns) excite oscillations so that higher amplitudes are simulated.
However the corrected values are consistent with the measurements
of the gap monitors. The summed signals of the peak current derived
from the both gap monitors agree within 15 %
Cerenkov Monitor
To measure the length of short bunches (5 5 cm), the time resolution
of 150 ps of the gap monitors is not sufficient. In order to resolve the
expected bunch length of less than 1 cm properly, a time resolution
of about 10 ps is necessary. This resolution can be achieved by a
commercial streak camera (see fig. 7). The light pulse is created by
the Cerenkov effect in glass. A similar arrangement has recently been
used at slat Ill]. A small part of the ring beam penetrates a quartz
wedcc and excites Crrrnkov radiat.ion. This light is then guided out
by tc1~1 reflections and leaves thcb beam pipe nearly perpendicular to
tht, I)c,arn axis An optical ~!~I(~111(WA fig 8). consisting of 3 lenses
and 2 mirrors, guides the light over 5 m to the streak camera. which
is IrJcated far frum the disturblug solenoid end field.

order to analyze the energy of the hollow beam, a special hollow
i~(.anl sl>pctrometer (see fig IO) has been developed. In the present
-~n.‘t. II 4. nlr>unted al t11t VII~ of Ole lirlar
In

/
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Fig.

7.

Streak camrra: The eerenkov light beam emerging from tbe pipe seen on the right side of the picture is
bo thp rntranrr split of the time disperser (middle part of the picture). The /ight signals scanned by the electron
heam in the timr drsprmer are recoded on a flourescent
screen inside and are monitored by a television camera at the
far It,fl.
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Fig.
lo.
Hollow beam spectrometer making use of the end
fir/d of the solenoid on the left side (not shown). By an iron sheet (3
c’rn thick) the inner longitudinal field is bent outwards within a short
rang?. Ilrre the pawing rlectrons experience a transverse momentum
and hit t,hr fluorescent
screen at the inner wall of the spectrometer
?.ul~ at a longitudinal
position corresponding to their energy.

In the rhort solenoid end field the particles experience an asimuthal kick and thus change their azimuthal velocity by Aue =
(crB)/(27rnu)
(ue: aximuthal velocity after crossing the end field,
7rn0: energy, r: radius, B: solenoid field strength).
Particles of different energies hit a surrounding fluorescent pipe at different longitudinal positions. The flourescent light is observed by two televi8ion
cameras viewing from the end of the pipe. From the longitudinal
position, “4 can be calculated and thus, knowing B and measuring r
with a screen monitor, we can determine the energy.
For several reason8 (space charge, transverse electric field components in the cavities, gaps between the solenoids) the electron8
experience transverse forces and therefore oscillate around the ‘lines
of the guiding magnetic field. Presently it is not possible to determine
the initial transverse velocity due to these effects when the electron8
enter the end field at the spectrometer. This leads to an uncertainty
in the energy measurement. In order to improve the accuracy a longitudinally movable screen has been installed by which the transverse
electron velocity can be determined just before the spectrometer.
Furthermore,
according to calculations, the oscillations can be
suppressed by proper adjustment of the solenoid~currents. Thus the
movable screen will also be used in order to monitor appropriate
adjustments.
COMPUTER

SIMULATION

The computer code WAKTRACK
has been extended to take space
charge into account. Furthermore external data for cavity fields obtained from numerical solutions (URMEL) of Maxwell equations may

GRM

be handled and wake field effect8 can be included (TBCI). Static
electric and magnetic fields as calculated by the codes PROFI and
MAFIA are also accepted and processed by WAKTRACK.
1121.
Fig. 11 show8 a typical plot output. In the lower part, the ring
radius is plotted versus the longitudinal
position of the ring along
the linac. Above this curve the cavities with their phases and the
positions of the solenoid coils are drawn.
In the upper part of the figure, the energy is drawn, in the low
energy range, the difference to 7 = 1 is stretched by a factor of 30. In
the same part of the plot, the phase difference compared to a particle
moving with the speed of light is shown.

For the tracking, initially a number of particle8 are assumed to be
distributed on a ring, all having an energy of 75 keV.
The bunching effect of the piebuncher and the acceleration in
each cavity cell can be observed.
Oscillations of the electrons around the magnetic field lines are
excited by the radial cavity fields and radial magnetic field components, which occur at the gap8 between the coils. By varying the current in some of the coils, the collective oscillation can be suppressed.
However at the transition of the particles into the antisolenoid of the
high energy buncher additional oscillations are excited due to the finite length of solenoid end fields. Investigations have been started to
develop hollow beam focusing systems to counteract this effect and
other non-collective effects such as radial space charge.

PH

Fig. 11.
Typical plot output of the WAKTRACK
tracking code, showing several
particle properties in the D/BY
experiment. In thr middle between the two frames, a scheme of the experimental set up is drawn, together with a scale,
uhrrh ran he compared to figure I. The coils are sketched and near the cavity contour8 their phases are written in
degrees. Below this, I he orbit of the particles is plotted: the ring radius varies between 3 and 5 cm due to transverse
forces af gaps hrf.w~m coils and in cavities.
The collective oscillation
around
the dashed reference orbit is reduced in
ifs amplibude by adjjnsfing the current in the coils between the third and the fourth cavity (4.6 m < z < 5.6 m). Above
the set up sketrh fwo curve8 are plotted in one frame, the relativistic 7 factor and the phase difference compared to
a part.irle moving with the speed of light. In front of the first accelerating cavity (z < 1.7 m), where the particles
arc nonre/ativisr,ic, (7 - 1) is stretched by a factor of 30. Behind that, the increasing energy in the /inac can be
seen. The phase diflerence of nonrelativistic particles changes with a certain slope depending on the particle velocity.
Wben the particle
speed approaches
c, the phase becomes constant.
It on/y changes again in the high energy buncher
(7 m < z < 9 m), where the velocity parallel to the z-axe8 is decreased by rotating the hollow beam.
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Wake field transformer:
(a) The photo displays
slices
are held together
by metal strips forming a stack lying norinside the tube. On the inner wall of this tube are ring shaped

channels
in which the wake fields
beam. The wake fields are guided
tube where they interact with the
from stainless steel. (b) Sectional

are excited
by the driving
hollow
by the slices into the center of the
driven beam. All parts are made
drawing
of a part of the wake field

transformer.

High energy buncher
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The final longitudinal
compression of the hollow beam is achieved
in an antisolenoid.
The field strength of the solenoid and of the
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tracking code.
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is rotating, the radius does not change (see fig. 11). As some of
the energy goes into the circular motion, the longitudinal
velocity
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Abstract
If one is forced
to reduce the current
density
in
an iron free magnet,
the field
strength
will
go
down as a consequence.
In an electromagnet
that
uses
iron in addition
to coils,
reduction
of the
current
density
can be made up by increasing
the
coil
size.
However,
that leads invariably
to
increased
saturation
of the iron.
It is this
combination
of limitations
of the current
density
of the coil
and the saturation
induction
of the
iron that leads to a reduction
of the fields
that
can be produced
in such a magnet when the linear
dimensions
need to be small.
Since the fields
produced
by a P M do not change when one scales all
dimensions,
P X will
always outperform
are small
electromagnets
when the linear
dimensions
enough.
The size where this occurs
is very
different
for different
geometries.
Uhile
the
critical
period
length
for a wiggler
or undulator
is of the order 30cm. the critical
aperture
for a
quadrupole
is of the order 1 cm. These numbers
hold for anisotropic
permanent
magnet materials
(PlQ4) like Samarium-Cobalt
or Neodymium-Iron-Boron
with a remanent field
Br of the order
.9-1.1
T and
a coercive
field
uoHC 2 .9*Br.
and the use
of such a material
is assumed throughout
this
paper.
As will
be shown in sect.
5. switching
to
an “all
permanent
magnet” system is not the only
answer:
By using P?Ql judiciously
in an
electromagnet,
its performance
can be upgraded
to
that of a P M system.

It is possible
to produce
large magnetic
fields
at the aperture
of permanent
magnet quadrupoles,
even when the magnetic
aperture
is very small.
That,
combined with their
compactness,
makes
permanent
magnet quadupoles
very powerful
Results
will
components of small aperture
linacs.
be presented
about past and present
work on both
fixed
and variable
strength
permanent- magnets
suitable
for use in and around linacs.
11

Introduction

While the acceptance
of permanent
magnet <PX)
insertion
devices
for the generation
of light
with
synchrotron
light
sources
and free electron
lasers
was very fast and widespread
after
their
initial
introductionl**,
acceptance
of P M multipole
magnets seems to take some what longer,
even though
the iron free PI4 multipoles
were described
earlier
3.4.
I will
therefore
describe
again briefly
both the generic
advantages
of permanent
magnet
systems as well as the specific
advantages
and
limitations
of individual
magnets that have been
described
before.
In addition,
some concepts
will
be presented
that have not been described
in print
before.
21

Generic

Advantages

of

Permanent

Uagnet

Systems.

Fig. 1 lists
the main generic
advantages
of P M
systems.
Of these advantages,
I consider
the first
listed
advantage
the most important
one, and I will
therefore
comment on it in some detail:
If one
scales all linear
dimensions
of an electromagnet
and wants to keep the field
strength
fixed
everywhere,
the current
density
in the coil has to
scale inversely
proportional
to the linear
dimensions,
leading
to insurmountable
cooling
problems when the linear
dimensions
become smaller
than a value that is specific
for each geometry.
* Strongest

fields

when

31

In other

-‘Analytical”

material

* No power
- No cooling
+ No power

Fig.

1

Advantages

- Convenience

bill

of

(l-rI/r21.

(11

rl and r2 are inside
and on outside
radius
of
the magnet,
and n depends on the segmentation
and
equals
.94 for the
magnet shown in Fig. 2 ( A
complete
and general
set of formulas
for all
multipoles
is given in ref.
4.
The advantages
of
this
type of magnet is the obtainable
strength,
combined with rather
small size.
making them
especially
suitable
as focusing
elements
in drift
tube linacs
6.
Even though some work has been
done to develop
quadrupoles
of this type that have
adjustable
strength
?, implementation
of these
schemes is not easy.
Therefore,
this type of
quadrupole
has been used only in the fixed
strength
configuration.

. Reliability
1

PI4 Multipoles

B = 2nBr

small

fields

supplies

Free

Sven though iron free PH sextupoles
are used
5 because of the combination
of compactness
and
field
strength,
quadrupoles
are discussed
in more
detail
because it is the most frequently
used
member of this family
of magnets.
Fig. 2 shows a
schematic
cross section
of a segmented quadrupole.
The field
at the aperture
is given by

* Compact
- Immersible

Iron

PCI Systems
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Fig.

2

Iron

the beam size (2r11,
not on absolute
dimensions.
In order to eliminate
weak stray
fields
outside
the
dipole,
one needs to attach
a thin iron sheet to
the outside
of this dipole.
Uhile hardware
has not
been built,
computer
studies
show that this septum
magnet should perform
extremely
well.
One can consider
variations
on this
theme: One
could,
for instance,
use to the right
of the ring
shown in Fig. 3 another
ring.
Producing
with that
ring a field
of opposite
polarity,
and placing
its
left
most block on top of the right
most block of
the ring shown in Fig. 3 leads,
essentially,
to a
cancellation
of the effects
of these two blocks,
so
that one can leave them out altogether.
This
magnet has no septum at all,
but a field
region
where the fields
are badly distorted.
The
difference
of the fields
adjacent
to this
“immaterial”
septum is twice the value given by
equation
2.
Another
way to gain a factor
2 over
equation
2 would be to use a segmented quadrupole.
provided
focusing
in the bend plane is permitted.

PM Quadrupole

Free

While the harmonic
content
of this
type of
multipole
is very good in principle
‘. material
imperfections
produce
virtually
all harmonics.
These field
errors
can be fairly
easily
corrected
if one designs
the magnet in such a way that the
individual
blocks
can be moved accurately
and
reproducibly
by small distances
after
original
assembly.
The movements necessary
to correct
a
measured set of harmonics
can easily
be calculated
For the
with the information
given in ref.
8.
magnet not to change magnetic
properties
with time,
it is imperative
to cycle
its temperature
at least
once to a value higher
than the highest
anticipated
temperature
during
its life.
Sihce funneling
will
be discussed
at this
conference,
it is appropriate
to mention
a somewhat
unusual
utilization
of iron free dipoles
and
of an
quadrupoles.
Fig. 3 shows a cross section
The field
produced
eight
piece segmented dipole.
by such a dipole
is given by
<< r,
B = .9*Br*lnrp/rl.
or for q-r1
B = 1.8
and it

be used

Adjustable

Strength

Hybrid

Multipole

In order
to regain
the strength
adjustability
the electromagnetic
multipole
provides,
the
adjustable
strength
PI multipole
was developed.
I
discuss
again,as
the representative
member of this
both PM and
family,
the hybrid
quadrupole.
It uses
iron in the configuration
shown in Fig. 4.
The

RON

(2)

Br*(r2-rl)/Zrl.

can obviously
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as a septum

magnet.

Fig.

4

Hybrid

Quadrupole

gradient
can be adjusted
by rotating
the outer
iron
ring with the attached
PMM, making this quadrupole
suitable
for use in drift
tube linacs
that have to
accelerate
particles
with different
mass to charge
ratios.
Some prototype
quadrupoles
have been built
10.
They performed
as expected,
and a quadrupole
is being built
at LBL that will
be used for life
time testing
by cycling
the gradient
100,000
lines
(we hope) up and down.
To characterize
this
type
of magnet,
the following
comments are in order.
A)

Fig.

3

Iron

Free

PM Dipole

The performance

limitation
of this septum magnet is
quite
different
than the performance
limitation
of
conventional
septa:
The achievable
field
depends on
the needed septum thickness
Cr2-rll
divided
be
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Because iron is used in this magnet,
one
cannot obtain
quite
the high gradients
that
are possible
with iron free PI
quadrupoles
. By using Vanadium Permendur.
aperture
fields
of 1.2-1.4T
can be
obtained,
a significantly
higher
value than
achievable
with a small aperture
electromagnetic
quadrupole.
Also, while
not quite
as compact as the iron free PM
quadrupole
it beats the electromagnet
in
this
respect
also.

I
B)

C)

The field
dietributlon
is controlled
by the
and the value of the scalar
iron contour,
potential
on the iron surface
shaping
the
One can assure that these
field.
potentials
have the proper
values
by
measuring
carefully
the PH blocks,
and
If possible,
placing
them accordingly.
proper
scalar
potentials
can-be guaranteed
absolutely
by connecting
the members of
each pair
of poles
that has to be on the
same potential
by soft
iron “scalar
potential
buses” at the end(s)
of the
magnet.
The shaping
of the pole
contour
is
done essentially
with the same procedures
that are used to design
the pole contour
of
electromagnet
quadrupoles.
This magnet is a good example of the
practical
importance
of the simple way with
which the magnetic
properties
of Rare Earth
PX can be described:
To design
a magnet as
shown in Fig. 4 properly,
one has to choose
correctly
a large
number of parameters.
Although
this
is a matter
of style,
I do
not see how one can come up with a good
design
in an acceptable
time span without
a
set of essentially
analytical
design
formulas,
using a “number cruncher”
only at
Important
is, of
the % accuracy
level.
course,
not only that set of formulas,
but
the understanding
these formulas
both imply
and generate.

cross section
of a quadrupole
that uses both a coil
and PM. In a conventional
small aperture
electromagnetic
quadrupole,
a lot of flux enters
the pole in the region
just beyond the shaped pole
contour.
For fixed
current
density
in the coils
and fixed
field
at the magnet aperture,
the
resulting
saturation
of the iron increases
as the
aperture
decreases.
By placing
PMB into this
region,
as shown in Fig.5
and in the field
line
pattern
plot
in Fig.
6, this
flux
is dramatically
reduced,
making it possible
to reach the same
aperture
fields
quoted
for the hybrid
quadrupole.

Fig.

5)

Laced

Quadrupole

Under some circumstances,
the mechanical
complexity
and/or
lack of speed associated
with the
field
strength
adjustment
method inherent
in the
design
described
in sect.
4 may be undesirable.
For that reason,
an electromagnet
that does not
suffer
the field
strength
reduction
associated
with
small dimensions
would be a desirable
device.
While undulators
and wigglers
with these properties
have been developed
11, the underlying
concepts
were somewhat limited
and application
and device
specific.
The method of use of PlQl in an
electromagnet
described
here is, in contrast,
applicable
to w
electromagnet.
To explain
the
concept,
I use again the quadrupole
as the most
important
member of the multipole
family.

6

Magnetic
Field
Pattern
Laced Electromagnetic

= I ap

Fig.

5

45’ Section
Quadrupole

Fig.

5 shows

Laced

schematically

Electromagnetic

a 45’ slice

of

&;;sl
iron

(31

This equation
shows clearly
that
the presence
of
the P?Ql is felt
only indirectly:
the only term that
10 affected
by the presence
of the PUB is the last
term, representing
the loss of excitation
due to
saturation
of the iron.
The indirectness
of the
effect
of the PUB does not mean that the effect
is
small:
The field
strength
of a hybrid
drift
tube
quadrupole
can be improved
by a factor
1.5. and the
gain can be significantly
larger
for other
structures.
Since the iron is preloaded
with
magnetic
flux generated
by the PXH, the saturation
curve of the magnet is extremely
asymmetric,
allowing
much higher
fields
in the “forward”
direction
than in the reverse
direction.
While this
does generally
not represent
a problem
for drift
tube quadrupoles.
this effect
can be quite
extreme
in other
systems.
In strong
laced undulators.
it is
not even possible
to turn
the device
off without

MAONET MATERIAL
of

of

This basic concept
can, of course,
be modified
in
many beneficial
ways: one can tilt
the P?Ql block,
one can use a direction
of the easy axis that
is
not parallel
to the edge of the block,
one can put
PI98 even closer
to the aperture
than shown in
Fig.
5, one can put PM at the ends of the
quadrupole,
etc.
In extreme cases (usually
not in
quadrupoles.
but definitely
in magnets like
undulators/wigglers)
it is even necessary
to have
alternatingly
several
blocks
of PWl and coils,
hence the name laced electromagnet.
That this
type of magnet behaves like
an
electromagnet
is clear
if one takes IHods along
the boundary
of the magnet shown in Fig.
5
Application
of Ampere’s
law, and using I for the
total
Ampere turns
in the part of the magnet shown
in Fig.
5, yields
(fHrdr1

LPERMANENT

in 45’ Section
Quadrupole

the

409

encountering

severe

saturation
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ELECTRON LINAC INJECTOR DEVELOPMENTS*
J. 5. Fraser, AT-7, MS-H825
Los Alamos National Laboratory,
Los Alamos,

Summary

Introduction
The continuing
demand for electron injectors with
higher brightness comes from a variety of applied disciplines. FEL oscillators require linac injectors capable of
delivering pulse trains of electron bunches with high
charge density.’ Wakefield accelerators operated at high
repetition
rates also require pulse trains with high peak
brightness.
Laser acceleration experiments2
need
essentially isolated or low repetition-rate
pulses of very
small charge. For some of these applications,
experiments
are being carried out on alkali-halide
and Ill-V compound
semiconductor
photoemitters
and on thermionic electron sources4in rf cavities. For isolated pulses, shortwavelength,
intense laser pulses are used to illuminate
metal photocathodes.
In addition to novel sources of electrons for highquality beams, injector linac performance
is being improved. The end use of a linac beam may require a high
peak-brightness
beam, as does an FEL. Peak brightness
can be increased by bunching, provided that the emittance growth that inevitably occurs is not too large. However, emittance growth is excessive if the beam is too
tightly bunched at a low energy. Hence, the trend in
improved injector linac design is toward initial acceleration of a partly bunched beam in a low-frequency
(subharmonic) linac section. Because electrons become
relativistic very rapidly in a typical linac, further bunching
at moderate ener ies can only be done with the magnetic
bunching metho c?.5 An additional improvement
can be
made by the addition of the third harmonic of the accelerator frequency, thus flattening
the top of the rf waveform. This facilitates the acceptance of longer bunches in
an accelerating field that is nearly constant during the
transit of the bunch through the cavity.
to Emittance

87545

The rms emittance formulation,7
which is convenient to
use in accelerator discussions, is defined as E = 4 n [<x2 >
<xQ> - <xx’>*]“*
In this formulation,
the rms emittance is equal to the’total phase space area for a K-V
distribution.7
In analogy with the definition
of bri htness
introduced
in electron microscopy,8 the normalize 1 peak
brightness of a charged particle beam is defined as 8n =
I/(E,E,), where I is the peak current and Ex and E, are the
normalized transverse phase-space areas of the beam.
The emittance of an electron beam is limited at its
source by the radius of the electron emitting surface and
by the temperature
of the emitter. More precisely, the
lower limit of the normalized rms transverse emittance of
a beam from a thermionic
emitter of radius rc at a uniform temperature
T is E = 2 n rc [kT/moc2]“*,
(units:
m * rad ). For a typical tfiermionic emitter at 1160 K, for
which the thermal energy of the emitted electrons is
about 0.1 eV, the minimum emittance of a beam with
total current I (amperes) and current density J (amperes/
cm*) is En = 5.0 x 1O-6 n (l/J)“2.
Commonly used dispenser cathodes are limited to a
current density J 5 10 A/cmz. Semiconductor
photoemitters, on the other hand, are capable of delivering9
over 200 A/cm2, and their effective temperature
may be
low enough to produce low-emittance
beams of high
intensity.
Measurements at low currentslo yielded an
average energy spread of less than 0.2 eV. An additional
advantage of the photoemissive electron source is the
possibilit
of controlling
the temporal profile of the
electron b unch by tailoring the laser pulse used to
generate the current pulse. These capabilities of the
photoemissive
electron source are being exploited in an
injector-linac
experiment at the Los Alamos National
Laboratory.
Even hi her current densities have been reported
from cesiate 3 thin films illuminated
by an intense laser
beamlo. The temporal profile of the electron emission
lags that of the laser pulse, indicating a thermionic rather
than a photoelectric
emission process.
Brightness can, in principle, be increased by emittance filtering.
The rms emittance of a beam is strongly
influenced by the particles in the beam halo. If the halo is
selective1 scraped off by a beam aperture in the middle
of a lens r where the beam diameter is at a maximum in a
periodic transport line), the rms emittance
may be more
strongly attenuated
than is the beam current” so that an
increase in brightness can be realized.
Jones and Peter’* have suggested a method of
reducing emittance growth for an “rf gun” cavity. It is to
be expected that the charge density in the bunch will be
nearly uniform as the bunch leaves the photocathode,
provided the laser pulse is ideally square; the spacecharge force in the bunch will in this case be linear. Jones
and Peter derived a cavity shape based on equipotential
surfaces near the beam axis that produces a linear radial
electric field. The superposition
of the linear spacechar e force and the radially linear external electric field
shou 7 d result in minimum emittance growth in an accelerated bunch. Indeed, an lSlS’2 code simulation of a 100-p+
long, lo-nC bunch accelerated to 1 MeV in a loo-MHz
cavity 4 cm long had a normalized emittance growth of
only 5 n 10e6 rn-rad.

There is a continuing
demand for improved injectors
for electron linacs. Free-electron laser (FEL) oscillators
require pulse trains of high brightness and, in some applications, high average power at the same time. Wakefieldaccelerator and laser-acceleration
experiments require
isolated bunches of high peak brightness.
Experiments
with alkali-halide
photoemissive and thermionic electron
sources in rf cavities for injector applications are described. For isolated pulses, metal photocathodes
(illuminated by intense laser pulses) are being employed.
Reduced emittance growth in high-peak-current
electron
injectors may be achieved by Il’nearizing thp cavity electric
field’s radial comoonent
and bv usina hiah field strenaths
at the expense of lower shunt i;nped>nce.
Harmonically
excited cavities have been proposed for enlarging the
phase acceptance of linac cavities and thereby reducing
the energy spread produced in the acceleration process.
Operation of injector linacs at a subharmonic
of the main
linac frequency is also proposed for enlarging the phase
acceptance.

Limitations

NM

and Briahtness

In comparing emittance and brightness, it is essential to state one’s definitions at the outset to avoid confusion. In this paper, emittance refers to a phase-space
area,6 the action inte ral of classical mechanics. Furthermore, the inclusion o 3 the factor n in the emittance helps
to confirm that one isdealing with a phase-space area.

Conventional

Iniector-Linac

Systems

In the recent past, conventional
injectors for high
peak-current
linacs have used electronically
pulsed
dispenser cathodes with one or more subharmonic
buncher cavities.5,‘3-‘5
This arrangement
permits the

*Work performed under the auspices of the U.S. Dept. of Energy and
supported by the U.S. Army Strategic Defense Command.
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An additional advanta e accrues from the use of the
third harmonic. For a limite % radial distance from the
cavity axis, the rf field remains flat-topped
to the extent
that the ratio of the third harmonic field to the fundamental field remains 1:9. The range of the flat-topped
field from the axis depends on the design of the cavity.
Emittance growth is also reduced because nonlinear
radial forces arising from the off-axis azimuthal magnetic
field are approximately
zero for the phase range of
interest.
One of the advantages offered by the harmonically
resonant cavity can be realized by using two separate
cavities, one at the fundamental
frequency and the other
adjacent to it at the third harmonic. If the third-harmonic
cavity is phased correctly to subtract one-ninth the peak
energy gained in the fundamental
cavit , the energy
variation off the peak is largely cancele J The energyspread reduction can also be done effectively, for fundamental cavities grouped together in a tank, by using a
single third-harmonic
cavity. Figure 1 (a) shows a
PARMELA simulation of an electron bunch accelerated
from 10 to 19 MeV in nine 1.3-GHz cavities. The curvature
in the phase-energy scatter plot is removed by deceleratina the bunch bv 1 MeV (at the centroid) in 3.9-GHz
cav$es Fig. l(b). betailed ;imulations
are’needed to
stud the effects on emittance growth by separated
fun J amental and third-harmonic
cavities.

compression of a bunch, which initially straddled many
(up to 10) rf cycles of the main linac frequency, into a
single t-f bucket. Bunching by the velocity-modulation,
or
klystron, method becomes increasingly difficult as the
mean velocity of the electrons approaches the velocity of
Ii ht. Therefore, the electron gun voltage is restricted to
a iz out 500 kV or less. In contrast to ion bunching systems
in which linearizing the velocity profile through the
bunch can be done to advantage, a linear voltage variation over the electron bunch as it passes through a
buncher cavity will fail to produce linear bunching
.
because the velocity profile along the bunch is nonlinear,5,13 a result of relativistic kinematics. A second
subharmonic buncher can be used to partially compensate
for the asymmetric bunching. A second buncher may also
be effective in correcting for distortions from space
charge. Young’ has suggested using a second buncher
cavity at the third harmonic of the first cavity to correct
for such asymmetries.
After the bunch passes through the buncher cavity
and a drift space, further bunching can occur in the first
few cells of an injector linac. These first few cells can
either be raded-beta cells of a standing-wave
linac or a
tapered p 9, ase-velocity section of a traveling-wave
linac.
Until bunchin
is complete, the accelerating gradient
should be mo %erate at first and then ramped up gradually
to the final gradient of the main linac.
in an rf accelerating cavity, the radial force on a
particle crossing the gap depends, in part, on the rf phase
angle of the particle. Using a thin-lens approximation
for
an rf gap, Weiss l6 has shown that the increase in rms
emittance, when a bunch of particles of finite size crosses
a (x2/h)*. The emittance growth is due
an rf ga is AE
to the rP radial ?&es that depend on the phase and radial
coordinate of a particle. Clearly, rms emittance growth in
an rf gap is minimized with a small beam radius as well as
with a low-frequency
cavity.
The optimum choice of frequency for the injector
linac is a subharmonic of the main-linac frequency. This
choice allows a longer bunch to be accelerated to a
moderate energy before bunching is complete, thereby
minimizing the space-charge density in the bunch while
the energy issubrelativistic.
W h e n the beam energy
reaches 10 MeV or so, further bunching can be effected by
the magnetic phase-compression
method (see below).
A second linac stage with a higher subharmonic
frequency could be used and followed by a second phase
compression. Thus, the bunching and preliminary acceleration can be accomplished in several subharmonic freuency stages with the phase width of the bunch being
t e same in all stages. The constancy of the phase width ii
easily realized by having the phase-compression factor
equal to the frequency ratio between the two stages.
The energy spread impressed on a bunch by the
sinusoidally var ing field in an accelerating cavity can be
siqnificantly re d uced by adding a third harmonic to the
findamen<al
wave in the corr&t proportion to flatten the
wave crest.17,18 This reduction occurs when the thirdharmonic amplitude is one-ninth of the fundamental
and
its phase such that the third harmonic field decelerates
the beam when the fundamental
accelerating field is at a
maximum. Obviously, the rf cavity must be appropriately
desi ned to be resonant at both the fundamental
and the
thir 3 harmonic.18
In addition, there is an increased complexity in a second rf power supply with its amplitude and
phase controls. The result may be, in some cases, well
worth the additional complication
because the phase
acceptance at the wave crest is considerably enlarged. For
example, the phase range for an amplitude variation less
alone to 37”
than 0.1% goes from 5” for the fundamental
for the harmonically resonant cavity.18
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Intrinsically

Briqht

Electron Sources

The use of photoemissive
electron sourc?s for
polarized beams in linacslg and for other uses has given
rise to their application
in FEL linacs and wakefieldacceleration experiments.20
For rf-linac-driven
FELs, the
required electron pulse train is naturally produced by a
mode-locked
laser illuminating
a photoemitter.
A laserilluminated
photocathode
can be used in a dc gun configuration in much the same waXthat it is employed m the
laser-klystron*’
or lasertron.
On the other hand, a more
rapid acceleration rate can be achieved if the photocathode is placed in the rf field of a resonant cavity because
an rf cavity can sustain a higher surface field than can a dc
diode.23 The rf gun, shown schematically in Fig. 2, forms
the heart of an experimental
program at the Los Alamos
National Laboratory to develop an intrinsically bright
electron source for linacs. If the transverse electron
velocities in the photoelectron
beam do not increase too
rapidly with beam current, a bright beam should be
obtainable.
Early simulation calculations with the ISIS
code at Los Alamos, however, showed that the leading
and trailing edges of the bunch contained higher emittance components than did the midsection.‘*
It follows
that although a completely bunched beam can be produced by a laser illuminating
a photoemitter,
a penalty is
paid in emittance.
Therefore, a compromise is adopted in
which an rfgun delivers to an injector linac a bunch that
is longer than the optimum bunch length in the main
linac. After acceleration to several million electron volts,
a magnetic phase compressor shortens the bunch.

Fig. 2. The rfgun

PREPARATION

SYSTEM

Fig. 3. Block diagram of a staged injector
linac comprising a photoelectric
rfgun source,
a subharmonic
linac, a magnetic phase compression system followed by a second injector
linac at the main linac frequency and a second
magnetic compressor.
Maqnetic

Phase Compression

Relativistic particles can be bunched by utilizing the
path length difference in a system of bending magnets
for particles of different momenta. The longitudinal
phase space occupied by an ensemble of particles must be
elongated and rotated so that a correlation exists between energy and phase. In this respect, a magnetic
phase compressor system is similar to the energy compression system used with some intermediate-energy
electron
linacs to reduce t he enerov SDread of the beam.24-27 A
magnetic phase compress& d’iffers from an energy compressor only in rotation of the phase space of the bunch to
produce a narrow phase spread rather than a narrow
energy spread. Figure 4 (a) is a Ion itudinal phase-space
diagram such as would be produce % by an rf cavity operated as a buncher to put an energy ramp on the bunch
but with the centroid unchanged in energy. In a system
of dipole magnets (see Fig. 3), the path length difference
produced for particles with differing momenta is represented in TRANSPORT notation by the R56 matrix element.
For a positive Rs6 element, bunching will occur if the
phase-energy diagram is as shown in Fig. 4 (a); for a
negative R56 element, the slope of the scatter plot of Fig.
4 (a) must be reversed. Figure 4 (b) shows the bunching
effect of a set of magnets with Rs6 = 0.24 cm/%.
The energy s read that makes the ma netic phase
compression possi E le can be reduced if the % unching is
left incomplete, as in Fig. 4 (b). Segal128 hassuggested the
use of a second rf cavit to compress the energy spread
impressed on the bunt it by the first cavity. Figure 5 shows
the result of a final set of cavities, which put a reversed
energy ramp on the bunch to reduce the energy spread.

cavity.

The Los Alamos FEL o erates at 1300 MHz. A lo ical
choice for the frequency o P the subharmonic
injector Pmat
is 433.3 MHz, a frequency for which a suitable klystron for
low duty-factor
operation is available. Figure 3 is a schematic diagram of a staged injector linac proposed for the
Los Alamos FEL linac. The first section at 433 MHz comprises an rfgun and four accelerating cavites. The first
two cavities are separate1 excited, whereas the final
three are coupled throug F: two off-axis cavities, the group
of three coupled cavities being operated in the n/2 mode.
Next is a 1.3-GHz cavity whose function is to flatten the
top of the effective accelerating field; the mean beam
-energy is reduced in the process from 6 to 5.3 MeV.
Finally, a bunchin
or energ -ramping cavity in the first
section prepares t a e bunch 1or magnetic compression in a
quartet of dipoles. The 90-ps pulse with a phase width of
16” at 433 MHz is compressed to 30 ps or 16” of phase in
the second injector stage operated at 1.3 GHz. After
acceleration to about 15 MeV, the flat-topping
and
magnetic-compression
functions are repeated. A final
magnetic compression could be carried out at the end of
the main linac.
413

A potential improvement
in electron guns, especially
for high-average-current
applications, lies in the rf gun,
based on a mode-locked laser-illuminated
photocathode
in the first rf cavity of the injector linac.
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Abstract

_

continuous
(CW) beams of
For many applications,
electrons
are strongly
preferred
over the low duty cycle
The two preferred
beams available
from
RF linacs.
methods
for
realizing
high-energy
CW beams are (1') a
pulsed
linac
followed
by a pulse-stretcher
ring,
and (2)
In both methods,
a high
a recirculating
CW accelerator.
performance
electron
linac
is required.
Recent advances
in the technology
and understanding
of standing
wave
structures
appear to make them preferable
to travelling
Recirculawave linacs
for the pulse-stretcher
method.
whether
of the racetrack
microtron
type or
ting. linacs,
are built
with
CW standing
wave
some other
topology,
Both
room temperature
and superconducting
linacs.
Recent exciting
advances
in
structures
have been used.
superconducting
structures
make them the structures
of
choice
for high energy CW electron
accelerators.
Introduction
Over the past several
years,
the goal of increased
duty
factor
of high-energy
high-current
electron
beams
For a laboratory
with
an
has been vigorously
pursued.
"conventional"
RF linac,
a straight-forward
existing
approach
is to add a pulse-stretcher
ring to the facility.'.
In the absence of this
favorable
starting
posia superior
approach
appears
to be an accelerator
tion,
system which produces
a continuous-wave
(CW) beam "from
A purely
CW device
should
have superior
the beginning."
First,
for a given
beam quality
for two major reasons.
average current
the injector
system beam quality
will
be
best
for
a CW device
because
both
the
space-charge
forces
(proportional
to peak current),
and the electron
gun emittance
(proportional
to square root of peak current
for
a given
cathode
temperature
and current
denthe CW RF system will
Second,
sity)
will
be smaller.
have lower
instantaneous
power and, unlike
pulsed
sysRF anplitude
to transient
effects.
tems, is not subject
and phase can therefore
be controlled
more accurately
in
a CW accelerator
than in a pulsed
accelerator.
Except
for
accelerators
of very low energy
or excost considerations
dictate
that
tremely
high current,
the beam should
be recirculated
through
the same linac
as opposed
to the simple
approach
of. a
several
times,
The many length-associated
costs,
single-pass
lindc.
cryostats
(for
superconducting
such as linac
structure,
and RF power dissipated
in the structure
(for
linacs),
normal-conducting
linacs)
tend to outweigh
the cost of
The optimum number of recircurecirculating
the beam.
lations
is dependent
on many factors,
with
the type of
or normal-conducting)
being
a major conlinac
(super-

For the highest
possible
current,
a singlesideration.
pass linac
is necessary
because
the beam-breakup
(BBU)
threshhold
current
is much lower
for
a recirculating
For examaccelerator
than for
a single-pass
device.2
ple,
the calculated
single-pass
BBU limit
of the first
500 MeV of the CEBAF accelerator
design
is >lOO mA,3
while
the calculated
BBU threshhold
of the full
CEBAF
machine
(4 circulations
to a final
energy
of 4 GeV) is
-lOmA."
CW Accelerator

Types

The designs
of recirculating
electron
accelerators
recyclotrons
as illuscan be grouped
into two classes:
by essentially
indetrated
in figure
1, characterized
pendent
bending
paths for each recirculation;
and microtrons
as illustrated
in
figure
2. characterized
by
uniform-field
bending
magnets
comnon to all
recirculaIn both classes,
the bends must be achromatic
tions.
and must return
the beam to the linac
at the correct
phase for continued
acceleration
on every recirculation.
which can be either
singleor doubleIn recyclotrons,
the
recirculating
arcs
are nominally
isosided,4s5,
d$/dAE = 0, where I$ is the phase of an
chronous,
i.e.
electron
and AE is the difference
between its energy and
to first
order,
the
Thus,
the central-orbit
energy.
longitudinal
particle
motion
is
the
same as for
a
In the end magnets of a microtron,
single-pass
linac.
d+/dAE has a non-zero
value,
determined
by the energy
and the
geometry
of the
accelerator
gain
per
pass,
etc.)
such
that
the
first
double-sided,
(racetrack,
order
longitudinal
particle
motion
is a stable
phase
oscillation.
For very high energy
applications
(E>>l GeV), recyclotrons
will
have smaller
energy
spread
and transverse
beam emittance
than
microtrons
due to the effects
of
The energy
spread,
oE, of the
synchrotron
radiation.
accelerated
bean due to synchrotron
radiation
is

OE
that depends on the total
angle
where
CI, is a constant
of bend in each of the n b ds in the accelerator,
Ek iS
the beam energy
in the k'1?1
radius
in the kth bend.6
I~e~d~i~:~t~~nisn':fl~e~~
be smaller
than in a re;yclotron
of
larger
and P will
as a result
of cost considerathe same fina kl energy,
The emittance
growth
due to synchrotron
radiations.
tion
is
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<tbk,

Pk
where C is a constant
lattice
+ unctions
in the kt!kd b'eH,&. i sT;e ;;;'::;;:,";,;;'
th in a microtron
is much larger
than in a recyclotron,
not only
because n is larger
and p smaller,
but <H> is
fixed
in a microtron,
but adjustab 5 e in a recyclotron.
For example,
<H> = 2p in the 180' bend of a racetrack
microtron,
and thus would
be -4.4
meters at Ek = 1GeV
using a bending field
of about 1.5 Tesla,
whereas in the
CEBAF design,“
<H> = O.lm at Ek = 1 GeV.
Superconducting

Linacs

Microtrons

1

H
DII

END

MAGNET

Microtron

Although
limited
in accelerause of electrical
power.
ting
gradient
compared to the superconducting
linac,
the
room temperature
linac costs considerably
less (per unit
length),
and of course eliminates
the need for a cryoThe small a transverse
dimension
of
genic refigerator.
the room temperature
structure
makes it arch more compatible
with
the
geometrical
requirements
of
an R T M
than the superconducting
structure
with
its bulky cryostat.
The RTMs at NBS, Mainz,lO
and Moscow State
University"
employ
roomtemperature
linacs.
The
University
of
Illinois
has proposed
to replace
the
superconducting
linac
of their
MJSL-2 microtron
with
room-temperature
structures
in a cascaded 450 MeV microtron system.12
R T M Injectors

Recent advances in the technology
of superconducting accelerators
make them uniquely
suitable
for
very
high energy
recyclotrons.
These advances
include
improvements
in niobium
quality,
fabrication
and processing of RF cavities,
and development
of techniques
for
decreasing
the effective
Q of the higher
order
modes
responsible
for
BBU.7*a
The test
cavities
for
the
CEBAF facility
have operated
with
C W gradients
in the
range
6 to 8 MV/m, with
D 2 5 x log.
The coupling
impedance
in cavities
of this
design
for
the dipole
modes responsible
for BBU is of the same order of magnitude as for room-temperature
structures.9
Racetrack

D12

010

(RTM)

The racetrack
microtron
configuration
is an excellent
choice for a C W electron
accelerator
in the energy
range below 1 GeV where beam quality
degradation
due to
synchrotron
radiation
is not a dominant
factor.
Its
advantages
include
relative
simplicity,
compactness,
high
current
capability,
excellent
beam quality
and
stability,
ease of changing
beam energy,
and efficient
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The NBS-Los Alamos and Moscow State microtron
systems use C W linacs
of the same design in both the microtron
proper
and the injector
system, with the sole difference
that
the capture
section,
which accelerates
the
beam from 100 keV to 2 1 MeV must have a tapered
6 design
to match the varying
velocity
of the electrons.
Both Mainz and Illinois
are planning
to replace
their
Van de Graaff
injector
systems with Linac systems based
This
injector
on the
NBS-Los
Alamos
design.13s14
system,
shown in figure
3, consists
of a 100 keV, 5mA DC
electron
gun with excellent
stability
and emittance,
an
emittance
filter
which limits
the transverse
emittance
to 417 m n mrad (2.6n m m mrad normalized
emittance),
an RF
chopper
and recombiner
which selects
a 60' phase bunch
and a single-cavity
buncher
which
in every
RF cycle,
compresses
the phase spread to approximately
10' at the
The chopper-buncher
entrance
to the capture
section.
The capture
secsystem is described
in reference
13.
tion
is a one meter
long side-coupled
structure
which
bunches
the beam farther
to - 3' total
width,
while
Following
a short
drift
accelerating
it
to 1.3 MeV.
space
containing
focussing,
steering
and diagnostic

consistent
with
the predicted
beam emittance
of <51 mii
These measurements
were made with a CW
mrad normalized.
beam of -3OOuA and pulsed
beams up to -60011A (30 nS
pulse length,
rep rate 103-lo4
Hz).
RF Structures

for

RTMs

The most important
considerations
for
a linac
for
use in a CW racetrack
microtron
are stability,
electriIn some
cal
efficiency,
gradient,
and beam breakup.
microtrons,
the injection
scheme requires
that
the beam
be accelerated
in both
directions
throu h the
linac,
13
A standing
which demands a standing
wave structure.
wave design
would be chosen in any case,
because of its
compared
to a travelling
wave
higher
shunt
impedance,
structure.'"
The requirements
of stability
and electrical
effiA high
ciency
conflict
with the need for high gradient.
gradient
allows
a smaller
distance
between
end magnets
and thus makes the problems
of focussing,
steering
and
at the price
of a higher
power conbeam blowup easier,
The power dissipated
in the
structure
is
sumption.
given by
Figure

3

PD=@,

Photograph
of Injector
Linac of NBS-Los Alamos
RTM.
The chopper-buncher
system and the capture
section
is at the right
side of the figure, partially
obscured
by the RF power splitters
and phase shifters.
The preaccelerator
section
enclosed
in its magnetic
shield,
is in
the left
half of the picture.

where AV is the energy
gain per pass,
R = ZT2 is the
effective
shunt
impedance,
and L is the linac
length.
In an RTM, AV is not a free
variable,
being determined
condition
resonance
the
microtron
by
where c is the speed of light,
(2n/C)
AV COS $'R = vxB,
+R is the resonance
phase
angle
(cos OR is close
to
one), u is a small integer,
)i is the free-space
RF waveand B the magnetic
field
in the end magnets.
length,
Various
performance
requirements
dictate
that
A be in
In high energy
the range
lo-20
cm and v = 1 or 2.
It
is
microtrons,
B must be large
for
cost
reasons.
thus clearly
desirable
to have a high shunt
impedance.
Equation
(3) can be rewritten
as

elements,
the 2.7m long preaccelerator
section
increases
the beam energy
to approximately
5 MeV.
The design
and
construction
of this
linac
are described
in reference
15.
Installation
of the
NBS-Los
Alamos RTM injector
linac
system
was completed
in August
1985.
Initial
performance
measurements
have
been very
encouraging.
The RF structures
condition
to full
power very quickly
under computer
control
of frequency
and the power levels
in the two structures.
After
conditioning,
the stability of field
strength
and phase is excellent.
The measured
phase stability
of each structure
is better
than
20.1
degree.
The upper
limit
on short
term amplitude
stability
is less than one part
in a thousand.
Our best
evidence
of RF stability
is the
mean energy
of the
accelerated
beam, which
is stable
within
+ 1. keV at
5 Mev. The actual
linac
stability
may be even better,
since
the
fluctuations
in the magnetic
field
of the
analyzing
magnet were of the order
of one part
in 5000.
The energy
spread
of the 5 MeV beam was 11 keV full
width,
somewhat
better
than
predicted
by the particle
simulation
code,
PARMELA.16
We have not completed
beam
emittance
measurements,
but the observed
spot sizes
are

Table

Structure

type
geometry

RF frequency,
P/L,

kW/m

Power

MHz

Tests

15

19

19
On axis-coupled

On axis-coupled

Side-coupled

Circumferential

Circumferential

Circumferential
and web

Circumferential
and web

804

2450

2450

2380

105

70

210

50

2.2

1.8
factor

Structure

On axis-coupled

G, MeV/m
Limiting

High

= G2
ii-'

where
G z AV/L is the gradient.
It
is increasingly
difficult
to maintain
stability
of field
stren th and
s
phase as the power per unit
length
increases.'
This
would be the limiting
factor
on the gradient
of a microtron linac
if the costs of the RF power supply
and electrical
power were ignored.
In practice,
cost considerations
have led to designs
using
gradients
in the range
0.8 to 1.5 MeV/m, significantly
below the power dissipaA summary of observed
high
power,
high
tion
limit.
It is
gradient
structure
results
is given
in Table
I.
important
to note that
only the results
of reference
19
can be interpreted
as a true
power dissipation
limit.
insufficient
experimental
data
At
present
there
is
available
to define
a meaningful
limit
on attainable

20

Reference

Cooling

I.

-I'L

RF power

Stability
418

3.5
Stability

2.0
Coolant

pump

Table

Parmeters

II.

of

Mainz

and NBS Microtrons

DISK AND WASHER
ON AXIS COUPLED

Parameter
(third

‘I

v,PLlNG
CAVITY

ANNULAR

SIDE

COUPLED

gyG

1

COUPLED

Design

energy,

MeV

Design

current,

i,

Injector

energy,

Energy gain
AV, MeV
Number of
Total

4

RF Structure

gradient
in
CW RF room-temperature
electron
linacs,
because relevant
data exists
for only one structure
at
one
frequency.
because
of
the
quadratic
However,
dependence
of P/L on G and the weak dependence
of gradient on frequency,
it seems unlikely
that gradients
above
5-7 MeV/m will
be practical.
This is in contrast
to the
superconducting
case where 7.5 MeV/m is readily
obtainable,
and gradients
in excess
of 20 MeV/m have been
observed
in single-cell
tests.7
In considering
structures
for
very high
gradient
room temperature
CW linacs,
the disc
and washer (DAW)
structure,
shown in figure
4, should,
erhaps,
be reexamined.
The DAW structure
was studied P 1 for use in the
NBS microtron
because of its
high
shunt
impedance
and
very high
first-neighbor
coupling
constant,
k, factors
which would help to achieve
high gradient
and good stability.
The observed
effective
shunt
impedance
of
90FZn/m at 2380 Mhz is significantly
higher
than either
on-axis
or sidecoupled
structures
at the same frequency,
and k = 0.5 roughly
an order of magnitude
higher
than the other
structures.
The DAW was rejected
for the
NBS microtron
because of its complex higher
mode structure,
which included
dipole
deflection
modes very close
to the accelerating
mode frequency
and its
harmonics.
In a high current
microtron
these modes would be expected to reduce
the BBU threshhold
by, possibly,
a large
factor
compared to more conventional
structures.
This
consideration
may not be as important
in a single-pass
device.

G, MeVIm

Microtron

The
largest
CW microtron
now in
operation
is
MAMI-A
the
180 MeV, 100uA machine
at Mainz University.21
Its present
injection
system consists
of a 2.1
MeV Van de Graaff,
and a 14 MeV, 20 pass racetrack
microtron.
A third
microtron,
MAMI-B,
is now being
built.
It will
use MAMI-A as an injector,
with the Van
de Graaff
replaced
by a 2.8 MeV linac.lO
MAMI-B will
have 88 passes through
a 7.5 MeV linac
to achieve
a
maximum enerqv of 840 MeV.
This linac
consists
of five
1.78 m long -sections,
each driven
by a 50 kW klystron.
The linac
is of the on-axis
coupled
type.
The Mainz
design
philosophy
is to use a relatively
low gradient
(<l MeV/m) to obtain
a relatively
high electrical
efficiency
at a beam current
of 100uA.
Relevant
parameters
of MAMI-B are given in Table II.
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180

5

0.85

impedance,

length

of

Dissipated

power,

PD, kW

PB/(PB

linac,

+ PD),

power per unit
PD/L, kW/m

RF frequency,

550

66

Electrical
L, m

Dissipated
length

100

8.8

PB, kW

RF efficiency,
percent

185

88

mA

MHz

NBS

840

7.5

N

Ni,

Effective
shunt
R, MQ/m

Types

The Mainz

pass,

passes,

Beam power,

Figure

MeV

per

current,

Gradient,

uA

MAMI-B
stage only)

67

8.87

102

12.0

15
8.25

100
1.5
82.5

7.94

225

39.1

30.8

11.5

28.3

2450

2380

The NBS Microtron
The NBS-Los Alamos microtron
now under construction
designed
to deliver
185 MeV at a current
of 550uA.
Its injection
system is the 5 MeV CW linear
accelerator
described
above.
The linac
of the 15 pass microtron
consists
of two 3.97 m long sections
of side-coupled
structure
to
obtain
an energy
gain
of
12 MeV/pass.
Except
for
length,
these
sections,
shown in figure
5,
are identical
to the preaccelerator
section
described
above.
The linac
has been built,
low power RF tests
performed,
and installation
has been completed.
Full
power operation
is scheduled
for this
summer.
A significant
difference
from the Mainz design philosophy
is the
use of a single
500 kW klystron
to power the entire
accelerator
system,
using
a system of high power power
splitters
and phase shifters
to distribute
the RF power
to the capture
section,
preaccelerator,
and two sections
of the main linac.23
There is a significant
cost savings in using a single
large
klystron
and DC power supply compared to many small klystrons,
although
this
is
partially
compensated
by the cost of the power splitters
and phase shifters.
The control
system,
which performs
extremely
well
when only
the capture
section
and preaccelerator
are in operation,
is necessarily
slower than
a multi-klystron
system
because
of
the
mechanically
driven
phase shifters.
Relevant
parameters
are summarized
in Table II.
is
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Abstract

-

New approaches to linear accelerator
design are
necessary in order to produce the intense low emittance
beams required for Free Electron Laser operation.
EXamples are the use of high gradient
single cell or dual
cell resonators
instead of conventional
multi-cavity
structures,
the use of multiple
frequency (harmonically
related)
rf fields
for acceleration
instead of single
and the use of magnetic bunching at
frequency fields,
relatively
high energies instead of conventional
bunAdvantages of the use of multiple
ching at low energy.
frequency rf fields
will be discussed,
and the results
of numerical calculations
comparing multiple
frequency
vs. single frequency acceleration
will be presented.

limit

The parameters of an electron
beam intended for
use in a Free Electron Laser (FEL) are subject to
several constraints.
The most obvious is that placed
on the beam energy by the FEL resonance condition
which relates
the energy, the optical
wavelength,
the
wiggler wavelength,
and the wiggler magnetic field.
Another constraint
appears as a result
of the requirement of spatial
overlap of the optical
beam and the
Under
electron
beam through the interaction
region.
some modest simplifying
assumptions,
primarily
that
there is no focussing of the electron
beam along the
reduces to the
interaction
region, this constraint
requirement
that the absolute emittance of the electron
beam be no larger than the optical
wavelength.
(In
the emittance is understood
applying this restriction,
to be the area of the x vs. dx/dz or y vs. dy/dz
The final
phase space measured in length-radians.)
constraint
to be considered is a limit
to the energy
spread which can be tolerated
on the beam. In order
for the electron
and optical
beams to interact
coherently over the length of the wiggler,
the fractional
energy spread of the beam cannot be larger than about
1/2N, where N is the number of periods in the wiggler.
Finally,
since the gain of the system is directly
probeam, it
portional
to the peak current of the electron
is desirable
that the peak current be as large as
possible.
Linac based FELs can operate with peak
currents of only a few amperes, but values of 100
amperes are more desirable
and interesting.

*

This work was supported
No. N00014-85-K-0348.

wavelength

invariant
19 TI m m mr.

'normalized'

In terms of
emittance

TABLE 1
Linac

Based FEL Projects

operating*
wavelength
(microns)
IANL
Boeing
UK FEL
MK III FEL
SCAfTRW

These constraints
can best be understood in the
context of a specific
example.
Assume that
a 2000 2
FEL is desired,
and that it is to be powered by a 150
MeV electron
beam. The 'resonance'
condition
immediately sets a wiggler wavelength of 1.8 cm, if the wiggler
field
is chosen to be a reasonable value.
An acceptable choice for the length of the wiggler is 3 meters
(N=167).
With this length the small signal gain for
the FEL is calculated
to be 2% Amp and the upper limit
on the energy spread is 0.3%. Assuming a bunch length
of l/100 of an rf cycle (3.6 deg) and a charge per
bunch of 1 nC, the peak current will be 100 Amperes
(for a gain per pass of 200%), while the longitudinal
emittance of the beam must be less than 520 TI KeV deg.
The requirement
that the transverse
emittance
(Ed) be
than the optical

.2 m m mr, or .06 TI m m mr.

The normalized emittance from a 1 cm* thermionic
cathode delivering
a continuous beam of 1 Ampere is
8 71 m m mr.2 If all of the charge in one rf cycle were
to be bunched to 3.6O, the peak current from such a
cathode should be approximately
100 Amperes. While it
is admittedly
unrealistic
to expect to bunch all of the
current in one cycle, it is also true that substantially
more than one Ampere can be expected from the assumed
cathode.
If the beam from a thermionic
cathode were
accelerated
in an rf linac without any degradation
in
phase space, peak currents
on the order of 100 Amperes
and normalized transverse
emittance on the order of
10 x m m mr would be available.
Data for the various
linac based FEL projects
underway in the world at this
time are presented in Table 1. From the table it is
apparent that none of the linacs deliver
a beam with
both the high peak current and the low emittance.
The
first
three projects
listed
make use of existing
linac
technology,
adapting it to FEL use through the installation
of subharmonic bunchers and additional
diagnostics in the injector.
Although this approach has been
fruitful,
particularly
for the Boeing project,
further
progress will be extremely difficult
without utilizing
new approaches to linac design.
Indeed, the fourth
project
listed,
the MK III IRFEL project,
makes use of
an innovative
rf gun designed explicitly
to provide
pulsed
intense low emittance beams for FEL operation.
The last project
listed,
the SCA/TRW collaboration,
makes use of the Stanford Superconducting
Accelerator
which was designed to produce a very precise low
current beam for nuclear physics purposes.
The emittance produced is very small, but so is the peak
current.

Introduction

no larger

on ct of

the relativistically
(En = &Et, En <=

* Values

(Z,
(10)
3
1.6(.5)

in parenthesis

normalized
emittance
(n m m mr)
120
30
50
10
5
indicate

peak
current
(Amperes)
100
100
5-10
20
2-4

wavelength

goals.

Beam brightness,(defined
as 2 n2 ipeaklEn2)
.
is
frequently
used as a measure of beam quality
for FELs,
even though it does not address the fact that high
current and small emittances are necessary simultaneously.
Much of the present enthusiasm for the use of
the electron
beam circulating
within a storage ring to
power an FEL stems from the high brightness
and large
peak currents
of such a beam. It is interesting
to
note that the brightness
and peak current of the bunched
beam from a good gun are at least as good as those of
storage rings.
Thus a successful
program of preserving
the quality
of the beam produced by the gun throughout

sets an upper

by ONR Contract

421

the acceleration
process would allow a linac beam to
power the same sorts of FELs as storage rings, but
without some of the power and efficiency
limitations.

relativistic
effects
suggest that if the linac contains a dc injector
section,
then the beam voltage in
this section should be as high as reasonable.
Finally,
since it is certain
that the ends of the beam will be
affected
differently
by space charge forces than the
center,
it is important
to keep the bunch as long as
possible and to choose the beam diameter which is the
best compromise between the reduced end effect associated with a small diameter and the decreased space
charge forces associated with a large diameter.

Phase Space Dilution
The various mechanisms responsible
for the phase
space dilution
of the beam as it progresses along the
linac can be conveniently
placed into four classes:
transport
aberrations,
beam induced field effects,
Of the
and rf dynamics effects.
space charge effects,
three classes,
transport
aberrations
are at present
the least serious -- they are well understood and careful attention
to detail
can reduce their effects
to
acceptable levels.
Space charge,rf
dynamics effects,
and beam induced field effects
are more troublesome,
and need to be considered further.

Phase space dilution
due to rf phase effects
occurs because different
electrons
experience different rf phases as they pass through a cavity.
Thus
they gain different
amounts of energy and experience
different
transverse
forces.
For relativisitc
electrons interacting
with a sinusoidally
time varying
field the energy gain of an electron
is proportional
to the cosine of the phase angle between its position
A monoand the position
of maximum energy gain.
energetic
electron
beam of finite
length (zero longitudinal
phase space) entering
such an accelerating
field will leave with a spread in energy and a finite
longitudinal
phase space.
Consideration
of the
transverse
forces leads to a similar
conclusion with
In a cylindrically
regard to transverse
phase space.
symmetric, sinusoidally
time varying field an electron
will experience a radial
focussing force which is
proportionaly
to the sine of its phase angle (defined
Thus electrons
in front of the position
of
above).
maximum energy gain experience a defocussing
force,
while those behind will experience a focussing force.
A finite
length beam of finite
radius but with no
transverse
momentum (zero transverse
phase space)
entering
the field region will leave with a spread
in transverse
momentum and a finite
transverse
phase
space.

Beam induced field effects
which cause phase
space dilution
include various beam breakup interactions,
and various single and multi-bunch
wake field
effects.
The control
of these effects
is a particularly severe problem in conventional
linear accelerators
which have traditionally
been designed to use rather
long microwave structures
consisting
of many coupled
The advantages
rf cavities
of high shunt impedance.
of these conventional
structures
are that they couple
cavity fields
rather efficiently
to the beam, and
their geometry maintains
a coherent accelerating
field
over their entire length with only a single rf driving
source.
For high brightness
linacs these advantages
the beam can drive cavity fields
can be liabilities:
easily and the driven fields
have the entire length of
the‘structure
in which to interact
with the beam. Our
group at the High Energy Physics Laboratory
at Stanford University
has been studying the advantages of
using high gradient
single or dual cell resonators
to
produce high brightness
beams. The simplicity
of
their
these resonators
provides several benefits:
mode structure
can be accurately
calculated
by computer codes such as UB14EL;3 their higher order modes
their short length
can be relatively
easily loaded;
automatically
reduces the strength
of some types of
beam-cavity
interactions.
Further benefits
arise if
The high cw field
the cavities
are superconducting.
gradients
achievable
in superconducting
cavities
reduce the phase space dilution
due to beam induced
fields
by allowing
a reduction
of the accelerator's
length.
In addition,
rf losses in superconducting
cavities
are low enough that cavity geometries can be
chosen to minimize induced field problems, rather than
to maximize shunt impedance.
For a more complete
discussion
the reader is referred
to reference
4.

It is clear that if the rf fields
did not vary
during the time that any electrons
were present in a
cavity,
there would be no phase dependent effects.
The solution
to the rf phase dependence problem which
we are pursuing can be viewed as an attempt to approximate the ideal of no time dependence to the field
Our approach is to inseen by the electron
bunch.
clude accelerating
fields
at harmonics of the fundaFor relativisitc
mental frequency in the linac.
electroncs
in cylindrically
symmetric fields
the
concept is clearly
valid.
In this case the energy
gain of any electron
is independent of radial position,
and is striclty
proportional
to the cosine of its
phase relative
to the rf field.
As this statement is
true for any frequency field,
frequencies
at harmonics
of the fundamental can be used to Fourier synthesize
any desired effective
time dependence of the energy
For example, a single frequency at the nth
gain.
harmonic can be used to 'flat-top'
the dependence of
the second
the energy gain vs. rf phase by cancelling
derivative
of the fundamental at its peak.

Space charge effects
are in a real sense fundamentally unavoidable.
If a beam is cylindrically
symmetric, uniformly
charged, hard-edged,
and has no
ends, then the space charge forces act as an ideal
lens and cause no growth in the occupied phase space.
As real beams generally
satisfy
none of these requirements, space charge forces will enlarge the phase
space, and the best that can be done is to reduce the
magnitude of the forces as much as possible.
One
obvious method of reducing the magnitude
of the
forces for a bunch of constant charge is to increase
its dimensions.
This clearly
implies low frequency
-operation,
since the allowable
beam dimensions will
(Precise
scale much like the operating
wavelength.
scaling
statements require knowledge of the rf field
scaling.)
Another method for reducing the importance
of the space charge forces is to accelerate
the charge
bunch as rapidly
as possible,
in order to take adThis argues in
vantage of relativistic
effects.
favor of high field gradients
in the rf accelerating
cells and in the electron
gun. In addition,

The concept just described of using
harmonic
the energy gain of a bunch of
field
to 'flat-top'
electrons
also reduces the growth of transverse
phase
space. Maxwell's equations tell us that the magnetic
fields,
which are largely
responsible
for the transverse focussing
forces, arise from the time rate of
change of the local electric
field.
Thus, 'flatthe electric
field automatically
minimizes
topping'
the magnetic field,
and the use of harmonics can
simultaneously
reduce longitudinal
and transverse
phase space growth.
For relativistic
beams the compensating fields
at the additional
frequency (or frequencies)
can be
provided by cavities
on the beam line which are
422

’ I
separate from the fundamental cavities.
For nonrelativistic
beams the situation
is substantially
more
An electron's
energy gain is a function
complicated.
of radial
position
as well as relative
phase, and the
transverse
force exerted on an electron
is no longer
linear
in radial position.
Since the radial
and longitudinal
motion of a non-relativistic
electron
within
a cavity can be quite intricate,
the-harmonic
fields
should be superimposed on the fundamental field,
and
should have the same spatial
dependence as the fundamental field
so that the compensation can occur point
This ideal of point by point compensation
by point.
is clearly
impossible,
as different
frequency fields
necessarily
have different
spatial
distributions.
Nonetheless,
the concept of using a harmonic to reduce
the time dependence of the net fields
seen by the beam
remains reasonable -- the caveat being that at low
energies the various frequency fields
must be as nearly
superimposed as possible.

along the beam line, while those in quadrants 1 and
3 will-move
away from the axis.
This illustrates
the
statement made earlier
regarding
the different
focussing forces for particles
at the front and back of
the beam as a reason for growth in the transverse
phase space of the beam. As seen on the figure,
the
transverse
phase space has increased from 1 TI mm mr,
of the rf dynamics assocto 7.8 T m m mr, as a result
iated with acceleration
in a single cavity.
Part (b)
of the figure
shows the results
of exciting
the cavity
at the third harmonic in addition
to the fundamental.
The relative
amplitudes
and phases of the modes are
adjusted as previously
described to 'flat-top'
the
net energy gain versus phase of the electrons.
As
expected, the addition
of the third harmonic results
in an improvement of both the longitudinal
and transverse phase space of the output beam. At the same
time that the energy spread of the beam is reduced
from 50 KeV to 1 KeV, the output transverse
phase
space has been reduced by a factor of four.

The validity
of the harmonic compensation concept
has been verified
with the use5of a version of the
particle
tracking
code PAKMELA modified to include the
effects
of rf fields
at multiples
of the fundamental.
Figures 1 through 4 were generated by PAKMELA, and are
presented to illustrate
the effect
of the rf fields
and space charge on the longitudinal
and transverse
used
phase space occupied by the beam. The rf fields
are those calculated
by UKMEL3 for a real cavity6
shaped to support accelerating
fields
at 1 GHz and at
3 GHz. The cavity length is 36 cm, including
beam
pipes.

Figure 2 shows the results
of three calculations
chosen to demonstrate the importance of space charge
and the advantage of reducing space charge forces by
The input beam for all three
using a long beam bunch.
cases has an energy of 300 KeV, a bunch charge of 1 nC,
a transverse
phase space of 1 IT mm mr, and a starting
diameter of 1 cm. Part (a) of the figure shows the
results
of accelerating
a beam which begins as a pulse
+ 2 deg long through a single cell to an energy of
for
about 1.2 MeV. Parts (b) and (c) show the results
a + 6 and a * 18 deg beam respectively.
Acceleration
is provided by fields
at the fundamental for (a) and
at the fundamental and the third
61, and by fields
harmonic in (c).
Note that the shape of the beam
bunch ranges from a disk in (a) to a rod in (c).
In
order that the calculations
be reasonable,
and that
comparisons among the three cases be meaningful,
the
cavity is preceeded and followed by a thin solenoid
The first
lens strength
is chosen to let the
lens.
beam drift
to the center of the cavity with minimum
transverse
phase space growth with the cavity fields
The second lens is adjusted for a minimum in
off.
In comparing the three
angular spread at its exit.
cases, it is clear that the long bunch suffers much
less transverse
space degradation
than the short bunch.
the degradation
of the ?: 18 deg case is even
Actually,
'jets'
less than it appears, since the nearly vertical
visible
in the distribution
represent
a rather small
Modest
number of electrons
at the ends of the bunch.
chopping of the beam would lead to a substantial
increase in the beam brightness
at a small peak current
cost.
Interpretation
of the longitudinal
phase space
data is not so simple.
While the calculated
longifOT
tudinal
phase space of the output beam is largest
the longest input beam, it is clear from the figure
that there is a very high degree of correlation
between energy and phase in the ? 18 deg case which is not
taken into account by placing an ellipse
around the
the distribution
bears a
distribution.
In fact,
strong resemblance to a third order polynomial
and
leads to the speculation
that if the amplitude and
phase of the third harmonic field were adjusted
the phase ellipse
would collapse
substanproperly,
tially.

.A11 of the emittance
figures
to be presented refer
to the area of an ellipse
required
to enclose 90% of
the electrons
in the distribution.
The area quoted is
obtained using a straightforward
algorithm
which gives
a plausible
estimate for the 90% area, but which is not
in fact-the
absolute minimum area of an ellipse
which
As a result,
could circumscribe
90% of the particles.
the quoted emittance will be somewhat overstated,
particularly
for the highly disordered
distributions
which occur for high bunch charges.
The algorithm
actually
used follows.
First the average area for the
distribution
is calculated
by associating
with each
particle
the area of the ellipse
defined by that particle.
For this purpose the centroid
of the ellipse
is
the same as that of the distribution,
and the orienwhile
tation of the ellipse
and its aspect ratio,
arbitrary,
The parais the same for each particle.
ratio are
meters describing
the orientation
and aspect
Second, the
then chosen to minimize the average area.
ellipse
associated
with each particle
using the para-.
meters just determined is used to identify
the particle
Finalwhose ellipse
encloses 90% of the distribution.
ly, the area of this particle's
ellipse
is used for the
90% emittance.
Figure 1 illustrates
the advantages of multiple
frequency acceleration,
without
the complications
of
space charge.
A 1 cm diameter beam enters a single cell
cavity and is accelerated
from an initial
energy of
1 MeV to about 2 MeV. The beam is 36 rf degrees long.
Part (a) of the figure shows the output longitudinal
and transverse
phase spaces of the beam when the cavity
The
is excited by only the fundamental frequency.
expected cosine dependence of the energy gain of individual electrons
can be seen, as well as the rather
typical
'butterfly'
shape of the transverse
phase space.
Electrons
at the back of the bunch occupy a narrow
ellipse
oriented
from quadrant 2 to quadrant 4, while
those at the front occupy a similar
ellipse
oriented
from quadrant 1 to quadrant
3. Electrons
at positions
within
the bunch occupy other ellipses
such that the
final distribution
is as shown. Electrons
in quadrants
2 and 4 will move closer to the axis as the bunch drifts

It is possible
that unexpected results
might
appear after acceleration
by several sequential
'flat-topped'
cavities,
even though the results
after
one cavity are very encouraging.
The phase space
occupied by the beam after the first,
second and third
cavities
of the three cavity accelerator
is displayed
in parts (a), (b), and (c) of Figure 3. The rf fields
in each cavity
are 'flat-topped'
with a third harmonic
The energy gain in each cavity
as discussed earlier.
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is approximately
1 MeV. The input beam for the calculation
has a kinetic
energy of 300 KeV, a bunch
length of f 18 deg, a charge/bunch of 1 nC, a radius
of 3 mm, and a normalized transverse
phase space of
A thin solenoid lens is placed immediatelrmmmr.
ly before the first
cavity,
and another between the
first
and second cavities.
The strengths
of the
lenses are adjusted for minimum transverse
phase
space at the output of the first
and third cavities.
Examination of Figure 3 reveals nothing particularly
surprising
about the beam as it progresses through
The longitudinal
phase space grows
the sequence.
slightly
from the beginning to the end, but in an
orderly fashion,
and probably by an amount signifiThe transverse
phase
cantly less than it appears.
space actually
seems to decrease somewhat from the
exit of the first
cavity to the exit of the last
cavity!
While the decrease is small, it is well
within the accuracy of the calculation
and presumably
is obtained at the expense of some growth
of the
longitudinal
phase space.

a photo-cathode
remains to be seen. The harmonic
buncher block incorporates
multiple
frequency fields
to provide bunching with minimal phase space growth.
The resulting
+ 18 deg bunch will be accelerated
to
an energy of about 2.5 MeV by superconducting
cavities
providing
fundamental and harmonic fields
in separate
Finally
the beam will be compressed with a
cells.
magnetic bunching system by a factor of 10 or 20 to
provide peak currents of a few hundred Amperes. The
anticipated
normalized transverse
emittance of the
beam is less than 20 'TI m m r, leading to a brightness
in excess of lo* A/cm2/rad 1 . The entire injector
system will be carefully
instrumented
in order to
properly
study the phase space growth mechanisms.
Acknowledgements

The final
figure
(Figure 4) of the series of beam
calculations
explores the possibility
of using one
cavity to produce the fundamental frequency field
and another to produce the third harmonic field.
As
there are reasons to believe that
discussed earlier,
the separated cavity
approach will be inferior
to
multiple
resonant cavity approach -the
single,
particularly
for low energy beams. On the other
hand, the engineering
problems to be solved in order
to use one cavity for the production
of fields
at
Immediate
more than one frequency are substantial.
examples include tuning each frequency mode, coupling rf power to each mode, and sampling the modes
independently
for field
and phase control.
Production of each field
in a separate cavity obviously
solves all of these interaction
problems at once.
Figure 4 shows the evolution
of a beam through a two
The first
cavity
cavity multiple
frequency system.
is excited at the fundamental only, while the second
The
cavity is excited at the third harmonic only.
input beam for the calculation
has a kinetic
energy
of 300 KeV, a bunch length of? 18 deg,a charge/bunch
1 nC, a radius of 4 mm, and a normalized transverse
phase space of 1 IT m m mr. A thin solenoid lens is
placed immediately before the first
cavity,
and
The
another immediately after the second cavity.
strength of the first
lens is adjusted for minimum
transverse
phase space at the output of the second
The second lens is adjusted to minimize
cavity.
From the figure
the angular spread at its output.
it is clear that for this set of parameters,
the
The
separated cavity approach works quite well.
phase space of the beam after the first
(fundamental
only) cavity has been substantially
degraded from
correlations
within the beam
However,
the input.
are sufficiently
well preserved during the 36 cm
drift
between cavities
that the third harmonic field
within the second cavity is able to reduce the beam
phase space to a very respectable
7.6 n w m mr by the
time the beam leaves the cavity.
High Brightness
-

Test Injector

Part of OUT program at Stanford includes the construction
of a test injector
incorporating
the
various concepts outlined
in the preceeding sections.
Figure 5 is a block diagram of the injector
along
The gun will
with some of its design parameters.
operate at as high a dc voltage as practical.
At
present it is imagined that this limit
is 300 OT
400 kV. Whether the 333 ps pulses delivered
by the
block on the figure are obtained with a gridded gun
in conjunction
with an Tf chopping system, or from
424

The ideas presented here are from the group
headed by Professor H. Alan Schwettman at the High
Energy Physics Laboratory
at Stanford University.
Special thanks are due him and to Carl Hess of Stanford and to John Edighoffer
of TRW. The computer
code URMEL was provided by T. Weiland of DESY. The
code PARMELAwas provided by K. Crandall and L. Young
of LANL.
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Figure

Captions

Figure 1: Phase space of an electron
beam after being
accelerated
in a single cavity.
The input beam is
It is accelerated
from an initial
1 cm in diameter.
energy of 1 MeV to about 2 MeV. The input transverse
phase space is 1 TI m m mr. The input bunch length is
t 18 rf degrees.
For this figure,
and the others
the units are cm, mr, keV, and degrees
presented,
(1 GHz) for x, dx/dz, energy, and phase respectively.
The plotted
phase space distributions
are an artist's
rendition
of the actual distribution
which was calEach of the phase
culated using 2000 particles.
space projections
which form the various spectra and
profiles
contain all 2000 particles.
(a) Phase space after acceleration
by fundamental fields
only,

(b) Phase space after acceleration
by 'flattopped' fields
formed by the fundamental and the third
Note the improvement in the energy spectrLm
harmonic.
and the transverse
phase space relative
to (a).

SINGLE
Input

Figure 2: Effect of bunch length on the output phase
space of a bunch containing
1 nC. The input beam has
phase space of
an energy of 300 keV, a transverse
to
1 n m m mr, and a diameter of 1 cm. Acceleration
approximately
1.2 MeV is provided by a single cavity.
A lens before the cavity is adjusted for each case to
minimize phase space growth to the center of the
cavity with the cavity fields
off.A lens after the
cavity is adjusted to minimize the angular spread of
the output beam.
(a) Input bunch length + 2 deg (.33 cm). Acceleration by fundamental fields
only.
(b) Input bunch length + 6 deg (1.0 cm). Acceleration by fundamental fields
only.
(c)
Input bunch length f 18 deg (3.0 cm). Acceleration
by fundamental fields
plus third harmonic
fields.

Beam

CAVITY PHASE SPACE

Diameter

= I cm ,

No

(01 FUNDAMENTAL
-----------------------------------

of cavity
Figure 3: Output phase space as a function
The fields
cell accelerator.
number along a three
in each cell are 'flat-topped'
using the third har1 MeV energy gain.
monic, and provide approximately
The input beam has a kinetic
energy of 300 keV, a
bunch length of 2 18 deg, a charge/bunch of 1 nC, a
radius of 3 mm, and a normalized transverse
space of
1 x m m mr. A thin solenoid lens is placed before the
cavity
and another between the first
and second
first
The strengths
of the lenses are adjusted
cavities.
for minimum transverse
phase space at the output of
the first
and third cavities.
(a) After the first
cavity.
(b) After the second cavity.
(c) After the third cavity.
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lwJ2

0
dud,

FUNDAMENTAL

PHASE

SPACE
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vt

1
INPUT

Bunch Charge = 1 nC
Input Diameter = 1 cm

Figure 4: Output phase space of a beam accelerated
from 300 keV to 1.1 MeV using a cavity with only
fundamental fields
followed by a cavity with only
The input beam has a diameter
third harmonic fields.
of 8 mm, a charge/bunch of 1 nC, a pulse length of
phase space of 1 n m m mr.
+ 18 deg, and a transverse
A thin solenoid lens immediately
in front of the
first
cavity is adjusted for minimum transverse
phase
A thin
space at the output of the second cavity.
lens at the output of the second cavity is adjusted
for a narrow spread in angular divergence of the
output beam.
(a) Phase space after the first
cavity (fundmental only).
(b) Phase space after the second cavity (third
Note the improvement in
harmonic only).
phase space after the beam has passed
through the second cavity.
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A PULSE COMPRESSIONSYSTEMFOR THE ANL 20 MeV LINAC
G. Mavrogenes, J. Norem, and J. Simpson
Argonne National Labora tory
Argonne, Illinois
60439
Descrfp tion

Introduction

compression
sys tern shown in Fig.
1
The pulse
consists of a 1.3 GHz cavity together with a transport
The voltage
in the
line to two experimental
areas.
cavity is such that the beam executes one fourth of a
synchrotron
period
between the accelerator
and the
The two experimental
areas are
experimental
areas.
accommodated by the use of two optical
systems between
the bending
magnets.
The betatron
phase advance
between the centers of the bending magnets is x when
the magnets bend the same way and 2n when they bend
which is
the opposite way, thus the time dispersion,
equal to the integral
of (eta/rho),
will add in both
The miss parameters
for the two lines are
cases.
An additional
isochronous
section
shown in Fig. 2.
the beam from a Cerenkov
capable
of transporting
will
be built
for
the
radiator
cell
to a test
Tracking of the beam line
chemistry
users as shown.
using TURTLE was done to evaluate the contributions
of
Sextupoles placed
chromatic and second order effects.
between the 90’ bending magnets significantly
improve
the beam quality
through the wake field beam lines.

This paper describes
the pulse compression system
being built
on the Argonne 20 MeV electron
linac
(ref).
The system is designed to rotate
the bunch
from the present
measured pulse length
of 38 psec
FWHM, to pulse lengths
of 5 to 6 ps with the large
instantaneous
currents
(l-4 kA) possible
instantaneous
current.
This system was necessary
to extend the
study of reactive
fragments of molecules to the time
scale of a few picoseconds,
in particular
to examine
the chemistry
of electrons
and ions before and during
relaxation
of
surrounding
media.
These
the
experiments
are not sensitive
to the beam energy
High Energy Physics experiments studying wake
spread.
fields
have also been proposed using the short bunches
and the facility
was designed so that the wake field
experiment could share the beam bunching system.
The 20 MeV electron
linac uses a double gap, 12th
subharmonic prebuncher
together with a one wavelength
1.3 Ghs prebuncher to producf a single pulse of 38 ps
Beam emi ttances of 15.7
from one occupied rf bucket.
mmmr have been measured for 40 nC of accelerated
charge and 8 mmmr at 10 nC. The energy spread of
dE/E = 1X (FWHM) has been measured at 40 nC. Thus the
accelerated
beam has excellent
time structure,
high
current,
and good emittance.

I
I
I
L -----V---J

m

Advanced Accelerator

Fig.

1.

The pulse
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compression

system

,
I
I

Test Facility

A potentially
more
interesting
modification
to the
possibility
of bunching with a high
beamline is the
frequency
cavity
with variable
phase, which permits
Since wake fields
are
control
over the pulse shape.
highly
dependent on the shape of the driving
bunches,
For example,
pulse shape is an- important
variable.
recent theoretical
results
have shown that triangular
mor than
current
profiles
can accelerate
particles
5 For
three times as effectively
as gausaian beams.
this reason we have studied
the possible
effects
of
bunching
with
a high
frequency
cavity
at various
shown in Fig. 4, show
The results,
arbitrary
phases.
shape can be
how beam pulses
with
a triangular
produced.
The high frequency
cavity,
as well as the
cavity
for reducing
the energy spread of long bunches
sections
straight
accommodated
in
the
can
be
immediately
before and after
the two 90’ bends in
Fig. 1.
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Status

synch phase space

of the facility
Cons true tion
is well
underway.
The beam line should be completed around mid summer
and tune up and operation
will
take place soon after
so that full
operation
will
be possible
in the early
for
chemistry
iaochronoua
line
fall,
when
the
experiments
should also be ready.

The energy spread of the beam before and after
the
bunch compressor is shown in Fig. 3. The pulse length
produced depends on the energy spread of the beam into
the bunching
cavity.
In principle
reducing
the
should allow the bunch
momentum bite into the system
length
to be arbitrarily
small,
however beam loading
in the linac may limit
the minimum pulse length
that
can be produced.
Adjustable
slits
are provided
between the first
two bending magne ta to control
the
energy spread at this point.
Time alewing introduced
by the 45O degree magnets is negligible.
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Op tiona
A 1 though
this
system is designed
to compress
pulses,
a variety
of other
pulse
shapes can be
produced.
By changing
the phase of the bunching
cavity
by x, the system can be made to double
the
pulse length
to about 80 pa and further
increases
in
cavity
voltage
would produce
further
increases
in
pulse
length.
Lengthening
the pulse
in this
way
increases
the energy spread, however it is possible
to
reduce the energy spread with the addition
of another
cavity if this is necessary.
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INJECTION
LINAC SYSTEH FOR THE ARGONNE LIGHT
G. Mavrogenes,
Y. Cho and T. Khoe
National
Laboratory,
9700 S. Casa Avenue,
Argonne,

The Argonne
6 GeV Light
Source
will
use
positrons
rather
than
electrons
in order
to avoid
One of the
ion
trapping
of the residual
gas.
primary
requirements
of the
linac
system
is the
capability
to deliver
relatively
intense
short
bunches
of positrons
in the stationary
buckets
of
the booster
synchrotron
without
utilizing
a positron
A linac
system
for
accomplishing
accumulator
ring.
this
task
is described.
It
consists
of a 200-MeV,
high-current,
electron
linac
and a 450-MeV
positron
linear
accelerator
with
a DESY-type
converter
in
between.
The first
accelerating
section
of the
electron
linac
is a high
field
standing
wave
structure.
The rest
of the accelerating
sections
for
both
the electron
and positron
linacs
are
conventional
disk-loaded
T.W.
guides
us.ing
the SLACSLED pulse
compression
scheme.

Frequency
Klystron
Power
No. of Klystrons
No. of Sections/Traveling
No. of Sections/StandinR
Repetition
Rate
Bean Pulse
Width

first
section
is a 200-MeV
high-current
linac.
Seven
3-A electron
pulses,
each
16.5
nsec
are accelerated
in this
section
at a rate
of
long,
60 Hz.
These
electrons
are focused
to a 3-mm
diameter
spot
at the 7-mm-thick
tungsten
positronproduction
target.

Electron
The

electrons
are
longitudinally
bunched
to
within
30“ at 2.85
GHs and so the dominant
cause
of
energyspread
at the converter
is transient
beam
loading.
Since
this
is most pronounced
in the
injector,
the section
immediately
after
the buncher
is a biperiodic
standing
wave structure
with
a
20 NeV/n
accelerating
field.

Wave
Wave

2.85
GHz
35 MU
4
13
1
60 Hz
16.5
nsec

(incl.

5
5.0 A
135 kV
3.0 A
200 MeV
1.2 n nn*mrad
13 m
20 m

buncher)

Converter
Type
Thickness
Conversion
Efficiency
at Converter
(for
Positron

ei/e200-MeV

Tungsten
7 mm
0.0067
e-)

Linac
20

PIA
10
450 MeV
e HeV
10 mA
6.6 II mn*mrad
9.01
27 m
32 m

Input
Current
No. of TW Sections
Output
Energy
Input
Energy
(mean)
Resolved
Output
Current
Emi ttance
Energy
Spread
Active
Length
Physical
Length

accelerating
constant
With
an
mode.
a 16.6
MeV/m

The 4-m-long
region
between
the
two linacs
contains
a spectrometer
magnet,
a focusing
quadrupole
triplet
for
the 200-MeV
electrons,
and the
positron
converter.
The converter
itself
will
absorb
-20% of the electron
power
of about
500 W.
-The
resulting
radiation
levels
are high
enough
to
require
local
shielding.

of

I
Parameters

Linac

No. of Sections
Input
Current
Input
Energy
Output
Current
Output
Energy
Output
Eni ttance
Active
Length
Physical
Length

The positron
pulses
from
the
target
are
focused
by a high
field
pulsed
solenoid
before
injection
into the positron
linac
for
acceleration
to 450 MeV.
Assuming
a 50% efficiency
in the positron
accelerating
section,
we expect
the positron
pulse
to have a
current
of 10 mA, an energy
of 450 f 2.5 MeV and a
95 percentile
emittance
of 6.6 x 6.6
(mm*mrad)2.
The final
e+/e-ratio
is 0.0033.
The option
of
accelerating
a few milliamperes
of electrons
with
energies
up to 650 MeV by withdrawing
the positron
target
is available.

U.S.
Department
Sciences,
under

Table
Linac

General

The

by the
Energy

60439

Nominal

The general
design
of the
linac
and its
beam
parameters
are set by the requirements
of the system
and the acceptance
of the injector
synchrotron.

*Work
supported
Office
of Basic
W-31-109-Eng-3B.

IL

The positron
accelerating
sections
are exactly
like
the electron
-sections.
To avoid
arcing
due to
radiation,
the first
positron-accelerating
section
operates
at a low field
of -7 MV/m and the following
two sections
operate
at ~11.3
MV/m.
The remaining
four
sections
operate
at a nominal
16.7
MeV/n.
If
it
is required
that
the first
section
operate
at an
even
lower
field
to avoid
arcing,
sufficient
rf
power
is available
to increase
the fields
in the
rest
of the sections
to compensate.
Care has been
taken
to keep
the positron
beam diameter
smaller
than
13 m m by a focusing
system
similar
to those
of
DESY and LEP.
This
ensures
that
the positron
beam
is injected
into
the synchrotron
with
very
high
efficiency.
Linac
parameters
are
listed
in Table
I.

Introduction

The traveling-wave
disc-loaded
sections
are of the SLAC type,
with
gradient
and operating
in the 2n/3
input
power
of 25 MV, each generates
accelerating
field.

THS-3

SOURCE*

Overa

11 e+/e-

Linac

Injection

Efficiency

at

450

MeV

0.0033

System

The electron
linac
injection
system
produces
a
5-MeV beam of 3.0-A
current
and 16.5-nsec
pulse
The emittance
is 3.0 n mmanrad
and
length
at 60 Hz.
energy
spread
is no more than f 5%.
It
consists
of
cath
de
a triode
electron
gun with
a thermionic
similar
to the one used at SLAC for
the SLC. P A

Energy,
contract
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beam pulse
of -5.0
A (the
gun is capable
of 10 A)
and 16.5
nsec
duration
at 135 keV,
B = 0.6
is
A set of two thin
lenses
generated
by the gun.
focus
the electrons
into
a reentrant
cavity
which
acts
as the first
prebuncher
and operates
at the
After
a drift
distance
of
frequency
of 2.85
CHs.
are further
prebunched
in a
60 cm, the electrons
traveling-wave
prebuncher
which
is one wavelength
They are
then
injected
into
the
long
at p = 0.6.
tapered
(from
8 = 0.6
to 6 = 1.0)
bunching
section
powered
by -5 MU of 2.85-GHs
rf power
to produce
a
tightly
bunched
electron
beam for
matched
injection
into
the standing-wave
section.
This
section
has a
high
20 MV/m accelerating
field
for
low transient
The power
and phase
of all
the
beam loading.
injector
components
are adjustable
through
power
The complete
injector
snlitters
and phase
shifters.
system,
after
the gun and including
the standingis in an axial
magnetic
field
wave section,
of -0.1
T provided
by a continuous
Helmholtz
coil
Provisions
are made so that
the optimum
s+s tern.
magnetic
profile
is established
and no external
magnetic
field
penetrates
the cathode
of the
klystron
A separate
35 MU, non-SLED
electron
gun.
is used
for
rf power
with
appropriate
power
division
between
the injector
and the first
accelerating
section
of the positron
linac.
Accelerating

This
increases
the peak
rf power
by
structures.
These
results
have
approximately
a factor
of three.
been duplicated
at Laboratoire
de 1’AccClsrateur
Lingaire,
Orsay,
on a prototype
of the SLED system
using
a ZO-MU klystron
and working
into
a resistive
load.4
re 35 N W klystrons,
The rf power
sources
f
as the Thomson-CSF.TH2094.
Three
klystronmodulator
assemblies
using
the SLAC-SLED
system
required
to power
the accelerating
sections
of
electron
and positron
linacs.

The modulators
forming
network
line
switch
in the input
accurately.

are of the
type
with
to regulate

The output
of the SLED resonant
cavities
(-100
MW) exceeds
the arcing
threshold
of a
transmission
waveguide
pressurized
with
SF6;
the cavities
and the transmission
that
reason,
waveguide
are under
vacuum.

The output
from
each SLED cavity
(-100
MW) is
divided
and then
subdivided
into
equal
parts
with
The phase
of
magic
T’s
as required
(see Fig.
1).
the rf power
fed
to the waveguides
is controlled
by
high-power
mechanical
phase
shifters.
Low-Level

RF and

Phase

Control

The 3-CHs output
of an ultrastable
master
oscillator
is amplified
to the 20-kW peak power
level
by a small
booster
klystron.
A rigid
coaxial
line
distributes
this
signal
to the four
klystrons
through
an electronic
phase
control
circuit.

With
an attenuation
of 0.57
nepers
per section
and 25 M W of input
power,
13.0
MU is dissipated
in
the section
and the rest
in the
terminating
load.
Each accelerating
section
has a separate
cooling
system
that
controls
its
temperature
to f 0.2’C,
corresponding-to
a frequency
shift
of f 0.5 MHZ.

The phase
adjustment
of the accelerator
is
initially
made by maximizing
the energy
of both
linacs
and at the same time
minimizing
the energy
spread.
From then
on,
the phases
of the accelerating
and bunching
sections
are
compared
to a
reference
cavity
in the injector
and the relative
phase
difference
is kept
constant
by the control
computer.
A system
measuring
the phase
difference
between
two cavities
with
an accuracy
of f 1’ has
been
tested
at Argonne
and is incorporated
into
the
sys tern.
The fixed
energy,
pulse
width,
and duty
cycle
for
both
electrons
and positrons
make the
phase
control
system
of the linac
relatively
simple.

cm.

The copper
accelerating
structure
is enclosed
in a stainless
steel
cylindrical
envelope
and the
pumping
is achieved
through
L-mm-diameter
holes
in
Two 100 Il/sec
vacthe outer
wall
of the cavities.
in the accelerating
ion pumps keep
the Fjessure
sections
below
5x10
Torr
with
rf power
on.

Positron

Since
both
linacs
mode with
a very
shor
5
the SLAC-SLED
sys tern.
part
for
the rf pulse
cavities
before
a 180”
stron
input
causes
the
ties
to be emptied
into

for

Copper
rectangular
waveguide
(WR 284)
is used
for
low rf
losses.
The estimated
rf
losses
per
accelerating
section,
including
those
of rf flanges,
are -0.4
db; hence,
no water
cooling
is required.

The design
of the acceierating
sections
is
The basic
performance
similar
to the SLAC design.
criterion
is an energy
gain
of 50 MeV per section
with
20 MU input
power
and a field
gradient
of
The first
traveling-wave
section
after
16.6
MeVIm.
the injector
operates
at 23 MV/m accelerating
field
with
20 H W input
power
for
low transient
beam
loading.
The first
three
positron-accelerating
sections
operate
at low accelerating
fields
of 7 to
11 MV/n to avoid
arcing
due to radiation
and the
presence
of electrons
from
the positron
target.

and

standard
pulsea tetrode
charging
the input
charge

RF Distribution

The linac
accelerating
sections
are disc-loaded
waveguides
operating
in the 2n/3
traveling-wave
mode
There
are
three
with
constant
field
gradient.
traveling-wave
sections
in the electron
linac
and
ten in the positron
linac.

Klystron

are
the

One additional
klystron-modulator
assembly
without
SLED is used
to power
the injector
and the
first
accelerating
section
of the positron
linac.
Most of the rf power
is directed
to the injector
through
a power
splitter
and phase
shifter.

Sections

Each section
consists
of 86 elementary
cells,
including
the
two end couplers,
with
the iris
diameter
varying
smoothly
from
2.622
cm to 1.924

such

Production

Modulators
For maximum utilization
of the geometrical
acceptance
of the positron-accelerating
sections,
the 200-MeV
electron
beam impinging
on the positronconversion
target
is focused
tightly
to a spot
size
The energy
spread
of no more than
3 m m in diameter.
of the incoming
electrons
is limited
to +5X to avoid
increasing
the beam spot
due to chromatic
effects
in
the focusing
system.

are working
in the
transient
pulse
of 16.5
nsec,
we use
Power
is stored
in the front
for
about
3 nsec
in two high-0
phase
reversal
at the klyenergy
in the storage
cavithe accelerating
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6
the positrons
are
Following
the DESY design,
produced
in a water-cooled
retractable
target
that
made of two radiation
lengths
(7 mm) thick
tungsten.

Downstream
from
the Helmholts
coil
system,
the
beam is focused
by three
quadrupole
triplets
placed
between
accelerating
sections
to give
the required
beam spot
on the positron
target
with
a corresponding
emittance
of 6 mn*mrad
(at
200 MeV) for
90%
of the electrons.

is

The energy
distribution
of positrons
emerging
from
the target
is inversely
proportional
to the
thus
there
are more lower-energy
positron
energy,
The energy
positrons
than
higher-energy
posi trans.
acceptance
of the positron
linac
is set
to accept
Solid-angle
the positron
energy
of 8 i 1.5 MeV.
acceptance
of the system
is defined
by a pulsed
solenoid
placed
immediately
downstream
of the target
The solenoid
and positron-accelerating
waveguide.
has a field
strength
of 1.5 T and an aperture
equivalent
to the acceptance
solid
angle
of 0.15
steradians.
Positrons
from
production
angles
up to
220 mrad in each
transverse
plane
are captured
in
the acceptance
aperture.

After
(-1.5
T),
with
a 0.4
the first
is a limiting
the first

the target
and the short
pulsed
solenoid
the positrons
are focused
by a solenoid
T magnetic
field,
which
is wound
around
There
two positron-accelerating
sections.
aperture
of 1.5 cm at the entrance
of
positron-accelerating
section.

Subsequent
focusing
is similar
to that
at
and consists
of a matching
section
of quadrupoles
The spacing
of the
followed
by a FODO system.
quadrupoles
increases
with
energy.

The accepted
positron
emittance
is E = 330 mm*mrad
(220 mrad x 1.5 mm) in each
transverse
plane,
where
The posithe beam size
of 1.5 m m radius
is used.
tron
yield
per an accident
electron
of 200 MeV
accepted
by the system
is 0.00675.
This
yield
is
equivalent
to injection
of 20 mA positron
pulse
The positron
linac
current
into
the positron
linac.
The final
positron
to
loss
is assumed
to be 50%.
incident
electron
ratio,
including
transmission
losses,
is e+/eThis
results
in a lo-mA
= 0.0033.
positron
current
at 450 MeV.
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Introduction

but many simultaneous
design considerably.
number of subtle
yet
described below.

A group
Argonne
at
National
Labora tory
is
a facility
cons true ting
for use in a program to
variety
of
experimentally
study
a
advanced
acceleration
mechanisms.
Many new‘mathods of particle
acceleration
have been proposed in recognition
of the
requirements
for
the next generation
of colliders.
Some of these ideas are well
enough developed
to
warrant experimental
studies.

THS-s

the
constraints
complicated
The final
design contains
a
important
features
as will
be

include
wake
experiments
“ill
Initial
measurements using both structures
and plasmas.
experiments are described in more detail
below.
Description

There are several
active
programs at various
laboratories
directed
toward specific
methods, such as
FEL rf sources,
plasma beat wave, and switched power
linacs.
The facility
at Argonne is particularly
well
suited for use in the study of wake field acceleration
in a variety
of structures
and media.

field
These

of Facility

The advanced accelerator
test facility
uses two
beams, a 2 1 MeV, high intensity
beam for driving
wake
energy
(- 15 MeV), lower
effects,
and a lower
intensity
witness
beam for sampling the wake fields
produced.
The witness beam is produced by the driving
beam from a small carbon target which degrades a small
part of the driving
beam by 5 - 6 FleV. The momenturn
and emittance
bites accepted by the witness beam are
determined
by slits
immediately
following
the first
The witness beam flux is limited
to a
bending magnet.
small
fraction
of the driving
beam by multiple
scattering
effects
in the energy loss target.

Recognition
that Argonne was in a unique position
to address
this
study developed as a result
of a
several years experience
using a 20 MeV, short pulse
electron
linac
operated
by the Chemistry Division.
This is the same linac which w s used for the Argonne
1.d In the fall
beam signal pickup facility.
of 1984,
Division
to
plans were announced by the Chemistry
provide a pulse compression system to extend the study
of
chemistry
few picosecond
experiments
to
the
range.
This pulse compression system is escribed in
It
was
a separate
this
conference. 4
paper at
recognized that the new short bunch structure
could be
At
exploited
for studies
of wake field
structures.
the same time,
a group
from the University
of
Wisconsin expressed interest
in studying
plasma wake
fields
using the beam.

The beam line designs for both driving
and witness
beams were determined by constraints
that both lines
must have colinear,
dispersion
free foci at both ends,
that the witness beam line must
be able to delay the
witness pulse by as much as 2.5 nsec, and that both
beams should have small time
driving
and witness
Additional
complications
are caused by
dispersion.
the large momentum bite of the driving
beam (Ref. 3)
and by the requirements
that the beam lines should be
magnetically
isolated
from each other while both beams
should operate as close to the same energy as possible
The resulting
to maximize witness
beam intensity.
beam designs are shown in Fig. 1 and Fig. 2.

Following
a several
month period
of planning, 4
construction
of the facility
began in the summer of
1985. At a glance the design may appear quite simple,
0.2.

Spectrometer
(Side View)
Energy Loss Target

\
“\
‘\ \

21 FleV Electron

Beam

Spectrometer

Fig.
*On leave from Fermi National

Accelerator

1.

The Advanced Accelerator

Laboratory
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(Top View )

Test Facility

-

The beam lines have been designed with acceptances
of about 10 II mmmr in x and y for the driving
beam and
about the same for the witness beam. We anticipate
witness
beam intensities
of about LO6 electrons
for
and a linear
relation
between
acceptances
large
Experiments
witness
beam acceptance
and intensity.
can be accommodated in the indicate-d w 1 meter long
In addition
to the adjustable
time
straight
section.
to control
the relative
delay,
we will
be able
positions
of the two beams horizontally.

“6 momTmx‘
i

Driving

communicate with power supplies,
data acquisition,
and
The control
system is essentially
diagnostic
devices.
complete and software is being written.
that
present
schedule
indicates
Our present
installation
of facility
components will
be complete
Beam tuning
is expected to
by late summer, 1986.
begin in July.
Experimental

The facility
will
permit
experiments
on any
structure
or medium that can fit
in the -1 meter
region.
The initial
phases of the
experimental
wake
field
program
will
experimental
study
acceleration
in structures
and in plasma.

LO.

Beam

described
which
been
The
has
akea tron,
long bunches of protons
elsewhere, !Y uses comparatively
traveling
in a structure
to accelerate
short bunches
of electrons
which are colinear
with the protons and
Initial
experiments will be aimed at
follow closely.
measuring energy loss within
the driving
beam as it
traverses
structures
somewhat similar
to accelerator
measured
dependence
of
waveguides,
studying
the
The second
quantities
on the structure’s
geometry.
phase will
study acceleration
and deflection
of the
The goal of these experiments
is to
witness
beam.
better
understand
the parameters of these structures
to permit “next step” experiments,
perhaps with high
energy pro tons.

Distance Iml

WI

Fig.

acceleration
will
also
be
P la sma wake field
studied,
initially
usiag a small plasma source being
built
at the University
of Wisconsin
by Cliae and
This source, which ~$11 produce plasmas
Rosenzweig.
with densities
on the order of 10 /cm , will be 10 We will
study
the acceleration
and
20 cm long.
beam as a function
of
def let tion
of the witness
re la t ive
plasma properties,
driving
beam current,
and bunch
longitudinal
and
transverse
positions
time
addition,
measurements
on the
shape.
In
The
development
of the driving
beam will
be made.
linearity
of transverse
focussing
of both driving
and
in determining
witness beams, for example, is critical
8 stems.
The
the properties
of long accelerator
ability
to use triangular
current pulse 3y allows tests
pr dictions
by Chen and others for aoaof theoretical
predict
These
calculations
gaussian
beams. %
transformer
ratios
of triangular
beams will
be 3-4
times those of gaussioa beams.

tnesa Beam

1
2a and 2b.

Distance Iml

Twiss parameters

2

of beamlines

The spectrometer
design was determined
by the
requirements
for high resolution
and the ability
to
measure angular
deflections
in addition
to momentum.
The spectrometer
consists
of a quadrupole and a single
large
dipole
-bending 90’.
The dispersion
of the
magnet is 1 meter and the angular resolution
should be
2.5 mrlmm. The magnet will bend vertically
to permit
measurement of angular deflections
of the witness beam
caused by horizontal
offsets
of the driving
beam.

We plan to use this test facility
to measure the
such as
properties
of accelerator
components
bellows,
kickers
and pickups using the driving
and
witness beams to determine longitudinal
and transverse
wakes.
rf

All beam diagnostics
will
utilize
scintillation
screens viewed by CCTV cameras.
These images will be
digitized
and manipulated by a Data Translation
DT2803
frame
grabber,
initial
and
and
data
analysis
monitoring
will be done by a IBM PC/XT.
Construction

Status

Program

Summary
A facility
is presently
being constructed
which
can measure transverse
and longitudinal
wake fields
in
structures
and media.
Initial
experiments
with
cavities
and plasmas are being directed
at systems
which
could
be applied
to a high
energy
linear
should
be
collider,
experiments
a 1 though
other
possible.
The facility
will
eventually
operate as a
user facility.

and Schedule

Components
for
the
facility
are
now being
fabricated
and assembled.
All quadrupole and bending
magnets have been constructed
and tested,
as have
major support structures.
Vacuum pipes and housings,
complicated
by the compactness of the facility,
are
now being fabricated.
Power for magnets is provided
by pulse width q odula ted power supplies
operating
at
15-20 KHz.
All
power supply
systems have been
completed and tested.
Control
systems, centered
in
the
IBM-PC,
use CAMAC and GPIB interfaces
to
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Introduction

the structure. Thus when the beam passes through the
capture section it interacts with a nearly constant voltage
gradient, as can be seen from the cavity field curves in
Fig. 1.

The positron source for SLC is being installed at the twothirds point on the SLAC linac. Electron bunches at 33 GeV
impinge upon a Tantalum/Tungsten
target, producing showers of positrons with energies’ extending from approximately
2 to 20 MeV, with most positrons at the low end of this range.
Positrons with low energies and finite transverse momenta slip
phase during the processes of reacceleration and reinjection
into the SLC system, increasing the energy spread and reducing the overall yield of the positron source. This reduction in
yield has to be minimized by “capturing” the positrons with
a high-field accelerator section placed as soon after the target
as possible. The design, fabrication and RF testing of this
accelerator section is the subject of this paper.
Choice
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Field and energy plots for 29cavity constant-impedance
structures at 2856 MHz driven by a 50 MW klystron
through 0.97 dB loss.
Design

of Constant-Impedance

Structure

RF Design:
Having established that a constant-impedance
DLWG, operating TW and driven by a SLEDed klystron was the preferred
system for our use, it remained to settle upon the structure
length and the diameter of the disk aperture. All other dimensions, such as disk thickness and cavity length, were kept the
same as in the standard SLAC constant-gradient
accelerator
section. The disk diameter was chosen to be 23 mm, being a
compromise between the conflicting requirements of high shunt
impedance and low wake-field excitation.

Practically the whole klystron RF pulse width (5 ps in
our case) is available to charge the SLED cavities, giving
a large pulse-compression ratio.
At beam injection time (when the section is just filled
with RF energy), the field in the input cavity is still
high, since the section filling time is short comyared to
the SLED cavity filling time. Moreover, the time-decay
of the incoming SLED peak field approximately matches
the spatial attenuation
of the field propagating along
of Energy,

I

18

DISK

5-Lili

However, it was very clear that the possibilities of the
SLED:3 pulse compression system should be explored. It quickly
became apparent that the combination of a SLEDed klystron
with a simple, short CI TW DLWG section is a very good way
of obtaining high accelerating fields - see the top solid curve in
Fig. 1. The short filling time Tf, the constant attenuation o
per unit length, and the small attenuation parameter r, (where
r = aL, and L is the section length), have several beneficial
effects:

*Work supported by the Department
DE-AC03-76SF00515.

r

II0

Drawing principally
from the work of G. A. Loew and
R. B. Neal,* a simple comparative study of the expected beam
energies was made for each of the three modes of operation
mentioned above. For the study, a 2Q-cavity CI DLWG (1.015
meters long) was used. Energies were calculated for five different disk aperture diameters. In all cases, operation in the 2z/3
mode was assumed, with a 50 MW klystron driving the section through a rectangular WG feed with 0.97 dB loss. Figure 1
shows that, as expected, the energies theoretically obtainable
with recirculating and standing-wave operation exceed those
reached under traveling-wave conditions.

l

The short duration of the high field pulse may not allow
time enough for development of some sparking mechanisms, such as surface heating due to multipactor,
surface gas desorption due to heating and electron bombardment, and local gas ionization leading to plasma discharge and avalanche breakdown.
I20

At the outset, we were confronted with the task of choosing between traveling-wave (TW), standing-wave (SW) and recirculating
(R) modes of operation in a disk-loaded circular
waveguide (DLWG), which could be singly or multiply periodic. In the interests of schedule and budget, there was a bias
towards using a short section of DLWG, either Constant Gradient (CG) or Constant Impedance (CI), in the TW mode,
since techniques for building such a structure are well-known
at SLAC.

l

TH3-4

Some of the salient parameters of the structure at 2856
MHz are: us/c = 0.0124; r0 = 57.0 MG/m; a = 0.177; Q0 =
13600. Operating parameters for various lengths of the structure driven by a SLEDed 50 MW, 5 ~LSklystron pulse through
0.97 dB loss are given in Table I.
Figure 2 shows how, with SLED, the section energy and
the input cavity field at beam time vary with section length.

contract
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TABLE

i

Section Length,
Tr )
7,
SLED Energy-Gain
SLED Power-Gain
Non-SLED Energy,
SLED Energy,
Input Cavity
Peak Field
Input Cavity
Field at
Beam Time
Output Cavity
Field at
Beam Time

m
ns
nepers
Factor
Factor
MeV
MeV

0.5
134
.089
2.44
6.49
13.6
33.3

I
1.0
269
.177
2.32
6.45
26.0
60.4

SOMW,
Phase

5,a.

120~~s

Reversal

72.4 72.2 71.9

71.5

71.3

E
3
2

(PSK)

MW

5
TIME
&s)
PnvG = 20.9 kW

nn
Sled Power
Dissipation

- 200

0

SLED

Klystron
Zd-3C

MV/m

ILL- 320 M W

1.5
2.0
2.5
3.0
403
538
672
807
.266 .354 .443 .531
2.21 2.10 2.00 1.90
6.40 6.34 6.29 6.22
37.5 47.9 57.4 66.1
82.8 100.5 114.8 125.7

= 10.15kW
I

WaveguIde

70.9

Loss

= 0.97dB.

Dissipotion
I” Each
Hiah- Power
Laid=4
9kW

Low-

Power

65.9 59.9 54.3

MV/m

48.6

44.2

I

39.2

3dB

66.2 60.5 55.1

MV/m

50.2

45.8

Power Load

--
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41.7
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Disslpatlon
= 6.9 kW
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0
5
TIME
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Fig. 3.

Schematic of RF system, showing powers
and waveforms.

Version 4. A typical set of shower trajectories computed by
this program is shown in Fig. 4. For a 31.7 KW, 33 GeV electron beam incident on the target, the total radiation power
dissipated in the 1.5 m section is calculated to be 12.6 KW.
To this power must be added 6.9 KW of RF dissipation.
Figure 5 shows the RF and radiation dissipation per cavity~
along the structure. Also plotted are the calculated metal and
water temperature profiles along the DLWG cylinder, with RF
only, and with radiation and RF. The water cooling system
consists of 24 tubes uniformly spaced around the grooved periphery of the DLWG cylinder, and running parallel to the axis.
The total water flow is 40 gpm.
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shower trajectories

through

capture section.

Using ETRANS, a program for tracing particles through
an axially-symmetric
magnetic field, it has been shown that
the loss in positron yield resulting from an axial temperature
gradient in the structure of 4’C will not be greater than 3.5%.

54pI),,2

Field and energy vs length, for constant-impedance
DLWG structures driven by a SLEDed 50 M W klystron.

The RF and radiation losses in the first disk will be about
0.5 KW. With the cooling system described above, the radial
temperature drop across the disk is calculated to be 19’C.

Another compromise had to be made, balancing the requirements of high energy gain and high fields in the input cavities.
A length of 1.5 m was chosen. Figure 3 is a simple schematic
of the high-power RF circuit, labeled to show the peak and
average powers existing at various parts of the system.
Thermal

DIrectIon

Mechanical

Design

The constant-impedance
disk-loaded structure was chosen
in part because it is relatively simple to fabricate. The structure is a uniform stack of disks and spacers, aligned during
brazing by means of stainless-steel pins fitted into precisiondrilled holes. The input and output couplers have identical
The coupler cavity offset required
waveguide dimensions.

Considerations

In operation, the I.5 m section will be immersed in a
shower-cone of electrons and positrons emanating from the target. The energy deposition resulting from this radiation has
been computed using the Electron-Gamma
Shower Program,
438

the Khyl’ method,
for the CI stack.

the 2rr/3 and z/2

frequencies

The mid-section, comprising 30 CI cavities, was separately
brazed together az a sub-assembly.
This section was then
joined to the identical input and output couplers in a separate brazing cycle. This operation was followed by machining
the grooves for the water-cooling tubes. These tubes and their
manifolds were then attached in a 6nal braze run.

600

After this, the final tuning of the completed accelerator
section was done. The section was purged with dry nitrogen, and water at a constant temperature of 28.5% was circulated through the cooling system. Firstly, the input coupler
match was checked by moving a short in the output waveguide
by eighth-wavelength steps. Slight adjustments were made to
the coupling and tuning to bring the Smith center and the
Iconocenter to the center of the Smith Chart. Then, using
the detuning plunger or nodal-shift technique, the structure
cavities were dimple-tuned to give 2?r/3 phase-shift per cavity.
At 2856 MHz, the final input and output VSWRs were both
1.03:1.

O<
RF + Radlatlon

:;$fzJ?j
Average

0

Copper

6

12

Cylinder

18

CAVITY

Fig.

knowing

Temperature

24

30

NUMBER

36

High-Power

The completed 1.5-meter section was temporarily mounted
in the SLC positron source housing, in approximately the position it will occupy when permanently installed downstream
of the target and flux-concentrator.
It was supplied with RF
power from a klystron at Station 20-3C, as shown schematically
in Fig. 3.

42
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The output power from the l&meter
section was divided
between two high-power loads, which were of the standard
SLAC tapered “sword” design. Dual-directional couplers, each
with approximately -52 dB coupling, were incorporated in the
waveguides at the input and output of the section. Separate
water circuits cooled the waveguidefeed, the l&meter
section
and the output loads. Thermocouples and RTDs monitored
metal and water temperatures. No temperature problems were
anticipated or encountered with only RF dissipation, and no
radiation heat load. A water-cooled copper plate formed the
vacuum closure at the output end of the accelerator. This was
intended to absorb the power from accelerated “dark current”.
No rise in temperature of this plate was recorded during the experiment. An ionization chamber mounted on axis a few inches
downstream of the accelerator section monitored the radiation
produced (see Fig. 8).

5. -Calculated
heat dissipation and temperatures
in
capture section. Temperatures are referenced to the
input water temperature.

to compensate for phase asymmetry was determined by interpolating
between verified designs for other iris aperture
diameters.
Initial dimensions for the coupling iris and the
coupler-cavity diameter were also obtained by interpolation.
Some complications were introduced by the water-cooling
requirements and the need to have a quick-disconnect vacuum seal between the accelerator section and the target/fluxconcentrator housing.
Fabrication

RF Tests

and Cold-Test

The disks and spacers were machined from OFHC copper.
Critical dimensions were held to tolerances of f 0.0002 inches.
All
internal
surfaces
have
a 16 microinch
finish
(8 microinch finish on the critical disk aperture radii).
In
addition to mechanical quality-control
inspection, each disk
was clamped between two half-length spacers with closed endplates, and the z-mode resonant frequency for the cell was
measured. Resonant frequencies for all disks were required
to lie within the range 2864.1 MHz f 0.25 MHz. Similarly,
each spacer was clamped between two end-plates, and the
TMerc resonant frequency of the cavity thus formed had to
be 2876.4 MHz f 0.25 MHz.

Initial RF processing was done with the SLED unit detuned. The klystron pulse width was 2.5 ps, and the repetition
rate was 60 Hz. It took only a few hours of outgassing to reach
20 MW into the section, giving a peak axial field of 20 MV/m.
After this, the peak and average powers were alternately increased by increasing pulse width and the repetition rate, and
by tuning the SLED cavities. These were first run without
phase-shift (PSK), to outgas the cavities and to provide intermediate levels of peak power to the accelerator section.
The peak SLED power ultimately delivered to the accelerator reached 168 MW, with the klystron providing 32.8 MW
in a 5 JUJflat-top pulse. The power into the accelerator was
measured with a General-Microwave
Model 478 Peak Power
Meter, using a carefully calibrated coupler at the input to
the accelerator, and a high quality coaxial line of known atPower measurements were double-checked, using
tenuation.
other couplers in the system, and other recently calibrated
power meters.

The correct dimensions for the coupler cavity diameter
and coupling iris width were obtained by brazing the prototype coupler cavity to a stack of six of the standard CI cavities.
(The diameter of the prototype cavity had been made slightly
larger than what was estimated to be the correct value). The
coupling iris was then machined in undersize (and therefore
undercoupled).
The correct dimensions were then set by
439

Installation schedules made it necessary to terminate the
tests before processing was completed at the highest power
level that the klystron could provide.
The reflected energy
fault rate at 120 Hz was still about 1 per minute, but the
systemwas continuing to clean up. Gas pressures were falling,
and the fault rate at 60 Hz was already down to 5 per hour.
Processing up to higher powers was not possible because the
XK-5 klystron available for the experiment saturated
at
265 KV when delivering approximately 33 MW.
Figure 6 shows the RF input power waveform as measured
at the output of the SLED cavities, at the beginning of the
waveguide feed going to the accelerator section. Figure 7 is the
expanded waveform of the SLED power peak entering the accelerator section. The peak power is 97.3 dB above 31.26 mW,
i.e.,- 168 MW. The axial radiation due to captured and accelerated electrons created by field emission and residual gas
ionization processes at the beginning of the accelerator section
is plotted against input cavity peak RF power and axial field in
Fig. 8. Measurements for curve (b) were taken about 4 hours
later than for curve (a), showing how processing decreased the
number of electrons available for acceleration.

Fig. 6.

RF power waveform measured at output
cavities. The peak power is 210 MW.
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Fig. 7.

542OAlO

SLED power peak entering the capture section.
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A traveling-wave, constant impedance disk-loaded waveguide section, 1.5 meters long, has been built for use as a
high-field capture accelerator for the SLC Positron Source. It
has been successfully tested up to the full power capability of
a 33 M W SLEDed klystron, running at 120 Hz. At this level,
the peak input power to the section was 168 MW, which is
calculated to give 58 MV/m in the first cavity, and an average
accelerating field of 43 MVfm.

Fig. 8.
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Axial radiation as a function of peak power and
axial field in first cavity of capture section. Curve
(b) data taken four hours running time later than
curve (a) data.
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The SLAC Linac is being upgraded for the use in the SLAC
Linear Collider (SLC). The improved Linac must accelerate
electron and positron bunches from 1.2 GeV to 50 GeV while
producing output energy spectra of about 0.2 %. The energy
spectra must be maintained during operation to provide for
good beam transmission and to minimize chromatic effects
in the SLC ARCS and Final Focus. The energy spectra of
these beams are determined by the bunch length and intensity, the RF phase and waveform and the intra-bunch longitudinal wakefields. A non-destructive energy spectrum monitor has been designed using a vertical wiggler magnet located
downstream of the horizontal beam splitter at the end of the
SLC Linac. It produces synchrotron radiation which is viewed
in an off-axis x-ray position sensitive detector. The expected
The design considerations
of this
resolution ls 0.08 %.
monitor are presented in this paper. A pair of these monitors is under construction with an installation date set for late
summer 1986.
1. Energy

2. Optics

Fig. 1. Expected energy
spectra for SLC beams
at the end of the linac.

Q&905

and Layout

One of the best locations in the SLC for a measurement of
the energy spectrum is immediately downstream of the beam
splitter magnet at the end of the Linac. In this region near
quadrupole 92 the horizontal dispersion 9 remains large but
the horizontal betatron function p becomes quite small. This
small betatron function is very important because occasionally
a large transverse tail will appear on the beam due to transverse wakefields and it should not contaminate the spectrum
measurement.
For the same reason the momentum defining
slits are located nearby. A general layout of the spectrum
monitor is shown in Fig. 2. A horizontally
dispersed e+ or
e- beam passes through a half wavelength vertical wiggler and
emits synchrotron radiation which diverges from the beam trajectory. The synchrotron radiation is filtered to produce x-rays
which strike an offaxis fluorescent screen. A high resolution TV
system views and processes the screen image. The particle and
x-ray beam trajectories are shown in Fig. 3. Table 1 gives the
parameters of the beams in the wiggler region.

Spectrum

The energy spectrum of an SLC beam is determined by
the length and intensity of the bunch and RF parameters. The
bunch length produced by the Damping Ring-Compressor complex is in the range of 1 to 1.5 mm. The beam is accelerated
over 2946 m of linac powered by 229 klystrons (2856 MHz)
with a gradient of about 18 MV/m. The high bunch intensity
(5 x lOlo) generates strong longitudinal
wakefields. The integrated wakefields are position dependent within the bunch
causing the longitudinal
head to be decelerated only slightly
but the tail to be decelerated by about 2 GeV over the length
of the linac. To compensate, the RF phase is adjusted so that
the bunch is centered ahead of the voltage crest where the RF
gradient nearly cancels the wakefield induced gradient.
Two simulated energy spectra representing
high and low bunch
intensities are shown in
Fig. 1. Both spectra
have widths less than
0.2 % RMS when 1 %
energy cuts are made.
The shape difference between the two plots is
striking and an energy
spectrum monitor must
be capable of detecting
both.
The far-off energy particles are due
to the nonlinear nature

Stanford, Calijornia

WALZ

of the RF and wakefield forces and are removed from the beam
early in the ARCS by momentum defining slits. Finally, synchrotron radiation generated in the ARC bending magnets will
further smear the spectra in Fig. 1 by about 0.08 %l before the
bunch arrives at the Final Focus.
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Fig. 2.

SLC energy spectrum monitor using a vertical wiggler
magnet and an off-axis x-ray detector.
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Elevation

view of the spectrum

monitor

region.

Table 1. Beam Parameters for the Spectrum Monitor.

Table 2. Wiggler Magnet Parameters
Magnets per wiggler
3
Core lengths (inches)
8.8, 18.0, 8.8
Overall length (inches)
53.2
Gap field (maximum) (Kg)
18.7
Current (maximum) (Amps)
300.
Voltage (msximum) (in series)
55.
Size of trim on center pole (%)
4.

* .
For the Particle Beam at the SourcePoint,
50 GeV
97847
3.0 x 10s6 rad-m
0.002
10 (25) m
80 m m
+6.008
55 cc
88 P

Energy (E)
-Y = IE/m,c21
+k,Y
AEIE
Mad
‘Is
rlz’
a@
OVB

The second choice was to return the magnetic flux from
the poles not through backlegs sa in the H magnet design but
from the central pole to the end poles through connecting iron
plates. At first it appeared that the magnet could be powered
from a single coil on the central pole. However, three dimensional calculations using TOSCA showed that too much of the
flux from the central pole was not returning through the end
poles but away from the beam in the third dimension. A cure
for this problem wss to place coils on each pole. Furthermore
field trimming of this magnet to make the field integral zero
required forcing flux from magnet-half to magnet-half off the
beam line. A workable wiggler using this design was obtained
but the other simpler solution wss chosen.

160/J

USE

For the Photon Beam at the X-Ray Detector:
2.38 m
120 /l
31 P
48 P
133 fi

Distance from source point L
GE

2;;

GTOT

3. Magnet

Design

Two wiggler monitors are required; one each for the two
SLC beams. Each wiggler magnet consists of three dipoles with
the center magnet about twice as long as the end magnets.
The nominal operating field is about 17 Kg. The length of the
first pole was chosen such that a 50 GeV beam would be bent
2.5 mrad so that the x-rays produced would be about 5 m m offaxis 2.4-m downstream. The second two pole-s were designed
so that the wiggler would be symmetric and would return the
SLC beam to its nominal trajectory.

4. Synchrotron

SLAC
Swifct
Yord
Beam

Sl -C Verttcol

Fig. 4.

6. X-ray

Width

Spectrum

The usable portion of the synchrotron radiation spectrum
from the wiggler is the range of x-rays above about 100 to
300 KeV. These x-rays have sufficiently small divergence angles so that the transverse beam size of interest (150 p) is not
obscured. The x-rays collected by the detector come from the
downstream end of the first pole and the upstream end of the
second pole in about 22 cm of 17 Kg field. The critical energy
of the synchrotron radiation is 3.0 MeV. The expected photons
spectrum for 5 x 1O’O particles per pulse at 120 Hz is shown in
Fig. 5. The total power is about 2.2 Watts. A tungsten filter
(5 mm) is used to cut off the spectrum below about 100 KeV.
Tungsten was chosen because it attenuates high energy photons
less for a given attenuation at 100 KeV than a lower Z material.
The filtered spectrum is also shown in Fig. 5. The remaining
x-rays interact with a phosphor layer 150 p thick settled2 on
an aluminum substrate.
The spectrum of the x-rays which
interact with this screen is plotted in Fig. 5. The total power
interacting with the phosphor is about 3.5 milliwatts.
The
filter absorbs about 0.6 Watts.

There were two choices for the magnet design. One choice
was three classical H magnets in series. This design wss ultimately chosen for its ease of construction and magnetic trimming (/ Bdl = 0). Figure 4 shows an end view of the magnet
and its parameters are listed in Table 2.

t+>,1
:

Radiation

If

Detector

and Digitization

A schematic of the x-ray detector is shown in Fig. 6. The
tungsten fiIter and phosphor screen are mounted in a housing movable relative to the SLC beam line via bellows. The
screen is tilted about a horizontal axis so that the television
camera viewing the screen will not have depth of field problems. The screen and camera move together and the focus is
always maintained. The horizontal spot size is about 0.5 m m
and represents the energy spectrum of the SLC beam. The
vertical suet size is about 3 m m but contains no information
because it is in the plane of the bend. The high resolution
camera system3 uses an Ultricon video tube’ chosen for its linearity, good sensitivity, and low blooming. The camera is used

2.00”

Coil
9 Turns
/ Loyer
6 Loyers
Wiggler Magnet

End view of the wiggler dipole magnet.
4142

The comparison shows that with care the x-ray produced spot
should be visible down to intensities of 2 x lo9 electrons per
pulse at 20 Hz.
The video output of the camera will be used in three ways.
One signal will be sent to the main control center for direct
observation by the SLC operators. Another signal will be processed using a transient waveform digitizer which allows careful
study of the spectrum. The third signal will be used in the fast
energy spectrum feedback system. A single horizontal TV scan
line will be processed by an analog circuit designed to produce
peak and width signals easily used in a fast algorithm. Plans
for using a CCD line scan camera are being made which allows
spectrum measurements to be taken on every pulse.
0. Resolution

0
544IBl

Fig. 5.

2
4
6
PHOTON ENERGY

and Backgrounds

The natural divergence angle of the x-rays produced by
the wiggler is given by6 [x/&]l/“/r
where X, is the critical
x-ray wavelength. This angle multiplied by the distance to the
detector (2.4 m) gives a size of 48 p at the screen averaged
over the filtered spectrum. The betatron beam size mapped to
the detector is about 31 p. When these sizes are added to the
expected energy-related size of 120 p in quadrature, the total
size is 133 ~1. The energy spectrum should be well resolved.

8
IO
CM&‘) 685

Synchrotron radiation spectra at 5 x lOlo electrons
per pulse (120 Hz) emitted by the wiggler, passed
through the filter and interacting with the screen.

The hard radiation from upstream bending magnets will
pass below the detector. Soft radiation can hit the detector
but care wss taken in the design to allow very little scattered
light into the lens.
Photoelectrons from the back surface of the filter have an
angular distribution which is zero at low angles but peaks at
10 to 30“ for MeV photons. The one centimeter distance to the
screen allows these electrons to be uniformly distributed over
a large area.

.Illumlnotlon

Compton electrons from the filter and the aluminumscreen
support can strike the phosphor. The compton electrons are
peaked in the forward direction but have a rather large spread
over 5 to 10’. The electrons from the filter will be uniformly
distributed after traveling 1 cm. The only direction from which
the electrons from the screen support can enter the phosphor
is vertically upward. Those vertical electrons will not cause
problems for horizontal spot measurements.
t 4 $” Flonge

u
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Schematic of the off-axis x-ray detector.

with an 85 mm lens and a 15 mm extension tube to produce a
magnification of 2.0. The field of view is 4 x 5 mm. The bench
measured resolution of this system is about 50 p on the screen.
This corresponds to a resolution of the energy spectrum of an
SLC beam of 0.08 %.
The intensity of the spot may be adjusted in several ways.
The lens has a remotely adjustable iris, the thickness of the
tungsten filter is variable, the detector may be remotely.moved
closer to the beam where more light is available, and finally, the
phosphor may be changed. The intensity of light was estimated
by comparing it to that produced by an electron beam striking the screen directly which has been tested often at SLAC.

The authors wish to thank G. Fischer, .I. Kent, M. Levi,
and R. Stiening for comments about this monitor.
H. Fischer, R. Hilomen, J. Langton, A. Lisin, B. Morse, D. Nevius,
C. Perkins, and K. Wallerstedt contributed greatly to the mechanical design. The insights offered by K. Jobe who built a
similar monitor for PEP were particularly useful.
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TABLEI. CORNELLCAVITYPROPERTIES
ANDCEBAFREQUIREMENTS.

PmpMas of uls Qlrnell fiw-CA1 supacmductiw -wing
cavity md the suitability of this aAty fa ths CEBAFlinrc m discussed
The ixhm~~I tachnol~ mired
to pralucethesecavitieswasalraadg
known to sane wm~mies and is being transfsrrad to othsrs. Ths st.stusof
dsvelopmsntof the9e csvitias by industry, including test results on threa of
these cxnwes, is dtscus%d.
QWY PROPERTlES
The principnl properties of ths CEBAF/Oanell S-cell elliptical
supereonductii8~cavity and the re@mmmts of CEBAf fre summarizad in
Table I. Same of tha properties of this wvit~ have been dsszribed
praviously. ’
Ht@ fre@Jmclssfar supenmducting c&ties m favored by high
gsm~etrical shunt impadance (r/O, pmportional to tha fmquancy, f),
handling m, reducedmatarlal usags(a r2 to r3>, radumdsuxapttbility
to mtcmphmics, md by lower rf surfam ema md cormsponding lower
prob&ility of a surface defect of e given siza (a r2). Law fmqumctes wxi
favorad by fear
modules par unit bngth (a f+t),
lower
tanperatura-&pmdmt Bm-Cooper-Schraiffar
(BCS) lassas (a f2),
andlowsrtran%%eimpedena,(af3X
Thsfraqumqofl500MMwas
chosenby (3anell as m optimum anprcrni.se batwaanthese factors. CEBAF
rsquiras e fmqumcy grwtar than 900 MHz Since ssch suxssiva bunch
~berartedtoediffenntme~thet~endststiaw2,theeffective
frequency at each and station ls l/3 of the rf fraqwnfy; a bunch repatitlon
frquenq of less thm 300 MHz would be objactimable bscause the
sssocietedtime intervel betwean bunchaswould ax& the resolving timed
thedt3ma-s.
After eliminating some initial &iv
dafacts, a total of ten
indspa&nt tasts ware cmductsd an tha four S-w11 prototypss with
cornplats input md higher-or&r-mods (MM) output nruplars built at
Cornell. The avaraoe gradlant raachadIn these ten t&s was 8.2 MV/m; tha
htghast vslw achiaval wm 15.3 MV/m. Fswer thsn 4 protatvpes would ba
objectionable bacausa design dsfacts whose axrrrranm or savafity
fluctuated from ens unit to another muld essil~ go undsMed Femffthafl
tsn independent tests would be objsctimable because ths fluctustians in
performmce from one surfaca prepsatiun to mothar would not ba
akquately Qtamlmd Basedon thass msults, a dsslpn spscificatlon of 5.0
MV/m was chosan for CEBAF. This gradient is sufficiantlV high to m&e e
redrallating llnaar scarlarator basad an this tachnol~ awmmically

PropaW
Frsquancy, Mi+z
Acwlereting gnrJient , M/m
Residusl4, * 1o*
Bean arrrmt trmspartsd, mA
Beamb&up thrashold, mA
t&‘inpulwltpler,~
104
Apartumdianeter,un

tKNpmvaraxtm%ad,watWm
Power muplad into baam, kW/m

-l-w
cOrfM3ll

Requ~W
CEBAF

1500

L 900
2 5.0
2 3.0
0.B
10.2
2.2
a 3.8
0.5
4

8.2 (A@
3.9 (Am)
22
b lO(lnCEBAF)
0.007 - 100
7.0
,280
26

fasslble. Since eachcavlt~ in CZBAFis pawarsd lndepmdmt~, ay ixvit~
whose gradlent capability exceeds tha spaclficatim can ba used to full
-tage.
The av@aga tamperatum-1-t
rasi&al Q CDras, at high
Held achievedin the tan tests mantlmad&ova was3.9 l OS.easedm these
results, the spacifiwtim chasm fur CEBAFis 3.0 log. This value is hi@
enoughto result in e reasarable rafrigsrator sis and operating powar.4
Two of tha Carnell pmtotnxs wera ta&l with beam in CESR,
C%rnall’s electron-positrm storage ring. Dna of tha qumtitias measured

was the maximumcurrant that muld be passedthrou@ the cavity without
driving the supercaducta norms1or inducingd#ztio&le phenomena
other than multi-bunch lnstabllitlas. whichwara suppressedwith la&a&
tilng this measurement. The currant abtalned was 22 mA, cunpwwd to
theO.BtotalmArepul~facEBMwithfarrpassesolthebeanthrough

the Mac. The slmultanautsoparatlonof two supercmWtl~~ cavltlasto
storeabeanlntheCESRringdem~ratedthatUwrolsn,problem
assxieted with tha usa of multlple high 0 cavities of thls dasign.
The beam test of the cavltias else aerM

to verify the Ml

lmpadanms
which wara determinedby benchmraments, SUPERFIti,
and URMEL? The lnstablllty threshold currents wmputed by a
Monte-Carlo pfxgram7 using the maasuredand axnputad cavity lmpadmcas
aorsed withln a factor of two at all prab&lllty levels wlth the maasurad
lnstabillty threshold currents1 (the measured thrasholds ware 9snsrally
gmter than the mmputed ones). The mechanical tune of the cavltles was
stappad, and the instability threshold measured far each step; a thrashold

p~Wlllty distrlbutlm was tiructed from this lnformatlm. A beam
test 1s lmportmt to verify the higher or&r mademe8surammtsfor a
numbarofreasons thacunputaroakwhicharausedcunputathe
oermatrk lmperbnw(r/O), but unknotdeterminethe external Q (f&I,
which ls aMrolled by the WI axtractlm owplers; the a~~~plers
Q not
havacyllndrlcal symmetry,andcan disturb the male patterns 90 that the
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asnputad r/Q values m i-rate,
and avan ths number of modeswhich
.aaist cam be affactad; tha density d modes is 80 high at several times ths
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fundamental frequmcy that modeoverlap makes accureta meesurementsof
bt values challenging; aa~rata messuremmt of the r/O is tifficult with
the couplers present barawe the low resultiq (&t makes perturbation
measurementssubject to instrumentation errors, md the couplers must be
terminated in matchedloads cc the mode patterns will be altered; mate
measurementsof the longitudinal impedancesof modeswhich fre hybridized
tfmsvee electric mot&s is difficult; md Mermlnstion of the 0, values
is made more dtfftcult by the slmultmeous propqetim of sweral modesin
tha tiOM or fun&mental trwtsmission lines. Using the r/Q and t&t values
which were meesuredmd mmputed. and whichare supported bv the bean
test results, the berm b&u
threshold amputsd for CEBM using thsss
cavities is in excessof IO mA1 of output current. Sinca the &@I output
current of CE8AF is 200 IJA, this provides a salety factor of 50. The
principal kin@tudlnal impedmces am listed in Tsble 2, in or& of
dm-msing impedmca The transverse impedmc8s, r”/O, m equel to the
lon@tudinal 1mpeUmw of a denectirq mode divided by the aquas of the
distana,olthebesmfromthe~a#is(Vlebesmisspecifledtobe~the
azimuth where the impedmai is him).
The principal transver~
impedancesm listed in Table 3. The tmnsvcca ImpsQnarr r”/Q af the
quabupole ad wxtupole modesam specified at a distrnw of 10 m m from
themodeaxis;theirimpa~is~ifthebeankcenteredtobetter
ttum5mm.
The Q value of the fun&nmtal madeof the CE8AF/Cnrnell cavity
cmt.wvsledbetwem7.OOOmd
1o8bychm@ngthelocatlmoftheshort
m the input waveguidestub. The k value mqulmd for CEBAFis 22 106;
this value mprsssnts ovwwupling by a factor of 3 at full bmxn. This
overax~pling Is Qne to triple the bmMdth of the rf cMrol~, to permit
thecsvltytobeoperatadatfullbeanandaprsdlantss~ss0.83MV/m,
topermttUle~lerstatobeupgradedforoperetloningccsssof{tsdssigl
arrrent, ad to redux the sensitivity to mwhm(cs
The dCsxh!antqgof
overccuplint~by this facta is a 20% pamr r8flectim St full beam.
The aperture of the CEBM/Curnell wvi1y is 7.0 an. The beun
opticsarasuchthat,umkrmmalcmditlons,
Uw apertureoaupkdbytha
bean is ovsr m order of me@tude
smallerthm thlsg. Theaperture

repuiredunderabnormal
conditions
to ensurethat lostbeamstrikesm o m
temperature surfaces and not helium tamperstun, surfaces is 3.8 cm.
Thepawertratsler~tothebeanintheCornellbeantestwas26
kW/m. This establishes the &My to transfer pawer into the cavity
without bein limited by problems St the vacuum windows or normal
anductint~ to sqmm~Win~ intarfacs. The rsquimd power trm%rruJ to
thebeam inCE8AF is4 kW/m. IntheCornell berm test,the&t~lueof
the fundwnmtal mode was 150,000 md the rf dissipatim in normal
comhctlng surfaces with heat aMctad into the liquid hr11ium was
equivalmttoaQof5~10g.
Wltha~Mlwfor(XBAFd2.2.l~,ths
equlvalmt 0 beam& 7.5 .I Ol”.
The WI pwer extracted in the Cornell bean test was 280 watts
par meter. Due to the small chcqe per bunch md the axnpwatiwh/ low
circu1atlq current in CEBAF,less m 0.5 watts per m&r of HOU power
is~atedinCE8AF;thispower
issmalleno@thatltcmbedissipnted
in the liquid helium. The abiltty of the cEBAF/Curnell cwit~ to extract
199.9% of the Ml power from the cqqmlc region is not important in
this aw0. iimvar, rejactim of the fun&mental made by the HOM
e#tractlon circuitry is tmportmt if the HCMcoupler is to be terminated in
the liquid helium. Arbitrarih htgh rejection of the fundwnental am be
obtainul without tight mechmlcal tolermce by using the cut-off wavsguide
empluyedon the CEBAF/CornellaMy; obtaining adequatere@ctim using a
TEN-line with filters requires extremely tight tolersnces OT the use of two
or more filters in series.
The CEBAF/cOrnell crivit~ has been demonstraM to operate
satisfactwily et tempwtures betwmn I .8 md 2.35 K. A temperature of
2.0 K has beenchosenfor CEEIAF8s m eammic optimum4.
The CEBAF/Cornellcavity has a

r/Q of 960 D/m, opemtes
in the
445

TABLE2.

PAIHCIPALLONGlTUOlHAL
IHPEOAHCES

Order node f, t’Hz

r/Q, Q/r

Qext

r, kQ/r

‘499.28
1795.
44’3.
44351
2907.
6 THo10(3) 1481.689
3074*
7 T”020
3002.
8 THo20
9 O-Theta 4417.
10 Tflolo(4) ‘494.074
2769.
” T”O’1
2851.
‘2 T”Ol1
13 O-Theta 4407*
2947.
l4 T,‘o20

959.89
66.6
16.’
7.62
246.
0,775
7.8
18.34
2’ .6
0.121

3044.
‘5 Tfl020
2809.
‘6 T”O’1
‘7 T”G’G(2) 1466.807
3087I
‘8 T”020
‘9 THolO(‘) 1454.997

1.1
3.2
0.056

350000I 335962.
4395.6
66000I
627.9
39000I
224.8
29500.
172.2
700*
53.3
68800.
50.7
6500.
38.51
2100.
‘700.
36.72
17,49
145000.
15.36
1600.
10.96
800.
9,7
3300I
7,59
1’00.
3.74
3400*
1000.
382
-2.08
-37300.

0.1
0.033

‘1000.
-27300.

1
2
3
4
5

TtlO,O(w)
Coupler
O-Theta
O-Theta
T”O”

9.6
13.7
2,94
6.9

1.1
-0.89
0,624

0,078
8000I
2743.
20 Tf’O’1
TABLE3. PRI NCI P,!,LTMHSUERSE
I ,lPEOAHCES
Order node f, t’Ht r’/Q,
1 2-Theta 3630.8
2 2-Theta 3622.7
3 TE”’
1888,3
4 l-Theta
5 I-Theta
6 2-Theta
7 I-Theta
8 I-Theta
9 2-Theta
‘0 T?‘O
11 l-Theta
‘2 TE”’
13 2-Theta
14 l-Theta
15 Coupler
16 2-Theta
l7 TEZ”
‘8 TEZ”
‘9 TE”’
2o T”ll0

3507.8
3506-S
3640.6
3718.8
3509.2
3623.2
2109.5
3510.7
1888,’
3641.5
3699.8
1795.
3631,s
257004
2570.4
1968.8
2085.9

21 I-Theta 3525,O
22 9 10
2’21.0

Q/r3

27000.
2500.
69500.
2400.
2500.
‘2000 I
5700*
11000.
2500.
100000.
9300I
69500.
‘2000 *
2900s
14200.
27000.
9300I
9300I
‘64000.
50000.
5100.
11100.

0ext

r’,

tIQ/r3

170000I 4590I
‘100000. 2750.
32000. 2224.
780000* 1872.
740000. 1850.
‘50000. 1800.
300000I 1710.
‘50000 I ‘650,
630000. 1575,
‘3000, 1300.
130000I ‘209.
‘6000. 1’12.
86000, ‘032.
330000. 957.
66000* 937.2
33000I 89’.
90000I 837.
83000I 771.9
4000. 656.
10000. 500.
98000.
40000I

499.8
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nmode,mdhcwmactlvelen@hof0.5m.
Shortarlengths(i.e.,fewar
cells) would have the disatvmtagB of more modules per meter and a kwer
bewnlirm filling fraction. Longer lengths havs tha problem that sane of the
HCH’s exhibit objeCtionMy smell intsrce11 ~NJ~IIIUJ;this creetes two
problams small dimensional errors in tha cells am causathe HCPlanwgy
to be anantratad in cells where the tUPl muplas cmnot effectively
extr& it, md the interca1l coupling can be 90 ynoll that w
dew not
flowfastemughfranthewllsinwhichitisdepositadbythabaxntatha
cells fmm which it can bee&acted One mit#n suspect that the relatively
lays aperture of 7 an would prevent such prr&&uns. tkwevar, the
colculatim dsscribed below, performed in Ewpust 1983, &rmnstmtos that
this is not the wee. The higher modsproperties of o awitv having the sane
cell shqm se the cE8AFKornsll cavity WI evaluatad using SUPERFISH.in
order to ovoid effects essociotal with the different size ol Uw full end c&Is,
the m studted alnsisted of thnra full cells with a shorted half md WI, et
iris, m imaglnwy, vary thin iris of
eachand Within ex.h 7 cm d&r&r
adjustable diameter opening wes insarted The mode etructunr, of the
cavitv for various openings in tha thin iris were canput& Two HCM
pa&an&, at approximately thma tlmas the fundmnm.talfmquancy, exhibit
partiwlarly cbjacttaMle lmhovior, md m shown in Figure 1 as a
function of the opening in the thin iris. Notice that ttw Qastest frspuncv
seporatian (lowest dtmmsional sensitivity) of tha 4th and 5th members of
thelowerpssbmdoawsstmopeningofdout
1.75cm,mdthatthis
spscing&rawesgeattyesthesBnKKksqlpfxnHthefrspuencyoftha
law& member of the upper psssbad (Le., aa the thin iris is removed).
This clesly dmnm&ratas that the IsoBst iris opening dossnet mxessarily
arrrsspad to them
intuwll cwpli~ for a perttcula irods.
Amthsr design property QthlbituJ by the CZ8AF/cOrmll csvity is
mfermd to as ‘Ilght cam symmetry.’ Mhough this pmperty is not
important et CE8AF’sdeslgt bunch char9s of 8.3. I @ electrom, it amild be
impa’tmt should much hi@er bunch char@~ be af interest at sane time,
and may be importmt for othsr ~pltcations. The cantapt of Ii@ cme
symmetry is illustmtad in Figure 2. Far purposes of tha illustratim, m
lmaps~isfbwlngmawallotrodtusrofrunUwbsmr.
Thebawn
pipe is dtSruptad (far example, by a cavity), ad than resumes at Uw sane
radiusre AfirstpsthlenpVllsdefinedssastraiphtllneannectinpthetwo
baan pipas. A saxnd path length is definrd m a straight line sqnmt from
theendofvle~pipetomhypathetiwlbandsy,plusesecandstmight
line sagnmt fmm this point bmk to tha mntinuing baun pipe. As long as
the sacondpath length minus the first poth ler@h mrcesdsthe bunch len@h
for all actual baund~Hesfor which cylln~Plwl symmetry is violated, litit
carrsymmstryisaidtobsprssavsd,adthehsaddthebunchisunabls
to influenw the tail af the bunch (on the same bunch passape) with a
raneclim frmll any surface fw which cylindriwl symmetry is not
prsffvsd invkwdthefactV#1the~m~bs~tasdintheSLCto
betterthm 100mlams,itkc~thstsuchlymmetrycabelmpatant
farhb#tbunchchargBs.
Tha total v&s
experienced by a spwd-of-light psticle passing
pa7Nel to the aMs in e cylinbically symmotrtcal mab in acylinMcal~
symmetriwl mvity is inrbqmdmt of the distmce of the bean fran the axis.
Hmvever. tha fields in tha input coupler do not hwe cvlindricel symmetry,
andtharefwecarseadsflactlmofthabaan.
Thadsflactlmofthecentrctid
of tha Lam cm ba compensated by static steering elements, but the
diffarence in dsflectim of the headmd the tail of the bunch amnoL Althou~#
this is m extremely small effect, the very low emittance of the bunch
makes the affect abjectionMeg. There uv ei@tt cavltlas in a ayomalule
betweenmagneticalammts in tha Ilnac; by alternoting the directions of tha
feed wavq~i&s in e --4444-psttern,theeffectcanbemcb.&toa
na@igible level (this Is similar to what is dma in tha SUC Iinac).
ODmplete cmcellotian of the effect, sItho@ unmmwwy, cm be
seamplishad m ell fwr passesthrou@ the linac by suitable verietbns in
the gmdimtsat which various cavities are operatad such wHations ran be
kept small if they exhibit the sane parladicity alan the lime as the
batatrrm trajectory of a particle m the sane pms.

with the lk3ig-l of 0 eupawWdlng
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FIGURE I. Hot’ PASSBANDS VS. IRIS RADIUS
euitable far ues in CEBAFin had, the next mquirad step is to develop the
cap&ility to pro&a these cavities at a mte suitable for anwtructim of
fX8AF. Thapraluctimof418cavltiesplus
18sparminoperiataftwo
yew is re1~11ral In&strtal involvement to achievethis rete isdsstrabla.
In or&r to &r&p md dsmastrota in&strial cqmbility to build
these awlties, nine cavittes rue being built by faur mmpanibn Eight of
them awlties will be instaliai as pairs in fwr cryoa@s to farm what ara
Cryo-units me the smallest ifktivi&a1ly
referral to es ‘aye-units’.
usable aw~panantsof the linaz. Fwr cryo-units m joinad tgathar to form
o cryanaktle.
The qxwtats hwe baen dasigwd at CEBAF’O with
substmtta1 input fmm outsids experts
Ttw four amps&s building tha nine industrial pretntvpe covitios
hm all hai reprasentetivas visit Curnell, md Cornell has madebswings,
farming dies, canputar numariwlly antrolled mi1ling machine
information, and 0 f&&etim
praztckuw dscument oveilable to these
uxnpanies. In alditim, personnel from Cartel1 hsva visited aach of the
aqmniss to assist in solving my problems arxxlntm-al in mmufacturiq
tha awities.
The status of the proMype covitias is shawn in Table 4. Note that
the prior exparience of the four ampmim
in manufacturlnp
superwmcting awitim is pulte divf#Ye.

-TJ
\
----

Beam Pipe

Boundary

J

Beam bunch
----

within
which cylindrical
is to be maintained

FIGURE 2.

awity which is cunpletety

I

LIGHT

symmetry

CONE SYHHETRY.

AT [mK]

Eachof the wmpmies fabricating protoh/ps cavittas hw lntralwxl
some modificetions to tha mmufacturing techniw which the respactive
compmy believes is batter sultad to their uvailable manufacturing
equipment, is less expensive,or involves lower risk.
Dornier elimlnatad tha machinedstep at the er@or d tha wlls, md
used e qmrate fixture to meintain eli~mmt of the cup halves during
welding This praeeduraellmlnatad the needto amt ths machinedsteps with
chaniwl resist during acid cleaning; this coeting is normalh/ repuired to o’
preswve Um precisim of the fit of the machinadsteps.
Babcockend W ilcox hss modifted may of tha weld gametries so
that the number of welds requiring different ests of pswneters is
minlmiad
T R W has usedwater soluble lubricmt for ckispr&u&~ to simplify
removal of the lubricant. Water soluble piestic sprayhss bmn mwd in lieu
of tape to protect tha partsdurinp hmdling; this a @ n simplifies removal.
Non-toxic machining cmlmts have been used m the niobium in Iiau of
trichloroethma to avoid tha med for ventilation q&ems md workcanter
Vapor fences. &JIM aluminum mandrels wera usedin lieu of vacuumchucks
for machining fixtures to mlnlmlza distcrtim durlnp machining; similar
mandrels were usedduring tack weldinp to minlmlza distortion. A letha hes
baenusedinplaceofamilllngmahinetoform
thestspsmthecupsdges.
The overall procedure usedm the cups was malifted as follows with esch
cup held in tha mechining fixture, the iris edgesare turned In the lethe.
Two wps w than welded @#tar, iris to iris. Tha ~rlnding of the iris
welds md the subsequent hmvy chsmistry is then performed. The
mahinintj fixures se reinstalled oneat a time, md the psir of cups is held
in ths laths using the fixture while tha cpposite aqua& @IIJBis machina
Thisprocedu~~idstheneedfatheuaedchemlcsl~isttoprotedthe
machinededpesfrom excessivedimmsioml dumpas.

JEST
RwLTSON~NfW B l&PROTOTYPE
CAVITIES
Cmstructim of fwr of 5x3nins pcnldypss b beencompleted,and
cryqpnictestshwebeenpsrformedm three.ofthesecevlttes.
Cavities numbers 1 ad 3 were manufactured by interetom.
interatom, in collaboratim with the University of Wuppertal, also dasigwd
and abnstructed the tuning, rf, wxwm, chemical, thwmometry, md
cryogmic appwtus mcwsary to tune, pmcass, md test these cavittos.
Botholthesecsvitiesweretunedtohaveaflatf(eldp~lleandtobestthe
awect fmqueq. The fwdamental r&d has not @ beenVerified
Cavity number 1 achievedm acceleratingpradlent of 6.1 HV/m, jn
excessof CEBAF’sminimum specificatim of 5.0 HV/m. The 0, at 2.0 K was
3.3 .lOg at 5.0 HV/m. CEBAF’s sptziftcatim is Dres 2 3.0 *log;
combiningthiswithQB~(2.0K)
- 1.14~10t0yield3&~ 2.37*10g.
Cavity number 3 achiwwt m amlerating g%diant of 6.8 HV/m in
its acceptancetest. The 0, was 7.0 . I Og at 5.0 HV/m. The Bras at low field
was I.8 .lO’O. The b&down locatim idmtlfied by thsrmometry in this
acceptancetest was subsqumth/ tyound using m interns1 grinder, md the
cavity was retested. In this test, the cavity achieved7.7 HV/m and a &of
7.5~10gat7.5MV/m. ThaQ,.esatlovvfieldwas l.3~10t”.
A tyPiwl thermometry map, takm by the Interatom-Wuppertal
wll&oretion, is shown in FQure 3.
Cavity number 2 was manufaured bV Dornia. it was tuned,
processed,end testsdet Cormlit t. This awity wes tuned to hsvee flat field
profile, but its initial frequency wm I3 Htiz low, which m outside the
range of tuning capability of tha svsllable tuner. The r&d vslua was low,
prlmfrlly as a result of the low fMxBmmy.
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FIBURE3. Temperature map of e supwm&ctlng CEBAFatvity et Eacc5.6 HV/m, taken with a thermometry q&em consistln~ of a rotating
srsy of 89 tampasture ssma-s. This s@am scms the cavity
surface for enhmcad losses and permits guided repeir to be
parlormaUl

TABLE4. STATUSOFMVITY HANUFACTURINBAND
TESTINO
CAVITY
NUMBER MFR.

DATE
ORDERED

DATE
DATE
FABRICATIONTESTINO
COMPLETED COMPLETED

:

Dornia
interatom

g/9/85
1 I /8/85

2/l/86
12/28/85

21
2112186
I 2186

3
4
5
6

interatom
B&W
TRW
B&W
TRW
interatom
Interatom

1O/4/85
l/13/86
l/13/86
l/13/86
l/13/86
4/23/86
4123186

l/12/86
S/9/86
( 6/6/86)
( 6128186)
( 6130186)

3113186

i
9

Cuvity number 2 achievedm aaaleratlng pradlmt of 7.9 HV/m m
ltsfirsttest.
The~achievedwas6~10gst7.9MV/m,adthe~lueof
h
a 3 W e d was 2.75. I 010 at i5 MV/m.
Cavity number 4 was manufacturedby B&a& md W ilcox. This
wfity bus beantuned and will be procawed md testal at Cornell. Ths field
profile hes baen tuntxi to be flat, axi m unususlty small wnwnt of tuning
was namsmry to bring tha cavity to the correct ftquancy. The input
coupling will be adjustedto the correct value after the first cryogmic test.

A well-pfwan cwity design which m&s all of CEBAF’s
re@anmts ts in hmd. Industrial prototyping of cavittes of this design
has prom&d extremely well 90 Is, with three of three industrielly
fabricated cavities tastad exceadirqCEBAF’sspsciflcations for gradimt fnd
Qres
Work remainl~ to be doneto mmpleta CEBAF’scavity and ayostat
protot~ping sta~$~ includes axnpletim and testing of 6 additional
industrielly fabric&d cwities. Following ~&XX&I testhq of t&a
cwltias indivldualh/, they will be tested in a vertlwl cryodat tw pairs. The
use of @s Valves m the beam lines and Kapton windows m the input
wevquides, combinedwith couf~lingof the input powsr into the cavities

throu@ the Kapton wu@guide winrbws, permits the wvity pairs to be kspt
undw vacuumduring tha pair test and parmmsntly thsr&tar’l.
A test hm
already been performed m 0 sinple cell wvity to verify thst there m no
unexpectedproblems with this tachn’que13. The mtast.eU pair will then
ba installed in aywtets to form ay-units, md these will be#yogeniwlly
testElI.
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Abstract

degradation. The fbnt is “optical” errors. Such errors include
mismatches of the beam phase space, distortions generated by
optical aberrations in the beam lines, and perturbations due
to impe.rfectione in the magnetic fields that bend and focus
the beam. The second source of degradation is synchrotron
radiation excitation. Radiative excitation increases both the
emittance and momentum spread of the electron beam. The
limes described here have been designed to insure that such
radiation-induced contributions are negligible.

The use of recirculation in linear accelerator designs requires beam transport systems that will not degrade beam
quality. We present a design for the transport lines to be
used during recirculation in the CEBAF accelerator. These
beam lines are designed to avoid beam degradation through
synchrotron radiation excitation or betatron motion mismatch,
are insensitive to errors commonly encountered during beam
transport, and are optimized for electron beams with energies of 0.5 to 6.0 GeV. Optically, they are linearly isochronous
second order achromata baaed on a “missing magnet” FODO
structure. We give lattice specifications for, and results of analytic estimates and numerical simulations of the performance
of, the beam transport system.
Accelerator

Recirculator

Arc Beam Line Reuubemente

The recirculator arc beam
degrading beam quality, rely on
components, and be compatible
commodate potential upgrades
isting recirculator housing.

Overview

The CEBAF accelerator is a recirculating cw linac designed to generate electron beams of energy 0.5 to 4.0 GeV
at a 1 GeV emittance of c = 2. x 10-s m-rad with a mc+
mentum spread 4 x (uE/E) = 1. x lo-‘.
The machine (described elsewhere’, shown in Figure 1) consists of a 60 MeV
injector, two superconducting cw ‘linac segments”, and a recirculator. The linac segments simultanieously accelerate four
beams at different energies; the energy gain is 0.5 GeV per
segment. Each beam can be recirculated to make up to four
passesthrough each segment for a final energy of 4.0 GeV. The
recirculator consists of two IWCB that transport beams from one
linac segment to the other for further acceleration. In each UC,
a ‘spreader” separates the beams according to energy. A set
of beam limes (one line for each energy) transports the beams
to the next Iinac segment, where they are mbde collinear using
a “recombine9 and injected into the segment.

Transoort

lines were designed to avoid
mechanically simple magnetic
with a tunnel that could Mof linac energy within the ex-

Line Optical Conatrainte

The requirement of minimal beam degradation can be met
by imposing two types of lattice contraints. The 5rst is that the
recirculator arc beam line lattices be achromatic, isochronous,
and imaging, and will provide a total beam path length that
is a multiple of the RF wavelength. These features will facilitate reinjection of the beam into the linac and insure that
no betatron or longitudinal mismatch (with resulting phase
space dilution) will arise. Achromaticity and isochronicity are
achieved by proper transport and matching of the dispersion
function; imaging is achieved by choosing optics that lead tom
an integer number of betatron oscillations in each beam line.
Synchrotron

Radiation

Effect8

The second constraint imposed to avoid beam degradation is that the arce generate miniial excitation through synchrotron radiation. The radiation-induced energy spread UE
and emittance blowup Ac occuring when a beam bends though
180’ are given by the following expressions (in MKSA units):’
t+

1 . 182

x

10-33GeV1

rnsf
Pa

AC = 1.32~ x lo-“m ’

fl\
\‘I

rad$(l()

Here

/

Extracted
to end

beam
etations

Figure 1. Schematic of CEBAF Recirculating

with L = orbit length in bending magnets and p =orbit radius
in bending magnets. The induced energy spread is a function
of the bending radius only, but the emittance blowup may be
controlled, in part, by the choice of lattice functions.

Linac

Here, we focus on the recirculation arc beam lines. The
two arca comprise a total of seven beam lines, For a final energy
of 4.0 GeV, the four beam lines at the east end of the machine
transport beams at 0.5, 1.5, 2.5 and 3.5 GeV, while the three
at the west end carry 1.0, 2.0 and 3.0 GeV beams. Recirculc+
tion through these lines introduces two sources of beam quality

Beam Line Parameters, Con5auration.

and OutIce

The strong 7 dependence of UEIE and AC suggests that
only the highest energy beam lines contribute significantly to
these blowups. Parametric studies based on (1) confirm this,
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and also indicate that the &ml values of osfE and AC depend
only weakly on the choice of bending radius for the 5re.t 5ve
beam lines. The bending radii in these beam linen may therefore be reduced without degradation of beam quality. An AE
may be controlled through (U), the bend radius in the final
beam lime may be set by UE/E done.
The choice of bending radius for the high energy beam
linen is driven both by radiation excitation considerations and
a desire to accommodate linac energy upgrades within the tunnel deflned by the recirculator arcs. Sinie an upgrade to 6 GeV
rhortly after machine commissioning will be practical if SRF
cavity technology continues to develop M expecteds, we ret
the bend radius by specifing that 4 x (@E/E) be on the order
of 1 x lo-’ at 6 GeV. Use of (1) indicates that a final bending radius of 30 m satisfies thii radiation excitation requirement. In addition, the bend packing fraction in an achromatic,
isochronoua lattice of the type required here is only 60% or lees.
Hence, a tunnel of mean radius 60 to 80 m will be required.
However, lattices capable of recirculation at even higher energies in a tunnel of 80 m mean radius have been generated’,
no the choice of 30 m 5nal bending radius is also consistent
with accommodating energy upgrades within the accelerator
housing (using different types of lattices).
Bending radii for lower energy beam limes are constrained
by a desire for operational simplicity; thii implies that all beam
lines be designed in a similar fashion. Thii has been done by designing the beam lines in a modular fashion; low-energy beam
liinv are generated from high-energy lines by replacing bending
magnets with drift spaces, resetting beam-lime focusing magnets to retain the desired optical properties, and adjusting driit
lengths to yield a total beam path length equal to a multiple
of the RF wavelength. The bending radii for the lower energy
beam lines are thus a fraction of the radius for the final 3.5
GeV lime, with the fraction being the ratio of the number of
bending magnets in the limes. The following numerology for all
bending radii haa been adopted. A bending radius of approximately 30 m is obtained using 60 m of bending in a beam lime.
This is provided by 40 dipoles of 2.25 m magnetic length in
the 3.0 and 3.5 GeV lines. We use 32 similar dipoles in the 2.5
GeV line, and 16 such dipoles in the four lowest-energy linea.

line to be treated M identical to all others insofar as matching to the linacs t concerned. The structure of, and the lattice functions for, one period of each type of beam line are
illustrated in Figure 2. Table 1 gives lattice specifications, M
computed by DIMAD”, for each beam line.
Figure 2. Structure and Lattice Functiona of One Period of Arc
Beam Liner

Longitudinrl

Figure

2~4. 0.5-2.0

dirlrno
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GeV Beam Liiea
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tm)

Figure 2b. 2.6 GeV Beam Line
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As noted, the transverse emittance blowup may be controlled by the choice of lattice functions. We have sought to
reduce (U) M much M possible consistent with other contraints.
This was achieved, together with achromaticity, isochronicity,
and imaging, through the use of a four-period structure in each
beam lime. Each period consists of a modified four-cell FODO
structure with ‘missing magnets.” The regular alternation of
dipoles and quadrupolea is interrupted; dipoles are replaced
by drift spaces to drive the dispersion acroaa the design orbit
and create an iaochronoua structure. The use of four perioda
per line reduces the maximum and the mean values of the dit+
persion and betatron functions (thereby reducing (U)). The
similarity of all beam lines insures that corresponding beam
line elements lie in approximately the same location at a given
path length; this simplifies tunnel geometry.

bng’tudinlldibtanco

6.00 g
x

tml

Figure 2~. 3.0-3.5 GeV Beam Linw

t

Imaging in obtained by tuning each period to S/4 beta-tron wavelength. This produces a unit transfer matrix over
the four-period arc and yields well-behaved lattice functions.
It also allows simple elimination of all linear chromatic aberrk
tions through the we of sextupolen; the resulting beam linen are
second-order aehromats$ all second order transverse aberrations are eliminated. All periods of all linen have been matched
to the same betatron function values. .Thii allows each beam
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Lattice

Table
Property

1: Beam

Line Lattice
Properties
1 OS-Z.0 CeV 1 2.5 CeV

1 3.b3.5

GeV

Beam Line Performance

alignments and dipole powering errors. We have determined
that rms quadrupole misalignments of 0.2 m m will produce
design orbit errors of less than 1 cm in either plane. Random
dipole powering errors with rms values of 0.01% will produce
design orbit error6 of 1.5 m m at the end of the lowest energy
beam line (the most sensitive beam line, because it hss only 16
dipoles). Systematic dipole errors cancel completely over the
line length (because the beam line is an achromat). For this
reason, the dipole6 in a given beam line will be on a common
circuit; any powering errors will then be systematic.
The second type of errors investigated are those producing
effect6 upon motion about the design orbit, such ss quadrupole
powering errors. and error sextupoles. We 5nd that rms quad
power supply errors of 0.1% will produce rms betatron function
mismatches of 0.4% in @ and 0.004 in a, M well M r.m.6. tune
variation6 on the order of 0.002. These are small; the correspondmg mismatch-induced emittance increase is less than 6%
of the 5nal emittance at 4 GeV. Sextupole errors give smaller
e5eets. If the systematic sextupole component of the bend produces a AB/B of lo-’ at 4 cm, then the effective contributed
chromaticity will be approximately 10% of the natural chr*
maticity of the beam line. This is readily compensated with
the standard chromaticity correction sextupoles. As the rms
random sextupole component should be an order of magnitude
smaller, we anticipate no significant effects from the random
sextupole.

Effects of Radiative Excitation

i

AnaIvtfc Est¶mates of synchrotron radiation induced emittance and momentum spread growth are displayed in Figure 3.
The results are based on (1)) illustrate the cumulative increases
for all reclrculations, and include the effect of adiabatic damp
ing. The results are well below the design values of the machine, with AC = 3.4 x 10-l’ m-rad compared to c = 5 x lo-lo
m-rad at 4 GeV and (uE/E)indueed = i.2 x lows comparea to
ug / E = 2.5 x 10-s at 4 GeV.
Figure 3. Radiation
Each Beam Line

Induced Blowups at Start and End of

Figure 3a. Induced Emittance

Numerical Slmulatlons DIMAD has been used to study
these perturbation effects. The analytic analysis of the effects of quadrupole misalignments and dipole powering errors
W M confirmed numerically. In addition, DIMAD indicates that
the misaligned orbit can be corrected to better than 0.5 m m
rms deviation and 1.5 m m peak deviation using a simple orbit correction scheme consisting of a position monitor (reading
horizontal and vertical displacements) and a single correction
dipole (acting in the focusing plane) at each quadrupole.
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The second order perturbations were also modeled. Simulation with DIMAD indicate6 that only 10% additional sextupole strength is required to compensate the systematic sextupole in the dipole, and, moreover, that this systematic error
has no significant impact on the nonlinear optics. No significant geometric or chromatic aberration6 are generated. Finally, using DIMAD we have confirmed that a random sextupole component giving a ABfB of 10Bs at 4 cm will not
affect the performance of the beam line optics.
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Figure 3b. Induced Momentum

4
Ino

numbrr

I

6

?

Spread

Numerical Simulations have been used to verify analytical
estimates. Two independent numerical simulation6 have been
performed. The first used the synchrotron radiation simulation feature of DIMAD to model the motion of 10000 particle6
through the beam lines. This simulation assumed an approximate gaussian distribution for the radiated photon energy and
number spectra, and thus W M most appropiate to modeling
motion in the high energy beam lines. The second, described
elsewhere’, employed statistics that were correct in the details of the distributions describing the radiation, snd hence
-was appropriate for modeling motion all beam lines. Results
from both simulation6 were consistant and in agreement with
analytic estimates.
E5ects of Manneto-Optlcal Pertnrbatfons

Acknowledgements
I would like to thank Chrietoph Leemsnn, Richard York,
and Joseph Bisognano for useful discussions, and Steve Corneliussen, Geoffrey Kra5t, and Peter Kloeppel for editorial
assistance. This work was supported by D.O.E. contract #
DEACO-84ER4015.
References
1. Ch. W. Leemann, these proceedings; CEBAF Conceptual
Design Report, CEBAF-PR-86002,
Feb. 1986.
2. M. Sands, SLAC-121 (Nov. 1970)
3. See, e.g., reference6 in 1.
4. D. R. Douglss, unpublished
6. K. L. Brown, I.E.E.E. Trans. Nut. Sci. NS-26, 3, (1979)
6. R. Servranckx et. ol. “Users Guide to the program
DIMAD”, SLAC Report 285 UC-28 (A), May 1985
7. B. Norum, CEBAF-TNOOlQ, 5 Nov. 1985

AnaIde Estimates The effect of two type6 of lattice perturbations has been studied. The first type is errors causing
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Abstract
per bunch of q = Ze/fb. Let Wocoe(wt + 4) be some initial
wakefield excitation of the cavity. A bunch will experience a
momentum kick

Multipsss beam breakup can severely lit
current in-mperconducting linear accelerators due to the inherently high
Q’a of transverse deflecting modes of the RF cavities. The
success of higher-order-mode damping in increasing threshold
currents for the 4-pass CEBAF SRF linac design is investigated with computer modeling. This simulation in shown to
be in agreement with theoretical analyses which have successfully described beam breakup in the Stanford euperconducting,
recirculating linac. Numerical evaluation of an analytic treatment by Gluckstern’ of multipase beam breakup with distributed cavities is also found to be consistent with the computer
model. Application of the simulation to the design array of 400
five-cell CEBAF/Comell
cavities with measured higher-ordermode damping indicates that the beam breakup threshold current ia at least an order of magnitude above the CEBAF design
current of 200 /LA.
Introduction

Ap = ;We coa(wt + 4)
After recirculation, thii
transverse displacement

rlz = Bdp

to the cavity with a

(3)

where Bij in the transfer coefficient (momentum to transverse
position) between the ith and jth passes. On traversing the
cavity the second time, an additional wakefield
AW = ~q(BllAp)ain(wr)c-Y’/“O
I
ia excited.
Steady state ia maintained if the bunch excitation compensates for losses in the cavity walle and HOM couplers. At
higher current levels there will be instability.
With the assumption of a moat-pessimistic conspiracy of
time delay, the steady-state condition yields the threshold condition

The beam current of RF lmaca has been liited
by a
variety of beam breakup phenomena. In normal conducting
linacs single-pass cumulative and regenerative beam breakup
have threshold currents of tens to hundred of milliamperea.
Since higher-order-mode Q’s of the superconducting RF cavities of the CEBAF liiac will be reduced by couplers to levels
(10’) characteristic of room temperature cavities, these singlepass effects should not be of significance at the few-hundredmicroampere-per-beamlet
values of the present design. Multipas regenerative beam breakup, on the other hand, has limited
the beam current of superconducting C W linacs such as the
Stanford recyclotron to tens of microamperea and requires careful evaluation for the CEBAF design. The damping achieved
in the 55-cell cavities used at Stanford, however, reduced HOM
Q’s to values still in excess of 10’.
The following discussion presents a detailed investigation
of multipass regenerative beam breakup in the CEBAF C W
liiac. Computer modeling of beam breakup has been devefoped, and includes accurate accounting for time delays, mode
frequency spread, and lattice function variation. Application
of this simulation to the long array of five-cell cavities of the
CEBAF design indicates that beam breakup occurs only when
currents exceed ten milliamps per beamlet-at
least an order
of magnitude above CEBAF’s design current of 200 pA.
Phenomenolom

bunch returns

In an n-pass recirculation configuration, there are n beamlets passing through the cavity. One beamlet hes been kicked
(n - 1) times and has a perturbed transverse position described
by the transfer coefficients Bl, through B(,-I),,.
Another
beamlet has been kicked (n - 2) times with corresponding co
efficienta B1(,-l) through B(,-~)(,-l),
and so forth. Thus, for
an n-pass recirculating linac, the threshold current is (again,
assuming a worst-case phase conspiracy)

where the maximum values of the Bij are taken to obtain a
most-peaaimiitic result.
Thii expression (with differing notation) is consistent with
the work of Gluckatem,’ Vetter,!’ and Hermingha&’ for multipass BBU induced by a localized structure. In addition, experiments on beam breakup at the Stanford recylotron’ appear
to confirm thii result. Because of the high Q’s (w 10’) associated with the modecl of the Stanford structure there was little
mode frequency overlap among the major sections of the linac.
The instability had a local character appropriate to the above
lUlltlyI&5.
Within the limits of thii model, determining the threahold
current in CEBAF requires estimates of both the transfer functions Bij of the linac/recirculator
and the expected transverse
impedance of the RF cavities. The HOM impedance of the
Cornell five-cell structure is well documented in the literature.s
The 2” and Q for the four worst modes are listed in Table 1.

of Beam Breakup

Consider the excitation of a single parasitic mode of a cavity by a charge q passing at transverse position r off axis. A
charge e passing I behind will experience a transverse momentum kick of

where 2” ia the transverse coupling impedance (ohma/m3) and
1 is the active length of cavity structure. Consider now a series
of bunches spaced by fb with average current lo and charge
452

initial conditions.
A recond generation code which include8
x-y coupling and takea full advantage of the CRAY computer
hss been recently developed. For the single-pa88 cumulative
breakup the chief diagnostic is the final bunch position at the
output of the liiac. A threshold is determined by a scraping
condition at the beam pipe wall. For multipaus regenerative
breakup, there will be exponential growth of cavity fields. For
a particular amplitude of initial condition, beam displacement
may remain small for the duration of a run even though cavity
fields are growing exponentially. However, for C W operation
these 5elds will eventually grow to the point of producing beam
loss. Therefore, the chief diagnostic in determining threshold
currents is the observation of exponential growth of the cavity
wakefields.
The analytic work M presented above represent8 a worstc8ae analysis in that time delay8 were Msumed to conspire for
maximum effect and the largest value8 of the machine trsnrrverse transfer function were taken even though the cavities are
uniformly distributed along the linac. The simulation offers the
possibility to study more realistic distributions of time delays
and lattice functions, and, in addition, allow8 for investigation
of the effect8 of modal frequency spread.
The analysis summarized in Equation (6) iz appropriate
to a localized, single mode with no frequency spread and M
W M discussed earlier described the experience with BBU at
the Stanford recyclotron. Since the threshold current for this
ca8e can be simply calculated including exact p8se-to-pas8 time
delays, it offer8 a clear test of the simulation. Both Zpasa and
4~~s &-hold
current valuea were calculated for a FODO
lmac lattice structure with a mode frequency of 1890.0 MHz.
These configurations were also modeled with the simulation
code. Simulation and analytic threshold current value8 were
found to agree well within a factor of two. Figure 1 shows
results for a 4-pass configuration with a localiied transveme
impedance equivalent to 1 m of CEBAF structure with no frequency variation.
As discussed by Gluckstem’ in thiB conference, evaluation
beam breakup threehold currents for a spatially dieof n-pass
tributed set of cavities can be reduced to fkiiig
zero% of the
determinant of a 2(n - 1) dimensional matrix. Although this
matrix ie in general the product of matrices describing beam
transport and bunch inter&ion
at all the cavity site8 and is
therefore quite messy, the matrix dimension remain8 modest.
The problem of searching for determinant zeros aa a function
of current has su5ciently good behavior to be amenable to
numerical methods. A computer program ha8 been developed
bssed on this analysis which scan8 in real frequency and generates a plot of complex threzhold current. Figure 2 illustrates
such a plot for a single cavity, two-pass con5guration.
Each
crozsing of the positive real axis represents a possible phyeical threshold current at a corresponding real frequency. The
multiple root8 result from the succession of favorable time delay8 as the frequency is scanned. As the number of distributed
cavities, ie increased, the number of families of roots is found
to increase. Figure 3 shows the lowest root curve for a four~8~8,
two cavity configuration.
A second, but not third, root
family was aleo found. Threshold current8 obtained with the
simulation and the zero-finder codea have been found in agreement for two separated cavities with two, three, and four pass
configurationa.
Another study compared the single 1890.0 MHz (8 =
32000) threehold with that of 100 modea uniformily distributed
between 1890.0 and 1891.0 MHz. Each mode W M given 1% of
the single-mode transverse impedance and all were localized
at the same point on the lattice. The threshold current has

Table 1
Strongest Tramweme Mode8 of &Cell Cavity
Frequency

i

z$J
Z”1
(Z”l)df

ww
(10’)
(10’ ohm/m3)
(108 ohm/m”)
(log ohm/m”)

1888

1960

2080

2110

3.2
6.95
445.
89.0

0.4
10.4
131.
94.3

1.0
5.0
loo.
47.0

1.3
10.0
260.
104.

1= 200 m for the CEBAF C W Linac
The liiac will consist of some 400 of these 5ve-cell (O.Smeter active length) cavitierr and have‘ a total active length
of 200 meters. Manufacturing tolerances will yield mode fre
quency variation8 of about 1 MHz full width. Thus, there will
not be perfect coherence of 400 mode8 of a given type since
mode width8 are typically leas than 1 MHz. On the other
hand, Borne frequency overlap along the full length of the lm8.c
can be expected and the instability will not be well localized.
At threshold there exi&s B steady-state modulation of the
liiac beam at some frequency, and it will be the value of the
impedance at this frequency (modulus the bunching frequency)
that will drive the beam above threshold. In light of the partial mode overlap, the effective impedance offered by the RF
cavities i8

(Z’qcR= $ . 9*2~-F(Q)
where F(Q) e8t’unates the fraction of mode8 of a particular
type acting coherently. Computation of the impedance sum
of randomly diitributed
resonator8 gives F(32000) = 0.2 and
F(4000) = 0.72 for a uniform distribution of mode8 centered at
2 GHz with full width of 1 MHz. The last two entries in Table
1 give the total Z”1 (a88uming no manufacturing variations)
and the effective 29 (Msuming 1 MHz variations) for the four
modea Iiited.
The lmac lattice is modeled by a 9.4 meter half-cell-length
lattice with a phase advance per cell of 120“ for the 5rstpass energy. The recirculator is assumed to offer an identity
transformation.
Without any lattice optimization, a maximum
value of C IBI = 56Xkm/(MeV/c)
W M found in the four pass
configuration. Ixnxertion of thii value and the (Z”l)eff of Table
1 into Equation (6) yield8 lower bound8 on threrrhold currents,
between 1.5 and 3.3 mA/beamlet for the four Cornell modes.
These values represent a worst-ca8e analysis, with effectively all passes assumed to have time delay8 yielding maximal
coherence and with the cavities localized on the largest value
of Bije However, these worstcase thre8holds exceed the design
current of 200 PA by nearly an order of magnitude.
The analysis summaried in Equation (6) is strictly appre
priate to a localized structure.
Some uncertainty, therefore,
remains concerning the effects of cavity-to-cavity
mode frequency variations and the diitribution
of interacting cavities
along the length of the linac in improving the threshold currents. These issues among other8 have been addressed with a
computer eimulation which is discussed in the next section.
Commuter Simulation.s of Beam BreakuD
From the Stanford experience it appear8 that the dominant mechanism for multipans regenerative beam breakup can
be modeled by M imp&e approximation.
Thii in also the
regime appropriate to single-pa88 cumulative beam breakup
&B observed in SLAC where extensive computer modeling has
been successful. The SLAC program (authored by, R. Helm)
has been modified at CEBAF to include multipass recirculation with both random and systematic bunch displacement M
453

been found to be a factor of 6 higher for the distributed modes
and is in reasonable agreement with the factor-of-g estimate
included in the worst-case analysis presented earlier. This reSUh
&mly establiihes the benefits of mode frequency spread
in easing beam breakup.
Runs were performed to model the full CEBAF cavity
array distributed along the liiac with a-FODO lattice at 4
GeV final energy. Threshold currents for the four strongest
Cornell cavity modes are summarized in Table 2. All threshold
currents are greater than 18 mA/beamlet for four passes, At
2 GeV, the lowest 5nal energy that requires 4 pseses through
the linac, the simulations indicate stability if the beam current
does not exceed 10 mA.

Computer

zth

1888 MHz
21 mA

Table 2
Simulation Estimates of Beam
Breakup Thresholds
1969 MHz
18 mA

2086 MHz
56 mA

40

20
__---

limo
(00 d

~Rorolullon
--1on*

Porlods)

Figure 1. Simulation of beam breakup driven by localized
structure. Analytic threshold current is 7OmA.

2110 MHz
26 mA

A final set of runs wss performed to observe any interaction of modes of significantly different frequency. Each of fifty
‘supercavities” was allowed to have four modes at frequencies
of 1890, 1989, 2108, and 2120 MHz with no cavity-tecavity
frequency spread. Each mode was given an impedance equal
to the 1890 mode. The observed threshold current and growth
rate were within 25% of single-mode values and do not indicate
any significant mode interaction.
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A computer model of multipsss regenerative beam break
up that includes mode frequency spread and lattice variation
has been developed. For a single, localized mode, this simulation is found to be in agreement with analytic estimates which
have been successful in describing beam breakup in eXiStbIg
recirculating hBC8.
For the CEBAF design, a threshold current
for beam breakup in excess of 10 mA/beamlet is found. This
estimate exceeds the design goal of 200 pA by more than an
order of magnitude. Further studies are underway using both
the zero-5nder and simulation codes.
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Figure 2. Complex current plot for 1 cavity, 2 pass configuration.
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However, the overall diameter of the structure is
much larger than the accelerating cavity diameter
due to the side cavities.
Moreover, a great number of machining and assembly steps are required.

Abstract
i

A new high efficiency X-Band, standing-wave linear
accelerator cavity structure has been developed.
It utilizes
a shaped coaxial cavity as the coupling
cavity between accelerating cavities for n/2 mode'
operation, hence the overall diameter is extremely
small while maintaining a very high shunt impedance. *e coupling cavity and accelerating cavity
are easily machined on opposite sides of a single
cell, eliminating any subassembly steps. Cavity
geometries were developed using the computer codes
LACC& IAlA. Prototype 1.5 MeV and 4.0 MeV, 20 cm
long accelerators are now under development. 'The
accelerators employ a stepped field fcjcusing technique to keep the beam focused at low field levels.
'Ihe beam dynamics code PMLA wzs used to optimize the longitudinal
bunching and transverse beam
The accelerator design parameters,
characteristics.
as well as experimental results, are presented.

For most X-Band accelerator applications where
space limitation,
the machining process, and tuning
are of concern, the side-coupling structure may
become unsuitable.
Figure 1 shows the schematic
cross section of a new coaxially coupled, standingwave accelerator design reported earlier, which
utilizes
the shaped coaxial caqty as the coupling
cavity for n/2 mode operation.
Table I summarizes
typical parameters for X-Band accelerating cavities,
comparing traveling-wave,
side-coupled standingwave and the new stNcture.

T

Introduction

j.2an

Microwave electron linear accelerators with energies
up to 50 MeV have been widely used for radiation
therapy and radiography.
bst of these accelerators use an S-Band microwave frequency aroLIIx1 3
GHz, since high or
RF sources (magnetrons and
klystrons) are readily available at this frequency
range and the size of the accelerators is reasonably Compact. A few attempts to develop accelerators at X-Band frequencies have been made in the
past. 5ut due to: 1) the lack of a high power
source at X-Band frequencies, and 2) the complexity of machining and tight mechanical tolerances
and alignments, the accelerators remained mostly
at the R & D level.

1

TABLE I TYPCAL PARAMETERSFDR X-BAND
(93DDMHz)ACCELERATOR
STIWTURES

Recently, there has been new interest in electron
accelerators operating at higher frequencies for
high energy physics research (linear collider)
and new industrial
applications
(bore hole investigation and portable radiographic applications),
which has lead to renewed R & D activities
with
X-Band accelerators. 19 2

Structure

Smaller size

2)

Higher shunt impedance (shorter
given power to obtain a certain

3)

Higher breakdown threshold

4)

Shorter fill

l&C-LO&d

Typeofoperatii
Tw
Modeofopsrstii
2n13
Efiective
Diameter
3.2cm
&.amHo(eDiameter
8mm
Nearest
Neighbor Coupling
2%
EflectiveShunthnpedance80 MQ/m

There are various advantages of using higher
microwave frequencies for electron accelerators,
i.e.:
1)

Schematic Illustration
of New Coaxially
Coupled X-Band Standing-Wave Linear
Accelerator Structure

Fig.

length for
energy gain)

side-coupled
SW

n12
5.3cm
4mm

Coaxial
SW

n/2
3.2cm

4mm

3%

8%

145 MQ/m

130Mnlm

level
As shown in the table, the new structure offers
significantly
smaller diameter than the sidecoupled structure, while maintaining a high shunt
impedance and nearest neighbor coupling.

time

It is of interest to develop an extremely small
X-Band accelerator structure with high shunt impedance for future applications.

In this paper, a new X-band coaxial coupled
accelerator structure is presented along with the
cavity and accelerator structure optimizations.
Also, a beam focusing technique without use of
a solenoid or quadrupole magnet is discussed.

The side-cqling
standing-wave linear accelerator
has many advantages. Among those, the high shunt
impedance and high stability
are extremely important factors for medical and industrial
applications.
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Cavity

Optimization

and LaJ Power

'Ihese cavities have been easily machined by skilled
machinists with a first cut frequency variation of
+ 12 Miz for the cknqling cavity and + 1 M-k for
fhe accelerating cavity.
Second cuts-can place
the frequencies within + 5 Miz and 0.5 Mz respectively.
This shoul?l provide sufficiently
accurate tuning for stable, efficient
operation
of guide, withcut loss of efficiency.
Because
of the dimensions and geometry, IK) post-braze tuning
will be attempted. The nearest neighbor coupling
constant,
Kl, for the cavities has been measured
at 8%, while the next nearest neighbor constant,
K2, is less than .05%.
'The low K2 is obtained by
rotating adjacent cavities by 900.

Test

In order to reduce the overall guide diameter and
to simplify machining and assembly, the X-Band
coaxial cavity structure was developed similar to
a previously reported S-Band stnrture.
In the
'MUO-like mode of operation
used, the open regions
at the inner
and outer diameters
of the coupling
cavity have strong magnetic field cdmponents,
while the electric field component is concentrated
in the capacitive region in between.
Consequently,
the frequency responds sharply to changes in the
capacitive gap and outer diameter;
These parameteis
are used to bring the cavity within the desired
frequency range.

TABLE I X-BAND COAXIALSTANDBIG-WAVE
LINEAR ACCELERATOR
DESIGNPARAMETERS
Type II

Accelerator Structure

\

.

\

\

\

ElectronEnargy(MeV)
Accelerator Length&m)
Number of Cavities
EffectiveShuntlmpedance(MQ)
AvailaMePeakPower(MW)
AverageRFPower(KW)
RFPulseWtih(~saC)
PeakE&amCunant(mA)
E&amPulseWidth(psec)
Beam LlnloadedCouplingFactor
LoadLine(MeV)
RadiationOulputatlm(Rad/min)

\

Fig. 2 Shunt Impedance vs Web Thickness At X-Band
Frequencies

Accelerator

'R-IS optimization
of
impedance,
the other
tuning,
were closely

the two cavities,
one for shunt
for ease of machining and
linked.
Figure 2 shows the
relationship
between the thickness of the copper
wab betmen accelerating cavities
(where the
coupling cavity is located) and the theoretical
shunt impedance per unit le that 93OOMiz. Unfortunately,
the thickness To the kleb, tich
is
inversely proportional to the effective shunt impedance,
is limited by 1) a practical
geometry for
the coupling cavity, and 2) thermal conductivity
requirements.
Further, the diameters of the two
cavities should be well-matched in order to ensure
strong magnetic coupling through slots cut along
the outer diameter of the accelerator cavitv.
lke
cavity code lAlA was used to develop the a&lerating cavity, tile
the code LCC was used to develop
the coupling
cavity.
Selection was based on the
ease with &ich each code was used for the particular
g-try.

1.5
20
14'12
22
0.2
0.2
2.5
60
2.1
2.0
2.1-6.7i
25

4.0
22
l&/Z
26
1.5
1.5
4.0
200
3.6
2.0
6.2-7.31
750

Development and low Pokier Test

Both a 1.5 MeV and 4.0 MeV X-Bard accelerator
mre designed with the new coaxial cavity geomeTable II summarizes the accelerator design
try.
parameters. The 1.5 MeV accelerator will be
powered by a 230 KW pulsed coaxial magnetron
SFD-349 HS), tile
the 4 MeV accelerator
(Varian
will use a 1.7 W pulsed coaxial magnetron Narian
SFD-303B). Both guides are approximately 20 cm
in length.
The initial
layouts of the guides
wre determined using a simple, one dimensional
model. Although longitudinal
knmching was readily
obtained using a three stage, graded confi ration,
it was anticipated that the low field leve Ps,
especially for the 1.5 MeV accelerator, waJld
result in sharp radial losses of the beam within
the 4 mm beam tunnel.
To refine the radial beam
characteristics
of the initial
designs, the beam
optics code PARMElAwas used. Beginning with an
idealized injection
beam of "quasi-electrons"
distributed
randomly over a representative phase
space ellipse,
the momentum, position, and phase
coordinates
of the quasi-electrons
are followed
Qwn the length of the guide. Figure 3 shaJs a
sketch of the initial
one dimensional designs and
the resultant beam spot profile and transmission
to the end of the guide. Toimprovethe
beam spot
and transmission,
it was decided to try a combination of a lower field in the input cavity,
and
a step in the field near the midsection of the
guide. 'Ihistechniquews
foundtoprovide
effective focusing from previous studies and is fundamentally a phase-focusing technique.
Figure 3,
of the beam spot size dm the length of the guide,
indicates that a likely location is the 4th or 5th
cavity for the 1.5 MeV-guide. Because of the higher
field level, which contributes to radial focusing,
the 4 MeV guide did not require any modification

lhe accelerating cavity was first optimized for maximum shunt impedance, then small modifications in
diameter and contour were made to match the evolving
coupling
cavity.
Initial
calculations
indicated
that a minimum web of 5 mm would be required to
obtain
a readily machined,
matched,
9300 M+z coupling
cavity.
lhe final coupling cavity diameter exceeded
the accelerating cavity diameter by 8%, which was
?letenninec.to allow for sufficient
magnetic coupling
thrcugh 600 to 75O slots cut at the outer diameter
of the accelerating cavity.
Althcugh the capacitive
gap is quite small (1.15 mm), tight machining
tolerances (+ .0025 mm), the unexcited state of
the coupling-cavity
during normal operation, and a
higher than previously thought bream
level
eliminate any concern.
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beyond a lower input field.
Figure 4 shows the
final configurations,
resulting beam spot profiles,
and transmission values for the twoguides.
The
1.5 MeV field configuration
is clearly not optimum
for the shunt impedance of the accelerator.
The
obtainable accelerating efficiency
is reduced by
approximately 2%. An alternate design was examined,
with a tm step field in the &her
region, and a
slightly higher (10%) field level in the accelerating region.
Although radial focusing is not as
effective,further
testing may prove this design to
have adequate beam characteristics,
and in light
of higher shunt impedance, to be more desirable.
Although a complete guide has not yet been assembled, some low power tests of partial sections
have been made.
A partial dispersion curve is
shown in Figure 5.

Conclusion
A novel coaxial X-band cavity structure was presented,
as well as the current development status
of two accelerators employing the structure (1.5
MeV and 4.0 MeVl. The accelerators have a small
diameter, are compact, and retain a high efficiency.
In addition
to small size and less weight, the new
design offers:
11 simplicity
in machining and
assembly, 2 1 high K1 and low K2, and 31 requires no
A stepped accelerating
field
post-assembly tuning.
in the kmcher region provides transverse beam
focusing as well as longitudinal
belching.

Fig. 4 Final Configurations,
Beam Gurrent Profiles

Energy Spectra,

and
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Table 1.

Summary
Economy of length and electric power in the design of future linear accelerators requires a knowledge of the electric field
breakdown limits in RF structures as a function of frequency.
The limits predicted by the Kilpatrick
breakdown criterion,
which gives a law of maximum surface electric field increasing with frequency, have already been exceeded at frequencies
under 1 GHz and S-band (3 GHz). The work described here
explores these limits at 5 and 9 GHz in single cavities. Experimental setups, procedures and results are presented.

investigators

(USSR)

(AECL)

(LASL)

(SLAC)

7-m

Frequency

(GHd

Kilpatrick

(MV/m)

Criterion

23.6

750

80

11.3

270

cw

38.2

2.3

425

100

32.2

1.6

2856

2.5

312

6.7

2997

4.5

240

5.1

35000

0.01

380

2.6

Tanabe
(Varian)
Hopkins
(LW

In order to study the breakdown threshold further, new Cband (5060 MHz) and X-band (9300 MHz) cavity breakdown
test setups have been developed. The RF cavities for these
experiments are similar to that of the S-band setup reported
on two years ago. In this paper, the new experimental setups,
procedures and some results are presented.
Experimental

Setup

and Procedure

Figure 2 shows a cross-sectional view of a demountable,
single cavity, C-band breakdown system. The test cavity was
made from OFHC copper. In order to obtain good RF contact
as well as to eliminate any gap between the cavity and copper
plated stainless steel end plate, a knife-edge was introduced at
the inner diameter of the cavity. The test cavity was clamped
with six bolts torqued to 106 inch-pounds. The indium gasket
placed at the outer diameter of the cavity wsa used for maintaining vacuum. This new technique of separating the RF and
contact vacuum seal worked fairly well. A 2 liter/set vacuum
ion pump was installed at the cavity to increase the vacuum
conductance.
Table 2 shows the half-cavity parameters computed by the SUPERFISH program for the X-band and C-band
frequencies.

-p*’

IO’

Threshold

Wang-Loew

Experiment

IO0

Width
(c(8ec)

Ratio to

Williams

Wang- Loew /’
,fl
l Tonobe
/’

10-I

Breakdown

Hutcheon

Figure 1 shows the Kilpatrick criterion with several recent
experimental results obtained by various investigators, shown
in Table 1.4~s*6These experimental studies also indicate that
the breakdown threshold level increases with the frequency.

This

Pulse

Nikolaev

In the design of high gradient accelerator structures (accelerating gradients over 100 MV/m) for high energy physics linear colliders, or for medical and industrial applications where
space is limited, voltage breakdown becomes a major constraint.
Recently, the authors of this paper have separately conducted
a series of breakdown experiments at S-band frequencies and
have obtained maximum surface electric fields in excess of
300 MV/m for a few pet pulsed operation.‘12 These results
indicatethat
the maximum surface electric field for well prepared OFHC copper in a clean environment can exceed six
times the “Kilpatrick
breakdown criterion.“3 It is of interest
to investigate the breakdown threshold level at even higher
frequencies since the criterion states that the maximum field
increases with the operating frequency. Moreover, there are
other advantages of using higher frequencies for accelerators,
i.e., higher shunt impedance per unit length, smaller diameter,
and shorter filling time.

1

Frequency
(MHZ)

Introduction

3
zz
-

Summary of experimental study of breakdown
on copper electrodes.

After careful machining, inspection of surface and cold test,
the test cavity was chemically cleaned (vapor degrease, alkali
soak, cyanide bath, and water and methanol rinse) and sssembled in a clean room. After the system was pumped down
to lo-’ Torr, the RF processing started. The test cavity was

IO2
5432*4

Fig. 1. Kilpatrick
breakdown criterion and some experimental results.
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first excited to a very low peak power level (0.4 MW) at a
relatively high repetition rate for a few hours. By keeping
the cavity pressure level below 10m6 Torr, RF processing was
slowly carried out by gradually increasing the peak power level
and repetition rate. C-band and X-band coaxial magnetrons,
VMC-1288 (4998 MHz) and SFD-303B (9309 MHz), were used
as RF sources. The peak power was varied from 0.2 M W to
full power by varying the anode current for both magnetrons.
Forward and reflected powers were monitored through 50 dB
calibrated directional couplers. The transmitted RF power into
the test cavity is monitored through a probe in the end plate.
This probe was also used to monitor the field emission current.
The breakdown level was determined by monitoring the forward, reflected and transmitted power as well as the ion pump
current.

E,,, =

Eit,,,
--

PD

1

Q m p “=
m
Q

where P,,, is the measured breakdown level input power, Q,,,
and Q are the measured Q and theoretical Q factors respectively, and Ema, is the theoretical maximum surface electric
field, corresponding to the dissipated power PD. Table 3 summarizes the results of breakdown threshold levels for the Cand X-band cavities. The results indicate that the maximum
surface electric field was ss high as seven times the Kilpatrick
criterion.
Table 3.

Experimental

Results

1 Water

Figure 3 shows the reflected and transmitted RF pulses for
the C-band cavity under normal and breakdown operation for
various pulse widths. The results indicate that the breakdown
limit does not appreciably depend on pulse width between 2.7
to 4.5 psec.

vocuu
Pump
-

2 T;onsformer
Gasket

I.85
543ZAI

JWoter

Fig. 2. A cross-sectional view of the C-band
demountable, single-cavity tester.
Table 2.

Field Calculated for Normalizing Conditions
1 /c” E,(Z) expj(wzlc) dz 1 /L = 1 MV/m

Resonant frequency, f

C-Band

X-Band

4998

9303

7018

5595

113.3 n/cm

158.8 n/cm

Q (half single cavity,
including

end plate)

r/Q per unit length

Breokdown

3.915 x lo-’ J 7.205 x 1O-6 J

Energy stored, -W

e-011

Power dissipated,
176.8 W

PD = wWfQ
Maximum

Average accelerating

7.542 MV/m

4.876 MV/m

0.966 MV/m

0.908 MV/m

RF pulses for

Figure 4 shows a modified Fowler-Nordheim
plot of field
emission current measured at the probe of the C-band cavity.
The slope of log,, I/ Eg5 versus l/ Ep has the following form:7

field,

EM,
&a,

Fig. 3. Reflected and transmitted
C-band cavity.

76.26 W

surface field,

E ??SOZ

(2.7psec)
Level
Breokdown Level
(3.6~~~)
Reflected and tronsmitted RF power pulse
s432F.2

7.81

I&,,
Experimental

d (loglo I/E$+)
d(llEp)

= -5.8

X 10’ dl-’
B

(1)

5.37
where f is the average field emission current under the influence of an external macroscopic surface field Ep enhanced by
a factor p. 1 is measured in amperes, Ep in volts/m and 4 is
the work function in electron volts. The value of p obtained
from this plot is about 75.

Results

Using the notations given in Table 2, the maximum measured surface electric field, E,,,, can be determined by the expression
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average field emission current and RF field level, was 75 for
the C-band cavity. The field emission enhancement factor is
a measurable quantity for a certain accelerator structure and
it is a very important parameter related to the RF breakdown
limits.
Acknowledgements
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RF BREAKDOWN
STUDIES IN A SLAC DISK-LOADED
STRUCTURE*
J. W. WANG, V. NGUYEN-TUONG AND G. A. LOEW
Stanford Linear Accelerator Center
Stanford University, Stanford, California 94305
Summary
After proper matching and tuning,
i

the resonant section
wss gradually RF processed at increasing power levels during Spring 1984 and yielded equivalent TW accelerating fields
EL,m of u 129 MV/m and corresponding surface fields E#,Tw
of u 281 MV/m for 2.5 psec pulses at a peak power input of
30.2 MW. After several experimental modifications but before
the klystron power could be increased further, a second series
of tests wss started in Spring 1985. In the course of these tests,
considerable field emission current and x-ray radiation were observed and an unexpected accident took place. In the scenario
as we have reconstructed it, after the section was perhaps processed insufficiently or too rapidly, the equivalent of roughly
1 PA average of field emitted current was captured and focused by the RF fields (an equivalent of about 3 kG axial magnetic field) onto the stainless steel end-plate and punctured a
1 m m diameter hole through it by melting and implosion. This
caused the section to go up to air and three or four disks to be
covered with a thin coat of stainless steel. Fortunately, no Q
degradation could be measured.

RF breakdown studies in an S-band standing-wave diskloaded accelerator structure have been cqmpleted. An equivalent traveling-wave
accelerating
gradient
as high
as
147 MV/m and a peak field in excess of 300 MV/m have been
obtained.
At these high gradients, considerable amounts of
field emission and x-ray radiation are observed. Some of the
field-emitted electrons are captured and focused by the RF
fields and can be extracted on the axis of the structure. Their
current, energy distribution
and the x-ray radiation they prc+
duce are given. RF processing as measured by the frequency of
breakdown and the reduction in field emitted electron currents
inside the structure can be speeded up considerably by the
presence of argon. Some conjectures on the causes of breakdown are presented.
Discussion

of Early

Results

The study of accelerator structures under high-gradient
conditions which is reported here started at SLAC in late 1983.
A first status report on this work was presented at the 1985
Particle Accelerator Conference .r All the experimental results
were obtained with a 2x13, seven cavity disk-loaded standingwave (SW) section made from a segment of standard SLAC
traveling-wave (TW) structure capped off at one end. Its dimensions and properties calculated by SUPERFISH for a l-l/2
cavity cell are recapitulated in Table 1.
Table 1.

New

24.5 cm
1.99 cm
8.19 cm
45.5 R/cm
13,793
Q
2856 MHz
Resonant frequency f
Standing-wave R/Q for length L = 5.25 cm
119.5 n
0.0525
MV
1 &f E,(z)e+‘z~c)dz
1
1.239 x 1O-3 J
Energy stored W
1611.7 W
Power dissipated PD = wW/Q
2.692 MV/m
Max. axial field-at z = 0, I E,,sw I%,,=
Max. surface field at disk edge, 1 E,,sw lmDz 4.263 MV/m
Average accelerating field &,,
0.9815 MV/m
2.742
z SW lmaz IEm,
4.342
/ :*:sw lmz /&occ

RF
lllpllt

,

Note that someof the entries into this table are different
from those in Ref. 1 because of minor changes in interpretation
of the SUPERFISH output. As a result, the revised equivalent
TW fields for a power input Pi,, in M W are:

E #,~w = dm

x

*Work supported by the Department
ber DE-AC03-76SF00515.

217MV/m

41ib’lA7

15mil Cu
Window

SMA
Connector

\

Test Point X2 ’

I

‘Test

Point #3

Fig. 1. Resonant structure used for these experiments. Numbered test points indicate locations of thermocouples to monitor temperatures during operation. End-plate shows thin window and probes.

(14
.

several improvements

The two stainless steel end-plates were replaced with halfinch thick copper plates thinned down to round 0.015 inch
(0.38 mm)thick windows, 1.4 cm in diameter, to permit extraction and analysis of the field emitted beam. The downstream
window and two SMA connectors and probes are shown in
Fig. 1 together with a sketch of the section. A Faraday cup
wss installed coaxially downstream of the section to measure
the straight-ahead emitted beam current.

Length of seven cavities
Iris diameter 2a
Cavity diameter 26
Traveling-wave t/Q per unit length

x 100 MV/m

Results

Before resuming our measurements,
were made in the experimental set-up.

Fields calculated for normalizing condition
1 loL E,(z) ej(wr/c)dz 1 /L = 1 MV/m.

E *,TW = X/F

Experimental

(lb)

The vacuum system was equipped with an additional leak
valve and two gas inlet valves to inject controllable amounts
of argon or nitrogen gas into the structure in order to study
RF processing under various gas and pressure conditions. A
7 db directional coupler was removed from the klystron output

of Energy, contract num461

waveguide system to increase the peak power to the section up
to 40 MW. A simple spectrometer was installed to measure the
energy spectrum of the beam emerging from the section and
transmitted through a slit to a lead brick collector (see Fig. 4).
Several small ion chambers were calibrated to monitor the xray radiation level at various coordinates around the section,
and an x-ray pin-hole camera was constructed to look at where
the radiation originated in the section.
After the section was gradually RF processed under vacuum for a number of hours, the following very repeatable gradient limits were reached, above which breakdown invariably
occurred:
Table 2.
Pulse length (wet)
Pin (MW)
E #,TW W/m)
E #,TW WV/m)

2.5
37.3
143.8
312

1.5
38.8
146.7
318

These results show that within the small range of observation, the breakdown limit is not a strong function of pulse
length. Note that the cavity filling time is roughly 0.5 pet.
The breakdown behavior suggests that a fairly abrupt “brick
wall” is reached at these levels. Some possible interpretations
of this phenomenon will be offered later in the paper.
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Fig. 3. Field emitted beam current transmitted through downstream (right-hand side in Fig. 1) window to Faraday cup as a
function of peak input power.
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Fig. 2. Temperatures for the test points shown in Fig. 1 and
resonant frequency, both as a function of average power dissipated in accelerator section.
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The average power P to the section was increased up to
10 kW at 120 pps. Figure 2 gives the temperature measured
at various test points shown in Fig. 1 and the resonant frequency as a function of the average power dissipated in the
section. The linear variations, repeatable from measurement
to measurement, indicate that the deformations of the section
caused by heat in this range are not permanent.
The cross-section of the field emitted beam was measured
with a piece of cinemoid film placed on both upstream and
downstream outside surfaces of the windows and found to be
approximately 3 m m in diameter, almost independently of RF
power level. The beam current transmitted through the downstream window was measured with the Faraday cup and found
to reach 25 mA peak at 35 M W peak power, as shown in
Fig. 3. By passing through the window, the electrons produce
an electromagnetic shower and are scattered at various energies and angles. The relative beam current transmitted to the
beam collector behind the slit formed by two lead bricks (see
Fig. 4) was measured as a function of the spectrometer setting

Fig. 4. (a) Layout of window, spectrometer magnet and slit;
(b), (4 and Cd) El ec t ron trajectories (continuous lines) and
r-rays (dotted lines) for various initial electron energies and
magnetic fields.
between 0 and 4000 G to give energy spectra for various power
levels. These energy spectra had to be corrected for scattering
through the window and gas scattering. This was done with
the aid of the program EGS 4 which simulates bremstrahlung,
electron-electron
scattering, ionization loss, pair production,
462

photoelectric
effect and multiple Coulomb scattering,
and
TRANSPORT.
For each incident electron energy and corresponding magnetic field for maximum transmission through
the slit, a ratio of current to the collector to current incident
on the window could be obtained (see the various examples of
Fig. 4). This ratio was then used to renormalize the measured
spectra at various power levels and obtain the actual electron
spectra (see Fig. 5). The double humps correspond to electrons
captured in the third cavity and accelerated through the entire
section or captured in the sixth cavity and accelerated to the
output end. The extremely elevated x-ray dosage distribution
is shown in Fig. 6.

by conduction electrons tunneling through a potential barrier
under the influence of an external macroscopic surface field E
enhanced by a factor j?:

I* c

-=-

ES.5

I

I

I

I

I

I

-1.34
exp

x lO’%p
PE

where 1~ is measured in amperes, E in volts/m, f is the RF
frequency, 4 is the work function in electron volts, and C is a
constant. The formula2 has been corrected to take into account
the averaging effect over an RF cycle due to the time-dependent
nature of the barrier. When displayed on a log-log plot, the
slope of the straight lines yields the value of p. Line (1) corresponds to some fairly arbitrary starting condition after the
section had been baked to 250” C for several hours. Line (2)
corresponds to a time, several weeks later, after considerable
amount of RF processing had taken place. Line (3) shows the
condition obtained after careful RF processing has been done
in the presence of argon at 10m5 Torr with an input power of
9.3 M W at 120 pps for about sixty minutes. Line (4) was obtained the next day after the argon had been pumped out and
the vacuum was 3 x lo-* Torr. Note the successive reductions
in the value of fl from 140 down to 102.

Figure 7 shows a typical RF processing sequence as illustrated by a series of Fowler-Nordheim
plots. These plots are
based on the model that the field emission current 1~ is caused
I

j2

1

I200

1000

Argon processing appears to be a quick method to decrease
field emission and push up the breakdown limit.
However,
field emission, sudden changes in the value of p and the argon
pressure must be monitored very carefully. For example, in
one test we set the argon pressure to lo-’ Torr and found that
the value of /3 actually increased.
Discussion

The breakdown limits given in this paper represent only
one point at one RF frequency. They seemed to be very reproducible, thus giving the impression of a hard ‘brick wall”
limit. The interpretation
of the value of p has to be quali:
fied. Originally, in the study of field emission, the enhancement was believed to be caused by whiskers or microprotrusions. Subsequently, other causes have been advanced, such as
oxide films and associated trapped positive charges, partially
embedded non-metallic impurities, or other forms of contamination. Some authors (see for example Ref. 3) have reported
DC breakdown thresholds at levels on the order of 7 GV/m
and attributed them to ohmic and Nottingham-effect
heating
and vaporization of microprotrusions.
If we assume the p of

200
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5 86
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5.0086

Fig. 5. Uncorrected (continuous lines) and corrected (dashed
lines) electron energy spectra for various values of peak input
power.
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Fig. 6. X-ray dosage distribution around accelerator section
(300 MV/m surface field, 2.5 psec, 120 pps).
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breakdown of 7 GV/m. On the other hand, if one were looking
for a totally catastrophic effect, one might theorize that since
the ionization potential of copper is 7.6 eV, at the Bohr radius of 0.528 x 10-l’ m it would take N 150 GV/m to pull off
all electrons from the metal surface, yet another factor of five
higher. At this juncture, we are left with a number of uncertainties and questions:
what is really taking place physically
at our 300 MV/m breakdown threshold? If we just have a few
microprotrusions
or embedded impurities, why can’t we vaporize them and move on to higher fields? Does the elimination of
one mountain create another mountain next to it? Or, do we
have such a large number of them that we can never get rid of
all of them? Clearly, more experiments are needed to answer
these questions and shed more light on the underlying physics.
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Beam Instrumentation

Summary

i

commissioning
of
the LEP Injector
Linacs
with bean is now taking place- at CERN. Acceleration
of electrons
to 265 Me!! has been achieved by
6 sections
of the 600 MeV linac
(LIL W) and the beam
transported
to the electron
injection
line
of .the
Electron
Positron
Accumulator
(EPA). Preliminary
measurements of energy, energy spread and emit tance can
be reported
for the maximum energy, with more details
of measurements et intermediate
energies,
nominally
4 MeV and 100 MeV, and of experience gained in commisthe r.f.
systems including
LIPS, and the beam
sioning
instrumentation.
It is too early to claim comprehensive agreement of measurements with design parameters
but no fundamental
limitations
have been found.
The

-WCM: The broadband

(LIL)

signals
to the
Precise
on-line.

-Gun

Electron

Beam Parameters

Energy
Current
Pulse Length
Repetition
Rate

(LIL

grid consists
of titanium
-MSH: The secondary emission
bands, 5 em thick,
pitch 2 mm. Beam profile
signals corresponding
to individual
pulses are analysed and displayed.
-WV:

Equipment

(80% of 1)
Energy Spread (SO% of I)

Emittance

is observed by a TV
estimates
of beam size and

which

Layout

The first
TW section
of LIL W (ACS25) was not
installed
leaving sufficient
space for a 49 spectro(see fig. 2) and for isometer beyond the converter
lating
this region by concrete shielding
walls. Additional measurement facilities
were a wall current monitor (WCM25.S) and a 49 bending magnet with bemn pipe
to a secondary emission monitor
(MSH25.S) forming a
The converter
was a beam stop when the
spectrometer.
via
target
was “in” and provided beam size definition
More details
the 2 mn and 5 mn aperture
petitions.
are given in an internal
report .

W)

25 nsec
100 Hz

4 MeV
150 mA

(I)

quick

In addition
the 60 keV off-axis
of the 4 MeV beam.
the extended
r.f.
system,
gun, the 60 keV transport,
the prebuncher W and several
beam monitors,
could be
tested
under realistic
conditions.

TW Sections

Energy
Current

screen

camera to enable
position.

The tri-periodic
standing
wave buncher,
though
similar
to a tried design had not been previously
tested. A special
measurement programme was thus implemented at the beginning
of 1986 to study
the quality

Buncher W
Energy
Current

A fluorescent

The 60 keV to 4 MeV Measurement Programme

60 keV
250 mA
8 to

position
monitor (BW 150 MHz> gives
proportional
to current
and proportional
beam vertical
and horizontal
positions.
charge and position
results
are computed

beem traversal.

treat
the design of the two
papers1*2
linacs
of LIL,
one at 200 MeV (V) with high currents
for production
of positrons,
followed
by an electron/
more modest
positron
linac at 600 MeV $W) accelerating
and papers describing
syscurrents.
A status
report
tems were presented
at LINAC 84 at a stage when parameters had been frozen and some items delivered.
This paper concerns the first
acceleration
with
LIL W so that a brief summary of the systems and parameters concerning the beam commissioning
is given (see
Figure 1 shows the layout of LIL and EPA
Table I).
with the three places in which measurements have been
made i.e.
the 4 MeV region,
the TW acceleration
part
injection
line to
(4 MeV to 600 MeV) and the electron
EPA, which is used for beam measurements. More detailed diagrams (figures
2, 3, 4) show the hardware layout
and nomenclature,
emphasing beam transport
elements,
and beam measuring
instruments
which are briefly
described below.
Required

is

beam scanner
two beryllium
wires
-WBS: In the wire
(0.30
nm) mounted
at right
angles are swept
across the beam at 49 to horizontal
and give
aignals
proportional
to the density
profile.
A
computer analysis
and display
are made after each

Previous

I,

monitor

-UMA: The magnetic

LIL-W Parameters

Table

(1 GHz) wall current
detailed
pulse forms.

used to observe

600 MeV
60 mA
<<l n mm mrad
< 1 X

Provisional
controls
were available
equipment
and signal
gallery
(r.f.
and in the local
control
room EBl) where

tron

in the klysobservation)
three Macin-

Injection ohd Measurement Lines
(See fig 4)

Fig 1 t LAYOUT OF LlL/EPA
Showing Beam Measurement Regions
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tosh computers
controlled
magnet power supplies,
measuring
programs for WBS25 end the spectrometer
grid,
and some tlmlng
triggers.
Also
in EBl
manual
controls
and analogue
(gun)
signals,
buncher
r.f.
envelope
and beam monitor signals.

levels
in the prebuncher were
The r.f.
to < 216.
generally
higher than small signal bunching would require as this gave a better transmission.

beam
SEM

were
e.g.

Emittence Estimates
Using the solenoid
SNT25 as a variable
element
and measuring a) the bean size with WBS25 and b) the
beam transmitted
by the 5 mm aperture,
it was possible
to deduce that at 4 MeV the emittance
is between 4 and
with the required
12 x mm mrad which is consistent
emittance at 600 MeV.
100 MeV Tests

60 keV Beam Transport
A

The specification
of the 60 keV gun asked for a
250 mA beam with beam diameter
less than 5 mn et the
output
of the anode.
However,
the beam had a large
angular
deviation
so with
the -first
solenoid
at
0.27 m from the gun anode only 100 mA wss measured at
WCM221.
Measurements
made at 65 keV with a nominally
25 nsec pulse length,
apera 5 mm diameter defining
ture in front
of the a-magnet
and the aperture
restrictions
in the a-magnet led to a further
reduction
of current measured on UMA22 and on UMA25 with unpowered buncher (typically
40% and 35% of WCM221 values
respectively).
Some improvement
has been obtained
using a 10 mn aperture and a further
gain is expected
with a solenoid closer to the gun.

Current

Transmission

After installation
of ACS25 and the commissioning
of the modulator/klystron
ensemble tQK25 including
the
r.f.
conditioning,
100 MeV operation
could be tried.
By then
improved control
facilities
were available
from a PS standard
console allowing
control
of all
and access to analogue
signals
(e.g. RF
power supplies
some general programs were installed
e.g.
envelopes);
for display,
listing
and logging
parameters,
and cycNecessary timing signals were available
ling magnets.
and there
was a digital
display
of
(via Macintosh)
beam currents
and positions.

at 4 MeV

These measurements depended critically
on the adjustments
of solenoids
(before,
on and after
the buncher) and on the steering,
especially
when the current

Finding

was being optimised
on WCM25.S. Other important
parameters were the prebuncher r.f.
level and phase which,
when optimised,
gave about the same transmission
to
UMA25 as for 65 keV with unpowered buncher.
Typically
beyond the 5 mm converter
only 20 mA could be obtained
aperture compared to 60 mA needed.
R.F. Measurements

the

Beam on UMA27

To help centre the beam on the 5 nm aperture,
a
pair of dipoles
was installed
after
the buncher and
Then by obsermeasured at WBS25.
the beam position
signal
at the section
output
ving the induced
r.f.
coupler,
it was possible
with the long solenoids
at
0.10 7, to adjust
the dipoles
on the sections
successThe inively so that the 4 MeV beam passed through.
duced r.f.
envelope
length indicated
how far the beam
of 1.2 ~5, (the
e.g. a pulse length
had progressed
filling
time)
corresponds
to the beam passing comThese steering
settings
could be retained
pletely.
when the sections were powered with r.f.

and Beam Energy

the experiments
to correlate
r.f.
meaaurebeam energy measurements at the nominal 4 MeV
and beam dynamics calculations
it was found that ercould
be up to 220% in power relative
rors,
to the
mean 4 MeV energy gain for 1.2 MW power in the bun-

In

ments,

Setting

the

R.F.

phase

was noted that
the transmitted
beam was quite
r.f.
phase between
buninsensitive
to the relative
cher W and sections
ACS25 and 26.
As it was not possible to transport
the beam to the spectrometer
in the
electron
injection
line of EPA, maximum energy gain
It

cher.
This discrepancy
was ascribed
mainly tc the
r.f.
power measurements. Errors in the momentun arising from the summary magnet calibration
could be 2%.
Energy Spread

However,
could not be measured with high resolution.
using the steering
dipole directly
after ACS26 and
observing
the
hem
deflection
on UMA27, the
beam
momentum was determined
with a resolution
of about 2%
and it was thus possible
to optimise the phase setting
to oive
about 95 t&V/c maximum.
.

The typical
energy spectrum shown in Fig. 2a has
a characteristic
steep
flank
and a low energy tail.
Due to amplitude and base line position
instability
it
of
was drfficult
to optimise
energy spread as function
r. f. level
and phase in the prebuncher.
However.
the
measured energy spreads (< 1% fwhh) were rather’less
than those calculated
(2 X fwhh) and the optimum phase
setting
between prebuncher and buncher was critical.

by

!

NOT TO SCALE

Salenaids

wall clment
MU-i 2211
l hsh&d

PC&ii
lUtlA 221
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Phase H+V hfile
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after I t-W lest
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Fig. 2a: 4 MeV energy spectrum at
MSH25.S. Energy increases from right
to

466

left.

Resolution

O.l6%/channel.

I
to the measurement
lines
with negligible
beam loss
after
LIMA27 (see fig.
3) after
adjusting
the steering
A more systematic
trajfctory
dipoles
smpirically.
control will be necessary
for positron
operation
.

Beam Steering
When steering
the beam through
ACS25 and 26 an
anomalously high horizontal
field correction
of 0.2 ml
was required
at 0.10 1 longitudinal
field,
and this
correction
increased
linearly
with the longitudinal
First
tests simulating
the effect
field
in SNLZ5/26.
of partially
magnetic
materials
near the solenoids
were inconclusive.
Experiments to calibrate
and optimise
the 100 MeV
beam steering
in sections
ACS27 and 28, with the focusing off to simplify
the interpretation,
became insensitive
as the natural
transverse
growth caused beam
With the matching quadrupoles
and FDOO system
loss.
(QNFA) set to standard
values,
the 100 MeV beam beam
was easily centred
on WBS2B but as predicted
by compuit was strongly
mismatched.
tations,

Converter

Pulsed

Solenord

First
quantitative
confirmation
of acceleration
above 100 MeV was obtained
(on B May 1986) by adjusting the splitter
magnet current
(HL.BSHMOO> and obserOptimrsation
of both
ving the screen,
HIE.MlVOO.
could be made by adjusting
energy
and energy spread
the phase of klystron
27 in manual mode. For stable
runs the phasreproducible
operation
in the following
ing system was operated
in servo mode though,
provisionally,
the buncher W phase was set with respect to
the cavity
phase signal instead of the 4 MeV beam inThe timing of the bean relative
to the
duced si nal.
is considered
critical
but
LIPS 18 c7 phase switching
in fact the initial
setting
via oscilloscope
signals
gave nearly

optimum bean energy.

(SNP25)

for use at 1.81 (semimainly
desrgned
10 cls with peak current
6000AJ for positron
focusrng,
SNP25 will
also be used at about 0.21 for
matching
the 4 MeV electon
beam.
First
tests
with
SNP25 showed that the beam match (at WBS2B) noticeably
changed above 0.1 1, that no apparent
mis-steering
ocUMA25.
curred but that spurious e.m. noise affected
Though

sinusoid,

300 MeV ,Tests

Setting

the

Operating

Parameters

A nominal
energy gain of 200 MeV should be obtained with four sections
powered via the LIPS pulse
compression
scheme (analogous
to the SLAC BLED system); with the klystron
at about 30 MW. Problems with
severe outgassing,
thought
to be due to r.f.
leakage
into
the
vacuun
pumps,
limited
operation
to about
21 MW into LIPS (125 M W peak transient
power out) so
that
the first
measurements
gave about
170 MeV gain
energy.
The quadrupoles
were set to
i.e. 265 MeV total
the nominal gradients
for 600 MeV operation
and there
the 265 MeV beam
was little
difficulty
in transporting

.!JFNG

j--q,

NOMINAL
ENERGY
4 MeV
e’operation

Fig.

3a:

Beam

‘position
Units:
so:

lQf!yp,

horizontal
and vertical
from gun to end of linac
(265 HeV).
-1 = 10’ electrons/pulse,
- 20 = 13 m4 for 25 ns pulse
currents,

l

100 MeV

300 MeV

Fig 3:Schematic Layout of LIL-W Accelerating Sections
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500 MeV

600 Me\

Energy

and Energy

With the

Spresd

Measurements

will

eventually
be 65 measurements
couplers for inciand reflected
power
at inputs
and outputs
of
klystrons,
LIPS cavities
and sections,
each requiring
filters
and cables to prepare the r.f.
attenuators,
signals
for the calibrated
demodulation
units.
dent

dipoles and the quedrupole HIE.QFWll set
values corresponding
to
the beam was centred
on the SEM grid
the
energy,
HIE.MSH20 and the corresponding
sensitivity
for beam
Thus fig.
4a
energy measurements
was O.P9X/channel.
shows a 265 MeV beam with a full
width at half height
of about 1% and a characteristic
low-energy tail.
Emittance

three

horizontal
to nominal

immediate

measurements

The variation
of the beam profile
on HIM.WBSDO
with the strength
of quedrupole QNM36 is a function
of
which can thus be determined.
the
beam emittance,
First
results
are much higher than the expected
value
(< 0.2 n mm mrad) but real operating
experience
is
still
lacking.
Experience
The rate at which
be-m has been largely
of the modulator/klystron

ditioning
sections.

of LIPS,

Gained with

although the two LIPS systems are run below
nominal performance
and the last two sections
a beam with an energy between
not yet fed by r.f.,
on schedule to the
400 and 500 MeV should
be delivered
The debugging
of the EPA systems can
EPA early June.
thus start
in time and it seems feasible
to have the
LIL and EPA ready by the end of the year to deliver
electrons
to the CERN-PS.
Thus

their

RF Systems

LIL has been
determined
by
assemblies
waveguide networks

Programme

during
several
hours
the beam energy
Recently,
was increased
to 385 MeV from 10 accelerating
secusing LIPS31 at a safe input r.f.
level,
but
tions,
without optimising
phase.

commissioned with
the availability
and the r.f.
conand accelerating

Acknowledgements

In particular
the waveguide network on MDK25 was
brought to 31 MW with 4 ps pulses at 100 Hz in ten
hours and the conditioning
of the associated
sections
ACS25 and 26, took
much less
time than waveguides.
With LIPS27,
the
first
r.f.
to
about
conditioning
30 MW input power required
less than 20 hours spread
over several
sessions.
LIPS31
has proven much more
difficult
with input
power limited
to about 20 MW
apparently
due to r.f.
leakage into the LIPS vacuum
pumps causing
overheating
and breakdown
near the network SF6-to-vacuum
windows. Subsequently
LIPS27
had
the same overheating
problems but recent installation
of r.f.
filter
baffles
in the pump ports has reduced
the r.f.
leakage for both systems.
LIPS27 is still
limited
by vacuum, however.
There are other potentially
weak points
in the
r.f.
at the klystron
systems, e.g. the pin switches
input barely handle the necessary power, and there was
voltage breakdown on an insulating
plate in the klystron tank.
The r.f.
systems will
only be brought
gradually
to their
maximum potential
performance
as
replacement spares become available.

A large collaborative
effort
by many CERN and LAL
has been necessary
to bring
the LEP Injector
pre-operational,
state.
lhis
Linacs to their present,
staff

help

is greatly

appreciated.
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SUMMARY

SIMULATION OF THE PEPTURBED MACHINES

The beam displacement
due to misalignment
errors
of the quadrupoles
in the FODO array of the 600 MeV LEP
Injector
Linac
(LIL) is simulated
using 30 statistically independent
sets.
The effects
of displacement
and
inclination
are compared.
Taking
into account
the random errors
in the position
measurements,
a trajectory
correction
scheme using small corrector
dipolesis
tried
out on this
sample of 30 FODO arrays.
It is shown that
about five
correctors
are required
to reduce the peak
distortion
to less than 1 mm at the position
monitors.
The aperture
margin is increased
by a factor
10 on average in the most critical
places.

The following
quadrupole
misalignments
dered:
lateral
displacement,
rotation
around
verse axis at the entrance
of the quadrupole
around the axis at its center.
Misalignments
randomly
generated
with Gaussian
distributions
the following
standard
deviations:
- lateral
displacement
: u = 0.3
- transverse
axis rotation
: 0.5
- error
in beam position
monitors
All

these

distributions

are

are consithe transas well as
errors
are
having

mm
mrad
: u = 0.2

truncated

at

mm

f 30.

For

the three kinds of misalignments
we have
culated
the following
functions
for each group of
independent
sets.

INTRODUCTION
Geometrical
misalignments
in a linac
cause trajectory
perturbations
of the beam. Since the relative
emittance
of the positron
beam of LIL (36 TI cm mrad
at 8 MeV) is relatively
big,
an accurate
steering
to
avoid beam losses
in the accelerating
sections
is required.

Mean and standard

deviation

for

the

perturbed

cal30

trajectory

=A z x..
::;

Trajectory
perturbations
are due to quadrupole
misalignments
(displacements
and rotation
of the quadrupole
axis)
accelerating-section
misalignments
and
gradient
errors.
Analytical
evaluations
showed that the
lateral
quadrupole
displacement
is the more critical
misalignment
for the beam'. Tilt
of the quadrupoles
around one of their
transverse
axes is the effect
next
in importance.
Since it is of much less importance,
all
results
given later
refer
to lateral
displacement
of
quadrupoles.
The detailed
results
for all types of
misalignments
are given elsewhere'.

= Ja-2

<Xio?= Jm
where j is the machine index
(j=1,...30)
and i the
quadrupole
index.
The results
for the x-plane
are shown
deviation
on figure
1. It can be seen that the standard
grows according
to n1i2 as predicted5
where n is the
If the standard
deviations
for
number of FODO periods.
the three types of misalignments
are compared,
a factor
4 is found between the effects
of the lateral
displacement and the rotation
if the rotation
is around the axis
at the entrance
of the quadrupole,
and a factor
of 40 if
that inclination
is at the center
of the quadrupole.
This is consistent
with the effects
calculated
for a
single
quadrupole.

Thirty
statistically
independent
sets of misaligned FODO quadrupoles
are produced
for eachmisalignment
type considered.
The erturbed
trajectories
are calculated
using TRANSPORTP .
The trajectory
perturbations
of the beam are
detected
and corrected
by a system of beam position
monitors
(BPM) and steering
dipoles
(SD).Thecorrection
configuration
is computed with MICADO" in each case and
the corrected
trajectory
is then simulated
using again
TRANSPORT. The quality
of the correction
can then be
determined
by inspection
of the residual
perturbation.

Histogram

of

Figure
2 presents
distortions.

tory

Relative

where
ai

is
qi
and bi are

the
iris

qi.

histogram

beam losses

figure3.
exceeds
will

by the

beam displacement
radius

value

The functions

30 machines.

planes
in
plane q
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can be described

Ax

quadrupole
over

the

of maximum trajec-

beam displacement

This

The FODO quadrupoles
are on the accelerating
sections
; as the relative
energy gain over a quadrupole length
is not always negligible,
acceleration
in
the quadrupoles
was taken into account.
The FODO system
is made up of 17 periods
with a phase advance of 00'
per period.
The beam position
monitors
are located
between the accelerating
sections.
The phase advance
between two adjacent
monitors
decreases
slowly
from 240'
to 80°. Correcting
dipoles
are in the focusing
quadrupoles with a period
length
of twice the FODO period.
This is very close to the actual
situation
in LIL. All
the calculations
were done for the horizontal
(x) and
vertical
(y) plane.
Due to the FODO structure
theplanes
are slightly
different
and, therefore,
also the results
which are also influenced
by the statistical
variations.

maximum deviations

The function

R

function

in

the

:

quadrupoleqi

and beam dimension
li
<

and Ax
is

qi
given

are
for

at

averaged
the

x-y

It can be seen that in the horizontal
unity
at three places
and therefore
occur

on average.

CORRECTION OF THE PERTURBED MACHINES

Frequency

Relative

2 is the beam position
indicated
vector
representing
the correcting
ax
correction
matrix
defined
by plax,

distortion
corrector).

at

i-th

BPM due to

a unit

j-th

An example

Correction

standard

versus

deviation:
,

division
where

n

C

is

the

number

of

of

corrected

at

The authors
and G.Le

are indebted
to Y. Marti
Meur from LAL for helpful

n

P

is

the

from LEP
discussions.

the

monitors

[2]

R. Chehab,
PS/LPI/note

K. Hiibner,
Y. Thiery.
Internal
note
86-12 (CERN) and LAL PI 86-7/T
&AL)

131

K.L.

and al.

Brown

141

B. Autin,

151

R. Helm in
Inc.
1968

Transport

Y. Marti.
the

83-28/T,
Orsay

Labora(France)

CEPN 80-04,

March

number

accelerator.

W.A.

Benjamin

1-z

:

of

3

BPM, are

presented

on figure

The residual
trajectory
distortions
are monotonically
decreasing
with increasing
number of correctors
and the standard
deviation
asymptotica.lly
reaches
a
value close to the BPM error
standard
deviation.
For a
maximum residual
distortion
of 1 mm, the number of correctors
needed is about 5. The standard
deviation
of
the residual
trajectory
does not exceed 0.8 mm for 3
correctors
used.

0
4’
d
-1
0

Fig.l-Mean
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Virtually
the same curves are obtained
in the
case the measurement
error
is neglected.
It is obvious
from these results
that the nominal
corrector
strength
of 20 Gm,which has been chosen for LIL,
is sufficient.
distortions

computed

trajectory

correctors.

These functions
plotted
on figure
4 show that the
correction
standard
deviation
weakly depends on the
number of correctors
; the maximum value is an increasing function
of them.

Residual
trajectory
Maximum distortion

has been

The simulations
show clearly
that the random
quadrupole
displacement
has the strongest
effect
on the
It could severely
reduce
trajectory
displacement
in LIL.
the beam transmission
through
the linac
if no correctors
were used. The simulation
show further
that enough correctors
are available
to reduce the beam displacement
to
It is likely
that a subset of 4 to
an acceptable
value.
5 correctors
is sufficient.
However,
the members of the
subset cannot yet be determined.
The nominal
corrector
strength
of 20 Gm is adequate.
The on-line
trajectory
correction
will
use the same procedure
as tested
by the
simulations
and will
be embedded in the on-line
modelling
facilities
of the CEPN PS control
system.

strength
functions
:

c

CONCLUSIONS

The number of subsets
is increased
until
the peak
to peak trajectory
distortion
falls
below a preset
value or when the maximum allowed
number of correctors
is used.

The behaviour
of the following
number of correctors
has been studied
Maximum corrector
strength
:

correctors

An example of the corrected
trajectories
in the
x-plane
is shown on figure
9 in a 3-corrector
scheme.
The first
corrector
strongly
lowers the trajectory
distortion,
the subsequent
correctors
have a less drastic
effect.

At the first
stage,
each corrector
is tried
individually
and the progrq
chases the corrector
which
gives minimum norm for r. At the second stage,
pairs
of
correctors
containing
the first
one already
chosen are
tested
and the combination
of correctors
giving
the
minimum norm is retained.

Corrector

the

rector
settings
given by MICADO (figure
8). Comparison
with figure
3 indicates
that the relative
beam displacement is much smaller
on average
after
correction.
Hence, the aperture
margin is substantially
increased
and no more losses
are to be expected.

by the BPM,
deflections,

(trajectory
Cl
deflection
at

of

beam displacement
The function

;r=r:+,+

A the

utilization

The histogram
on figure
6 gives the most requested
correctors
and a scatterplot
(figure
7) presents
the
correlation
between first
and second correctors.
It can
be seen that the first
and seventh
correctors
are often
used together
or with other
correctors.

MICADO selects
a subset of correctors
indicating
their
strength
and predicts
the residual
trajectory
distortions
after
correction
at the monitors.
The
correctors
values
are then introduced
into TRANSPORT in
order to determine
the trajectory
in the rest of the
machine.MICADO
minimizes
the norm of the residual
trajectory,
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DESIGN OF A HIGH INTENSIm ELECTRONBUNCHER
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D. Tronc, C. Bourat, J.P. Georges and A. Setty
Thomson-CGR MeV, BP 34, 78530 But, France
B. Spataro
L.N.I.,
Via E. Fermi 40, 00044 Frascati,
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Introduction
A 2856 MHz high intensity
electron
'njector
derived from the CERN-LIL front end 1 will be
put in december 1986 at the beginning of he
Fras ati e+ e- linac (see companion paper 3
and s ). After a general description
we
analyze the longitudinal
dynamics at the
beginning of the buncher where a new
geometry increases the electron capture. We
present simulation
results taking account of
the radial dynamics and of the space-charge
Comparison is made between an
effects.
ellipsoidal
space-charge model, the ESPEL
code and a modified version of the PARMELA
code. This injector
is the prototype of a
moderate cost unit designed to accelerate
up
to 100 nano Coulomb without constraints
on
adjustments of sensitive
parameters.
General description
Figure 1 shows the geometry of the injector.
It is a cut-away view of the compon nts
along the beam line. The triode gun f can
deliver up to 20 A for 10 ns pulses. The beam
diameter at the crossover is estimated to be
equal to 7 mm. It is known that the main
cause for poor emittance is due to the grid
bars spacing, when it becomes comparable to
the grid-cathode
distance.
This introduces
equipotential
distorsions
as the grid
potential
does not respect the diode
equipotential
value when short intense
electronic
pulses are extracted
from the
cathode. Then crossing of the electronic
trajectories
occurs. This is avoided by the
use of a new grid of .05 mm tungsten wires
spaced by .5 mm. The correct spherical
shape
depends on a secondary "grid" of larger bars
which acts as a mechanical support.
The buncher is a biperiodic
standing-wave Ecoupled structure
of 1.1 meter length. The
design point has been set at 7.5 MWRF power

and provision
has been made to work at any
level between 6 MW and 10 HW.
The focusing uses a nearly uniform
solenordal
field of -12 T to .15 T, reaching
full amplitude in less than one centimeter
at the exit of the gun anode, slightly
before the expected beam crossover. Due to
this large focussing there is an inner
scalloping.
It would be interesting
to have
a minimum at the input of the first
RF cell
to reduce the adverse effects
of the radial
RF components4. But the distance between the
crossover and the first
cell is large
because a valve is needed at this point and
trajectories
become mixed, blurring
the
minimum.
Longitudinal

dvnamics

The measurements made on the LIL injector
have shown that an unexpectably high
percentage of the available
electrons were
accelerated
when the bunching/accelerating
cell was overfed5. The analysis of the
dynamics explained how phase bunching
following
closely energy modulation insid
fhe6cell
itself
led to this good capture
t
. Even longitudinally
oscillating
electrons
are finally
trapped forwqrdly
under a given maximum field level
.
This led us to define a new geometry which
associates this fi st cell to the periodic
buncher structure
fi. This simplifies
the
geometry and the adjustment of parameters.
Figure 2 is a section of the first
three
active cells together with the accelerating
field law. It corresponds to the critical
part where electrons
energies are lower than
2 MeV. The first
cell is undercoupled at thell
mode to the cell which begins the biperiodic
structure
(we avoid a short empty cell
between the two active cells to reduce the
on-axis drift
and the number of parameters).
RF

Fig. 1 : Frascati electron injector. K gun
cathode, M monitor, B sonenoids, A
accelerating cells, V vacuum valve.
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Then ideally
:
1. Electron capture and energy modulation
occur in the first
cell which acts as a
longitudinal
trapping device for nearly
all the input electrons.
This occurs at a
moderate field level where the electrons
cross the equivalent
"potential
wall" in
the forward direction
only.
2. Phase bunching and acceleration
occur in
the second cell at a higher field level.
This limits
the space charge and the beam
loading adverse effects.
L
In the present FRASCATI design the capture
process is not optimized.
The field level is
too high in the first
cell reaching 16 MV/m
(for an optimum value around 10 MV/m) as we
limited at 2:l the ratio of the field
maximum
in cell 2 (and following
ones) to
1.
the- field maximum in cell

Fiq.

2 : Buncher first
accelerating

-----

In figure 4 the capture ratio and the beam
accelerated
charge for an energy spread due
to loading are represented vs RF power. The
charge is given in nC. RF power of 7.5 MW
corresponds to the Frascati design point.

-----

space-charge

-

-

The isolated
point corresponds to the
capture which would occur with a
conventional
design (without first
cell at
lower field).
The goal of delivering
more
than 5A on the e-e+ conversion target for
short pulses is easily reached. At moderate
accelerated
charge RF power could be reduced
to a few MW.
dynamics with

and

-

Figure 3 presents the dynamics between the
first
cell input and the second cell midplane. Figure 3a presents the energies vs zaxis : a large spread occurs. If the field
in the cell is not too large all electrons
cross it. However here one "electron'ais
stopped in the second half of the first
cell. Figure 3b presents the corresponding
phases to show how bunching occurs in a very
short length following
closely the energy
modulation.

Radial

cells
field.
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effects

We compare simulations
including
the effects
of preexistent
radial as well as beam spacecharge fields.
They include the ELLIPSE code
based on an ellipsoidal
distribution,
the
ESPEL code used at Thomson CGR, the wellknown PARMELAcode modified.
The ellipsoPda1 model permits only the
analysis of already formed bunches but is
simple and the corresponding
code is fast.
ESPEL and PARMELAare based on the study of
"macroparticles"
dynamics and space charge
evaluation
in meshes. They are well adapted
to a detailed
study but are quite slow. In
20A beam has a
the simulations
the initial
90 keV energy and is accelerated
by the
structure
at his nominal point of 7.5 MW
Cthat is a 32 MV/m peak field and 16 MV/m in
the first
cell).
It is focused by 1300 G
solenoidal
magnetic field.
The emittance is
estimated to be 30 nmmmrad.
221

The PARMELAp ogram has been used with some
modifications 5 in particular
:
1. The RF fi;lds
take into account the
dissymetry of the first
cell.

Fig. 3 :
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237

241

257

267

-- t! --- i
l-l

277

201

Energies
(a) and phase (b) of five
characteristics
"electrons"
from
the input
to the second cell midplane.
A,B,C,
accelerated
a,c lost.

297

307 mms

2. The space charge subroutine
is modified
to establish
fields created by
particles
in the moving frame. It makes
relativistic
corrections
for energy
modulations and give a new formulation
of the space charge impulses.
;i;~;a~~edss~8dy
of beam behaviour in the
is illustrated
by Figure 5
which shows "instantaneous
photographs" of
the bunch along the z-axis. The strong
energy modulation which occurs in the first
stops some electrons.
The
cell,
configuration
of the beam is virtually
.
established
at the second cell mid-plane.
some electrons
are progressively
Finally,
lost, and the structure
accelerates
about
65 % of electrons.
10 A or 50 % of the
initial
charge are bunched in about 30
degrees of phase.

f
Y

The ellipsoidal
model is based on the study
of four characteristics
points : the maximum
of the
radius point, the two extremities
bunch, and the center. For an ellipsoid
of R
radius and 2L length, moving with velocity,3
we calculate
the space charge field in the
laboratory
frame as :
E, =

Fig.

4 : Capture ratio
and accelerated
beam
Vs RP
charge for V/AV = 0.2
power.

-3Q
87tE.RL

E, =

RF POWER INWl

’ - &-

-3Q
4 X E . rzL’

c

I..

Fig.

The problem leads to solve eight first
order
differential
equations by a Runge-Kutta
method, which characterize
the radial,
longit din 1 and energetic
behaviour of the
bunch Yr 18. We consider an initial
ellipsoidal
bunch at a point of structure
where the beam has nearly reached its final
configuration.
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5 : Transverse
coordinate
axis (PARMELA code).
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Figure 6 shows the beam radius vs z-axis.
For PARMELAand ESPEL codes, the beam radius
is estimated as two times the standard
deviation,
that is 95 % of electrons
for a
Gaussian distribution.
For ELLIPSE, the beam
enveloppe is given. It is characterized
by
two maxima, in the first
and third cells,
due to strong space charge forces below 2
MeV. Then the radius decreases. The ripples
are due to the alternated
effects
of
focusing and defocusing RF fields.
The three
different
approaches are in good agreement.
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BEAM-BEAM DEFLECTIONS AS AN INTERACTION
POINT DIAGNOSTIC FOR THE SLC*
P. BAMBADE AND R. ERICKSON
Stanford

Abstract

Stanford Linear Accelerator Center
University, Stanford, California, Qd9&

_

A technique is described for non-destructive measurement
and monitoring of the steering offset of the electron and positron
beams at the interaction point of the SLC, based on using
stripline beam-position
monitors to measure the centroid of
one beam ss it is deflected by the opposing beam. This technique is also expected to provide diagnostic information related
to the spot size of the micron-size beams.
1.

Introduction

Basic

Q(A) _ -~;NT

I-

expl-AA*

/20*]

,

0)

where rc is the classical radius of the electron, 7 the relativistic E/m factor, NT the number of particles and u the RMS
transverse size of the Gaussian distribution.
When the beams pass with offsets large compared to their
transverse sizea, they see each other as point charges and (1)
is a good approximation
for their mutual deflection.
When
colliding with a small offset, the finite sizes of the beam distributions must be taken into account. This can be done by
convoluting (1) with the distribution
of the opposing beam.
The result of such a calculation, carried out in the limit of
small A, is expressed in terms of a form factor which reduces
the average deflection:
JYR) =

Ln(1 + Rz)
R’

Here R is the ratio of the transverse sizes of the two beams.
Deflection versus offset is plotted in Fig. 2 for 50 GeV
beams consisting of 5 x 1O’O particles, with transverse spot
sizes u of 2, 5, and 10 pm. 10 pm is the estimated size of the
beama at the SLC interaction point before optical corrections
are made. Magnet setting errors and misalignments contribute
to this estimate. By adjusting the final focus corrector magnets, Q can be reduced to about 2 pm. The above form factor
has been incorporated in the curves as a multiplying reduction
factor, assuming in each case R = 1.

Formulae

The angular deflection produced by the interaction of an
SLC beam with the electromagnetic field of its colliding partner can be estimated analytically in the simplified case of two
round Gaussian beams (see Fig. 1). Realistically, the beams
are not expected to be round and gaussian until the final f*
cus optical tuning is completed, a procedure that requires that
the beams be colliding.
A two-dimensional
parametrization
for the collision of two beams with transverse distributions
of
arbitrary 5atness and orientation is given in Ref. 1.

3.

Deflection

Detection

Several methods have been studied for detecting and measuring the beam-beam defiections. The most obvious is to use
a pair of BPMs stradling the interaction point. If the drift
length “lever arm” is long enough, a deflection at the I.P. will
result in a measurable position shift at the BPM. The power
of this method can be greatly enhanced by suppressing the opposing beam on some pulses and watching the measured beam
jump back to its undeflected position. To make this possible,
a pair of special pulsed magnets, the “single-beam dumpers”,

The deflection of a single particle of charge e, passing at an
offset A from the centroid of an oppositely charged Gaussian
distribution,
is given by:

* Work supported by the Department
DE-AC03-76SFOO515.

5441A1

Fig. 1. The trajectory of each beam is deflected
by the opposing beam passing at an offset A.

In an e+ c- storage ring with a purely magnetic guide field,
the counter-rotating
beams follow exactly the same central trajectory &d thus head-on collisions are unavoidable. There is
no a priori reaSon why this should be true in linear colliders,
however. In any linear collider, including the SLC, the opposing beams must be actively steered into collision guided by
some observable that is sensitive to the impact parameter. Using state-of-the-art strip-line beam position monitors (BPMs),
it may be possible to direct the two beams independently to
the intended interaction point with an accuracy of perhaps
100 pm. In order to achieve acceptable luminosity with the
SLC, the beams must be steered to within about one beam
radius (about 2 pm) of each other. It is in this regime, far
below the resolution limits of single-beam diagnostic devices,
that the beam-beam de5ection is strongest.
2.

A

Y

6.86

The electromagnetic force acting between two intense colliding beama of oppositely charged particles will cause them to
be deflected in passing by an angle that depends on the offset between the bunches, and the distribution of charge within
the bunches. This defiection, measurable with nondestructive
techniques, is expected to be the key to the final steering of
the e+e- beams in the SLC. More generally, the beam-beam
de5ection phenomenon is a measurable manifestation
of the
collision of micron-size beams and is applicable to any large
future linear collider.

of Energy, contract
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N=5xlO”

2. Beam centering: Scanning the target across the probe
and recording a plot similar to Fig. 2 for the probe will
facilitate optimal steering of the two beams. The zerodeflection symmetry point in Fig. 2 is reached when the
beams are perfectly centered.

e-/pulse

n

3. Spot size tuning: Taking the limit of (1) for small A and
multiplying by the form factor (2) gives:
6'(A)

-0.4

-

-40
5-86

IV I I /
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BEAM/BEAM
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20

OFFSET

(/.un)

40

of offset

will be provided upstream of the final focus to kick either beam
out of the transport system on command.

emar =

In principle, the beam-beam defiection can also be observed
with conventional screen profile monitors located in the paths
of the outgoing extracted beams as they are transported to
the dumps. In the SLC, such measurements will be possible in
the vertical dimension only. Defiections in the horizontal plane
will be obscured by the momentum dispersion introduced by
the extraction septum magnets. As part of a planned upgrade
for the north extraction line,2 it will be possible to cancel the
dispersion with additional magnets to enable defiection measurements in both the horizontal and vertical dimensions. In
any case, position measurements in the extraction lines provide
essentially no information about the absolute position of either
beam near the I.P., because of the large number of magnets,
traversed by the outgoing beam before reaching the extraction
line. However, relative position shifts can be measured using
devices in the extraction lines in conjunction with the singlebeam-dumpers mentioned above to give a useful messure of
the deflection at the I.P.

Application

to Steering

and Tuning

$

F(R)

.

0.451

2r, NT
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1
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SINGLE-BEAM

DUMPERS
K---J

Procedures

1. Initial beam finding: One beam - designated the “target”
in this case - is momentarily suppressed with a singlebeam dumper while position measurements are made on
the “probe” beam. In this way, the shift induced by
the target beam can be determined.
When the offset
between the beams is large, the magnitude of the shift
is inversely proportional to the offset and its sign tells in
which direction to steer. This can be seen by taking the
limit of (1) for large A:
=

-2r,
r

NT

1
n

.

(5)

The procedures described here are based on relative measurements of the outgoing beam position at locations where the
angular deflection produced in the collision leads to a transverse position shift. Many of the BPMs in the outgoing transport system have suitable phase shifts from the IP to be used
for this purpose. The best locations, however, are in the final
optical transformer quadrupoles, where the p-functions reach
their largest values, thereby magnifying the deflections the
most, and where dispersion is negligible, (which minimizes confusion with energy variations). Three BPMs, near quadrupoles
Ql, 3 and 4, are planned for this purpose3 (Fig. 3). Each has
an effective optical lever arm of about 3 meters. Position shifts
corresponding to a wide range of IP parameters can be resolved
at these locations.

A three-step tuning procedure is envisioned:

t'?(A)

(4

A relative measure of spot size can thus be obtained by
scanning one beam across the other as in Step 2 above.
Guided by these measurements, an operator can adjust
optical elements of the transport system to minimize this
final spot size.

Another approach is based on detecting beamstrahlung radiation. This is the name given to the synchrotron radiation
emitted by each beam as it is defiected by the other. The angular distribution of this radiation, strongly peaked forward in
the direction of the outgoing beam, can be measured with -a
suitable detector- along a line of sight but quite distant from
the interaction point.
4.

9

The slope of the deflection of the probe beam near the
zero-de&&ion
symmetry point ls inversely proportional
to the cross-sectional area of the target. By differentiating (l), it can be seen that the deflection is maximum
for offsets of about 1.6 standard deviations of the target
distribution,
and that the maximum defiection scales ss
the inverse of the transverse spot size:

5,,212

Fig. 2. The deflection angle 8 as a function
ZI, plotted for three spot sizes.

N

FINAL

FOCUS
Ql

Dither

(3)
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Q2

Q3

Coils

Fig. 3. Schematic of beamline components
the deflection technique.

relevant to

-

The useful range of these techniques, i.e., the maximum
offset that still gives a measurable deflection, is limited only by
the ability of the BPM to resolve beam centroid movements.
For example, assume the BPM near Ql can resolve the centroid
position of a single bunch of 5 x 10’ particles to a level of 20 pm.
It will then be possible to detect relative beam-beam offsets up
to a maximum of:
A(pm)

N

40 &

position shifts of the outgoing beam. Because each measured
deflection can correspond to two possible offsets, the operation
has to be carried out frequently enough to ensure that the actual offset does not drift outside the domain of the IP, bounded
by the deflection maxima, in the time between updates. This
approach is probably adequate to track the thermal expansion
of support structures and other mechanical effects.
An approach that does not require sacrificing any beam
pulses would be to excite small “dither coil” dipoles (Fig. 3) in
a pm-programmed way to induce small periodic offsets at the
IP, with an amplitude of a fraction of a standard deviation. In
this way, one beam can be made to trace out a pattern such as
a small circle at the IP. The de5ections of the opposing beam
will then project the came pattern at the BPM. When the offset between the beams corresponds to a point on a steeply
rising positive slope in Fig. 2 (beyond the 1.6 u peak on either
side), the projection is a magnified image of the dither pattern.
When the offset is less than 1.6 u, the projection is an inverted
image of the dither pattern.
Synchronous position measurement would then allow a determination of whether the beams
were colliding within or beyond 1.6 standard deviations of each
other. If necessary, a correction could be applied to bring them
back to within one u. The sign of the deflection would indicate the direction in which to steer. In both these algorithms,
corrections are applied using steering correctors immediately
upstream of Q3.

.

For larger beam currents, it may be possible to do better than
the limit indicated in (6), because the BPM resolution also
improves with increasing current. By chopping one beam off
and on using the single beam dumpers and averaging over
many pulses, the resolution can be improved further.
Although marginal at low intensity, this beam finding technique
should bridge the gap between the usual orbit matching methods which rely on absolute BPM accuracy to steer the beams
independently to the IP, and techniques based on luminosityrelated signals, such as beamstrahlung,’ disruption imaging,l
and the Bhabha scattering rate.
5.

Dynamic

Errors

and Corrections

It is expected that even when the static crossing errors
have been corrected as described above, the two beams will
not remain centered on each other without an active feedback
system. Many sources of drift and jitter that could cause the
beams to wander at the IP have been identified. In most cases,
these effects can be minimized with careful attention to relevant hardware designs. Magnet power supplies, for example, must be well regulated, and support structures must be
rigid. Natural ambient ground vibrations at frequencies above
1 Hz -have been shown6 to be negligible, although some local
man-made vibration sources such as reciprocating pumps could
cause problems if not isolated. On a slower time scale, thermal
effects will cause mechanical support structures to expand, and
power supplies to drift enough to adversely effect the luminosity unless steering corrections are made. Studies of feedback
schemes for the SLC have focused on simple and relatively slow
algorithms, although the BPM electronics, control system, and
other key components are being built to allow pulse-by-pulse
feedback to accommodate fsster or more complex schemes.
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Abstract
Features of the beamstrahlung
flux from the SLC interaction point are discussed, and intensity estimates given. A
Cherenkov detector intended to monitor the flux is described.
1.

Introduction

The beam collision conditions during the initial tuning and
operation of the SLC are likely to fall in the following ranges:
transverse beam srze a,, or = 2 - 10 microns, longitudinal
size u, = 1 mm, flux N = 1 - 5 x 1Oro per pulse, beam divergence 200-300 microrad.
The magnetic field of one beam as
felt by the colliding bunch can be in the range of 102T, and
the two bunches will, in general, defiect and disrupt each other.
As this happens, there is a brief, strong burst of high energy
synchrotron radiation, commonly called beamstrahlung.

10

6KxQyus

within the divergence envelope of the charged beam (u u 300
microrad); consequently, it is possible to monitor the effect only
after the charged beam has been deflected. The only location
is at 40 meters from the interaction point, where the charged
beam pipe is just outside the 1 mrad. divergence cone from~
the interaction point. Of course, the region is also subject to
synchrotron radiation from the 1.2T deflecting magnet. The
critical energy of the synchrotron radiation is 2.3 MeV, and
the flux above 100 keV into a beamstrahlung
monitor at this
point is 1Or2 gamma rays per pulse (for 5 x 10” electrons). This
corresponds to dose rates of 10-100 R per second for devices in
the synchrotron radiation beam.

o( s
US

where r is the classical radius and m the mass of the electron,
7 the Lorentz factor, and L the luminosity per collision.
The spectrum of the radiation is easiest to treat numerically. However, the median or critical energy E, is 3 hq3/2p,
p being the radius of curvature, and at high energy the spectrum has the form ed exp(-0,
where < = E/E,. Also at high
energies the emission cone angle < l/7.

A plate is used to convert 3% of gamma rays (at 50 MeV)
to e+e-pairs, without introducing
severe multiple scattering.
A threshold energy selection of about 25 MeV is then applied
to the electrons by using a gas with a refractive index of about
1.0002 as a Cherenkov medium.

A numerical integration of the effect of the two colliding
bunches has been carried out. A version of the beam disruption
program of R. Hollebeek2 was modified to determine in each
step the local curvature and local photon emission. The photon
angle was approximated
by the local cell direction. The effects
of finite beam divergence were taken into account separatelyg.
Estimated yields typically fall in the range 10’ - 10” gamma
rays with energy above 20 MeV per pulse.

It is crucial to select a gas which will not scintillate under the intense bombardment
of low energy electrons. From
this point of view the gas of choice is ethylenes, operated at
about 0.3 bar. It remains to be ascertained, however, whether
radiation effects on ethylene may be deleterious.

The deflection of the two beams caused by an offset
between them results in the beamstrahlung
cone sweeping
through the full range of the angular deflection.
The anguJar shift in the center of the beamstrahlung
distribution
is illustrated in Fig. 1, which follows work of Barnbade’.
If this
shift were to be measured, it would provide an independent
means of monitoring the interaction point beam-beam steering.
The beamstrahlung
gamma ray flux is effectively contained
*Work supported
by the
DE-AC03-76SFOO515.
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5449Al

Fig. 1. Deflection of the mean beamstrahlung
angle caused
by the offset between the charged beams. Beam widths of 2.5
and 10 microns are illustrated.

The instantaneous emission probability follows classical synchrotron radiation formulae.’ These must, however, be integrated over the spatially varying fields within the bunches. The
energy emitted by beam 1 in collision with beam 2 is
w = 0.22 r3y2mc2 Nr Ni
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OFFSET (MICRONS)

General scattered radiation, particularly
of photons, is a
potentially serious source of background in the light-sensitive
element of the device. For this reason, ionization-sensitive
techniques are avoided, and the light is collected by photomultiplier
tubes. Performance curves in terms of photoelectron yield are
shown in Fig. 2. The tube envelopes and gas volume windows
will be shielded as far ss possible with the help of a convoluted
light path.

contract
476

6-66

Fig. 3. A schematic cut away drawing of the detector. P-electron
beam pipe, C-converter, M1,2,3 - mirrors, PMT-photomultipliers.
It is expected that the device will be sensitive to beamstrahlung cone deflections of 5 microradians (compare with
Fig. I), even for luminosities below lO*s.
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Fig. 2. Photoelectron yield against
collisions at 120 Hz. Curve A is
N=5 x 10”; curve B is for N=2.5 x
corresponding to A and B are beam

The electronics will be conventional, apart from the need to
encompass a dynamic range greater than 10’. This is achieved
by measuring the charge from the photomultiplier
twice, once
with an extra gain factor of - 20. This makes it possible to fit
the desired dynamic range to the limits imposed by photomultiplier linearity at the typically low gains needed, environmental
R. F. noise, and ADC charged sensitivity limits. The beam
deflection calculation is made pulse by pulse from the ADC
values, using a dedicated microcomputer.

lo’0

5
2.6

,
1.5

2.5
1.6
5449A2

luminosity L for head-on
for bunch populations of
10”. The horizontal axes
widths in microns.

In summary, the technique is expected to provide pulse by
pulse information about variations in the steering and bunch
width conditions at the interaction point.
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Introductidn

In an accompanying paper’ the production and detection of
at energies 2 30 MeV is discussed.
small angle beamstrahlung
The theory has been extended to emission at wide angles and
wavelengths near the visible*. The radiation intensity is well
approximated
by

i’
PMT

where 0 and w are the photon angle and frequency, 7 the
Lorentz factor, us the longitudinal
beam spread, and W the
total energy emitted. Also
W = 0.22 r*r*mc*

N1 N*
2
0~
6fxQyQo

LN2Ios

where r is the classical radius and m the mass of the electron,
Nr the bunch population of the radiating beam, Nz that of the
other beam, uX,uy the bunch widths in x and y axes, and L
the luminosity for one crossing. Thus I is only dependent on
N2L

83

The iris is intended to reduce the largely unknown visible light backgrounds from scattered synchrotron radiation in
the beam pipe.
However, each primary mirror will be exposed to about lo6 gamma rays, of critical energy H 550 keV,
every pulse. With shielding installed outside the vacuum, this
is not expected to lead to a background.
In addition, the region may be susceptible to occasional showers from multi-GeV
electrons, and since visible light backgrounds are not known,
the background has presently to be considered an experimental topic.

In the case of visible light at about 7.5 mrad, the exponential factor is about 0.95, and is insensitive to small changes in
its parameters.
So, at fixed angle the visible beamstrahlung
signal is closely related to the luminosity for head on collisions
of the beams. As usual for beamstrahlung,
the flux actually
peaks for beam-beam offsets of 1 to 2 R.M.S. widths3 (except in
the case of strong disruption),
and thereafter falls off inversely
with beam-beam separation.
The expected size of the signals at SLC is limited by severe
geometrical constraints. The possible access position is 43 cm
beyond a synchrotron radiation mask. It is necessary to keep
the inner edge of the device at a greater radius than that of
the mask to preserve the masking efficiency. The mask shadows the interaction point emission at the outer radius of the
beamstrahlung
monitor, and leaves only a 0.5 mrad aperture
at about 7.5 mrad.

An analysis of the performance of the device shows that
the expected output from the four photomultipliers
on either
side of the interaction point-in terms of photoelectrons-is:
150 photoelectrons
at 5 x lOlo e* per pulse and
luminosity 1O2g at 120 Hz.
For this and higher luminosities the device promises to
be a useful monitor of beam size variations.
It is almost totally different from the high energy beamstrahlung
technique,
and so provides a measure of independence to the interaction
point diagnostics.

A schematic drawing of one channel of such a device is
shown in the figure. Light from a 2 mm wide plane mirror
(acting as a periscope) is directed, perpendicular
to the beam
axis, through a narrow channel in a spool piece in the vacuum
pipe. The light leaves the vacuum through a sapphire window.
It is focussed by a lens on to a an iris of minimum size 1 mm
by 0.2 mm. (Diffraction effects increase the image size in one
axis). Beyond the iris the light is reflected into a small pho
tomultiplier
tube. Initial alignment of the optics makes use of
a light source at the interaction point. The iris is moved to
maximize the signal.
Department

of Energy,

544fiAl

Fig. 1. Beamstrahlung
periscope: Ml is the primary mirror,
W the vacuum window, L the lens, I the iris, and M2 a 45’
mirror. The surrounding radiation shielding is not shown.

exp (-u~B’w*/16c*).
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Abstract:
The
automatic
control
system
was
developed
for the phasing
of 41 klystrons
in the K E K
llnac.
The method of phasing
is based on the phase
comparison
between
the
beam induced
wave and ‘the
acceleration
wave.
The phase
detector
was newly
developed
and composed
of
a precise
hybrid
power
divider
and a well-balanced
pair of diodes.
The phase
detection
error
at a null
output
signal
is kept within
+o.sO over a 30 dB range
of the input
power.
The
phasing
unit
has a single
board
computer
to realize
intelligent
functions,
so that
the phasing
procedure
can be carried
out
automatically
in ~response
to a
request
from
the
control
room
through
the
communication
loops.
The
5 phasing
units
were
installed
In the 5 sub-control
rooms,
respectively,
and each unit
controls
8 or 9 phase
shifters
for
klystrons.
As a result
of the
auto-phasing,
easy
operation
of the phasing
system has been achieved
and
the adjusting
time was reduced
to about a half
of that
for the manual procedure.
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RF system

Tanaka

and phase

control

system

Rf system
An outline
of the rf system and the phase control
system2 is illustrated
In Fig.
1.
The 41 klystrons
are divided
into
5 sectors,
each of which has a subbooster
and sub-control
station.
The first
sector
has
9 klystrons
and each of the other
sectors
has 8 ones.
The master oscillator
generates
119 MHz rf signal
which
is
fed
to
both
the
main-booster
and
the
sub-harmonic
buncher
amplifier.
The main
booster
multiplies
the frequency
to 476 MHz and amplifies
the
power to 1 kW cw by a solid
state
amplifier
and a cw
klystron.
A part
of the output
power is supplied
to
the positron
generator,
and the rest
Is to the subboosters
in the electron
linac.
In the sub-booster,
a
frequency
multiplier
which multiplies
the rf from 476
MHz to 2856 MHz, a solid
state
S band amplifier,
an
“isolator,
phase shifter
and attenuator
(IOA)” unit,
two sub-booster
klystrons
and the pulse modulators
are
installed.
These
klystrons
are
in
double
pulse
operation.
The first
pulse
is used
for
the
beam
acceleration
and the
second
pulse
delayed
84 usec
The output
power
after
the first
one for the standby.
from one sub-booster
klystron
is divided
and fed to
four high power klystrons
through
their
respective
IOA
units,
which are mounted in klystron
modulators.
The
2856 MHz rf power is amplified
up to max. 30 M W by the
each
of
four
transmitted
to
klystrons
and
is
accelerator
wave guides.
All the I@A units
are controlled
by intelligent
The control
unit
communimodulator
control
units.
cates with
a minicomputer
in the sub-control
station
The
loop
called
LOOP II.
through
a communication
minicomputers
also Interface
to a fast
loop
(LOOP I)
coupled
with
a central
minicomputer,
so that
the IQA
units
and the klystron
modulators
can be remotely
operated
in response
to requests
from a main console.

Introduction
The K E K 2.5GeV llnac
has the phase control
system
to accomplish
maximization
of the accelerated
beam
energy and minimization
of the energy
spread.
In the
usual
operation
we use following
three
methods
of
phasing:
(1) beam energy method,
(2) beam loading
method,
(3) beam induction
method.’
The first
method
means phase
adjustment
with
The
measuring
the accelerated
beam energy
directly.
phasing
of the second method is done by maximization
of the beam loading
ef feet
on an acceleration
wave.
These two methods
can be carried
out easily
without
although
the accuracy
Is lnsufspecial
equipments,
ficient.
The third
technique
is
phase
comparison
between
a beam induced
wave and an rf wave from a
klystron
power source
through
an accelerator
guide,
the phase difference
should
be
At the optimum-phase,
180” and
its
phase
detection
sensitivity
becomes
maximum.
However the wave to be compared are mixed In
the accelerator
guide and cannot be divided
into
each
waves,
it
is
these
to
compare
other.
In
order
them by shifting
the
pulse
necessary
to
separate
To obtain
correlation
between
timing
of the klystron.
another
cw signal
(coherent
reference
these
phases,
The delayed
position
of the
signal)
Is required.
klystron
pulse timing
is referred
to as the “standby”
corresponding
position
its
that
position.
At
unit
does
not
accelerate
the
beam;
acceleration
This is the
consequently
the beam energy
decreases.
the
beam-induction
method,
disadvantage
of
only
The
this
method has a number of advantages.
however,
This
most exceeding
one is its
high
sensitivity.
method
is most appropriate
for
fine
tuning
and is
adopted at most long linacs.

Fig,
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1

Outline
system.

of

the

rf

system

and the

phasing

- I
Phasing

Phase Detector

system

Eight rf signals
picked
up at output
ports
of the
accelerator
guides are sent to a coaxial
switch
box in
the sub-control
station
and two of them are selected
for monitor
or phasing.
A reference
signal
from the S
band amplifier
and the selected
rf
signal
from the
switch
box are fed to a phasing
unites
shown in Fig.
In the phasing
unit,
phase difference
between
two
2.
input
signals
is converted
to a pulse
voltage
signal
by a phase detector.
This output
pulse
is amplified
and held
by a sample
and hold‘ circuit
which . is
triggered
by a pulse synchronized
with a trigger
pulse
of the klystron
modulator.
All functions
of this unit
are controlled
by a phasing
unit
controller
which has
a microprocessor,
a
communication
controller,
a
digital
I/O circuit
and an A/D converter
for the phase
signal.
A small
personal
computer
also
communicates
with
the phasing
unit
controller
through
an RS-232C
serial
line.
The program
for auto-phasing
is loaded
on the computer
automatically
at reset
of the system
and the procedure
can be easily
executed
in response
to a request
from an operator
in the main control
room.

The phase detector
for
this
system was required
to
have
accurate
null
output
at
the
90” phase
difference.
this
requirement
the
In order
to satisfy
precise
phase detector
was newly developed.
This
detector
consists
of
a precise
3 dB
microwave
power divider
and well-matched
pair
diodes.
The power divider
is of the micro-strip
line
type and
has completely
symmetric
structure
as shown in Fig. 4.
The Input
signal
is divided
into
two signals
that have
exactly
equal amplitudes
and phase difference
of 90”.
When two signals
with amplitudes
of Es and E, are
fed respectively
to two input
ports,
a differential
output
V of the diodes
Is expressed
as
V = (E2+E2+2E E ~0~9)“‘~
8 r
ar

2

Block
phasing
system.

diagrams
of
controller

--.

the
and

(E2+E2-2E
sr
srE COS$)“‘~

t

where 4 Is the phase difference
between E and E,. and
the diodes
are assumed to have the sameS response
of
u = En.
At $ - 90”. this
formula
gives
that V la zero
and sensitivity
l3V/a$l
is also
maximum.
Figure
5
shows a typlcal
example of phase error
of the detector
at + - 90’. and the measured errors
exist
within
3.5”
over the range of Input
power from 30 w to 30 mW at
the reference
power of 10 mW.

Fig.

Fig.

-

4

Prototype

phase

detector.

,::I11

phasing
unit,
the
communication
the

_.

Reference Phase

Klystron

Phase

Klystron

Selector

‘P

‘OP

lnl

mlJ

1OOm

1Om

SIGNAL POWER LEVEL ( W 1

Fig.

5

Phase errors
as a function
reference
of

of

the detector
at $=90”
of signal
power levels
10 mW.

Procedure

of

plotted
at the

phasing

The principle
of the beam Induction
method
based on direct
measurement
of the relative
phase
mentioned
in
the
introduction.
The procedure
phasing
Is given as follows:
1.

2.

Fig.

3

Front view
controller.

of

the

phasing

unit

and the

phasing

is
as
of

The particular
klystron
is set
in the
standby
mode, so that only the beam-induced
wave comes out
of the accelerator
guide and is transmitted
to the
phasing
unit.
The phase of the reference
signal
is adjusted
by
rotating
the phase shifter
In the phasing
unit,
so
that the output
of the phase detector
can be zero.
Thus the phase difference
between
the reference
signal
and the beam-induced
wave becomes -90” (or
+90”),
the reference
phase shifter
is locked.
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3.

4.

to

obtain
the real phase.
The output
waveforms
from
the
phase
detector
during
the phasing
procedure
are shown in Fig.
7.
Figures
7(a) and (b) are the phase signals
before
and
after
the reference
phasing.
reapectivily.
Those of
the klystron
phasing
are also given In Figs.
7(c) and
Cd).

The klystron
is returned
to the acceleration
mode
from
the
standby
mode,
therefore
the
resultant
wave composed of the one from the klystron
and the
beam-induced
one is observed
at the input
port
of
the phasing
unit.
The phase difference
between
the reference
signal
and the resultant
wave is also adjusted
to be +90’
(or -90”)
by operating
the klystron
phase shifter
in the I@A unit.

With
this
procedure
the phase of the klystron
wave results
in
180’ away from
the
phase
of
the
beam-induced
wave.
Auto-phasing
A simple
idea
was introduced
to
realize
the
automatic
phasing
system
controlled
by
a
small
personal
computer
in accordance
with
the principle
procedure.
In Fig.
6, the output
signal
V of
the phase
detector
is illustrated
as a function
of the phase
difference
$ between two input
signals.

Fig.

Fig.

6

Illustration
phase detector

of
vs.

the output
the phase

signal
V of the
difference
I$.

First,
phasing
of
the
reference
signal
is
executed
in the standby
mode.
We suppose
that
the
phase difference
between the beam induced wave and the
reference
one is adjusted
at the point
A, $ = -90” (or
case.
Initial
phase difference
$.
B. 0 = 90”) in this
must exist
in a region
(-270”,90”).
The A/D converter
takes
the reference
phase signal
V and the value
is
checked whether
to be positive
or negative.
If V > 0, the phase shifter
should
be rotated
as
I# decreases
by 90’.
If V < 0, $ should
increase
by 90’.
This
operation
makes
new 41 exist
In
a region
Taking
V again,
the phase
shifter
is
(-1800,00).
operated
according
to the measured V as follows:
If V > 0, Q decreases
by 45”.
If V < 0, $ increase
$ increase
by 45”.
Then new 42 will
be found
in a region
(-135O.45’).
After
II times
operation
the new 41~ should
be -90’2
(180”/2’).
the
klystron
wave should
be phased
at
Next,
another
point
B, $ = 90”
(or
A, $ --go”)
in
the
acceleration
mode according
to the same procedure
as
mentioned
above,
but the I@A has to be adjusted
as 0
for the phasing
of the
Increases
if V > 0, inversely
reference
signal.
detector
from
the
phase
output
signal
The
contains
pulse noise,
which la caused by firing
of the
random noise
and dc offset
as
modulator
thyratrona.
Therefore
the system
well
as the pure phase signal.
needs
reduction
of
these
components
which
disturb
In our case we made sampling
of the
accurate
phasing.
signal
in
the
standby
mode without
the
beam and
subtracted
this
value
from the measured
phase signal

7

Waveforms
of the
output
signal
v from
the
phase detector
(amplified
by 10):
(a) phase difference
between
the beam-induced
wave and the reference
one (in
the standby
mode) before
the reference
phasing,
(b) that after
the reference
phasing,
(c) phase difference
between the klystron
wave
and the reference
(In the acceleration
mode)
before
the klystron
phasing,
(d) that after
the klystron
phasing.
Results

Results
of the autophasing
dlacribed
as followings:
1.
2.

3.

for

41 klystrons

are

Easy operation
of phasing
Is achieved.
The adjusting
time was reduced
to about a half
of
that
for
the manual
procedure
and was about
10
minutes
per 8 klystrons.
The phasing
error
IS evaluated
within
about 23”.

Advantage
of this
phasing
system
is the simple
due
to
simple
procedure
construction
and
the
microcomputer
control.
The long adjusting
time is mainly
caused by the
response
time of the klystron
phase shifter
and the
However
this
required
time does not
reference
one.
because
it
is
affect
the
operation
of our
linac.
enough for stable
beam acceleration
to tune the phase
once in a week.
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Tanaka

because
of
the
limitation
of
the
data
processing
ability
of the personal
computer
used.
This
paper
describes
an image processing
system
Some
developed
for
electron
linac
beam diagnosis.
the system to the beam monitoring
are
applications
of
also reported.

For diagnosis
of electron
linac
beams,
Abstract:
image signals
from a TV camera viewing
a ceramic
screen
and analyzed
using a waveform
were
processed
monitor
The black-and-white
digitizer
and a personal
computer.
with
a
has
a
zoom
lens
used
TV
camera
the
automatic
gain control
iris;
remote-controllable
was switched
off to obtain
tolerable
linearity
circuit
video signal
against
the brightness
of
of
the
output
The video signals
are
the. beam spot
on the screen.
taken by the waveform digitizer
with a sampling
rate of
4 MHz; the
digitized
picture
is transmitted
to the
is analyzed
to
the
GPIB and
via
personal
computer
The
derive
spatial
intensity
distribution
of the beam.
sync signal
of the TV camera is externally
synchronized
with the electron
linac
beam timing.

System

confiquration

Hardware
The entire
hardware
system
is
illustrated
in
screen monitor,
a
It
consists
of
a ceramic
Fig.1.
synchronizer,
black-and-white
TV camera, a video signal
a waveform
digitizer
and a personal
computer
(Fujitsu
The alumina
screen monitor
used for the teat
FM-11).
from the
this
system was installed
90 m downstream
of
electron
gun
(at a point
of 500 MeV) in the main beam
screen
was of a
line.
The TV camera
viewing
the
with a remote-controllable
conventional
vidicon
type
zoom
lens
(focal
length:
11-110
mm, aperture:
the
lens
was
iris
of
F1.6-close);
also
the
The horizontal
scanning
frequency
remote-controllable.
of the camera was 15.75 kHz and vertical
one was 60 Hz.
sync signals
for the TV
The vertical
and horizontal
externally
generated
so as to synchronize
camera
were
If the vertical
sync
with
the
linac
beam trigger.
the
beam trigger,
the
with
asynchronous
signal
is
the
beam image taken by the digitizer
brightness
of
In order to get linearity
of then
would
be uncertain.
video signal
against
the beam screen brightness,
the TV
camera was used without
automatic
gain control.
signal
from the camera was transmitted
The video
to
the control
room and digitized
by a lo-bit
waveform
digitizer
(SONY/TEKTRONIX
390AD).
As compared with a
this
the
use of
video
frame
memory,
conventional
transient
digitizer
is
advantageous
to the easy gain
input
video signal
amplifier
which is
control
of
the

Introduction
linacs,
electron
operation
of
long
For
the
of beam position
and profile
is essentially
monitoring
The use of ceramic
screen monitors
is one
important.
the
popular
and direct
methods to observe
the beam
of
In usual case, the image of the
position
and profiles.
In such a
directly
observed
on a TV monitor.
beam is
observation
by eyes
on the
TV monitor,
the
direct
spatial
distribution
of the beam density
is not clear.
A simple way to visualize
the beam density
distribution
of video signals
from a TV
is
a computer
processing
camera
viewing
the ceramic
screen which is inserted
in
The video signal
processing
is made by
the
beam line.
If a
digitizer
and a computer.
means of
a waveform
sufficiently
fast computer
and quickly
movable screens
it may be possible
to observe
the beam
available,
are
along the linac
in nearly
real-time
response.
envelope
of the beam in acceleration
Such a dynamic observation
easy
to
construct
an automatic
control
can make it
In the present
system for beam focussing
and steering.
the
data
processig
is fairly
slow
however,
system,
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Fig.

1.

Hardware configuration
of
system for the beam profile

the image
monitor.

processing
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2.

Gate timing
for digitizing
the video signal
from a TV camera viewing
the beam on the
Only a narrow area of the screen
screen.
image effective
to observe
the beam is
digitized
and stored
in the buffer
memory of
the transient
digitizer.

was measured at several
beam currents,
image
residual
The result
is
the iris
of the camera was fixed.
where
Figure
4 represents
the
peak
Fig.
3.
shown
in
amplitude
of the video signal
as a function
of the peak
delay times from the
the
beam at several
current
of
points
are the same as those
the
data
beam trigger;
in Fig. 4, the
As can be seen
shown
in
Fig.
3.
signal
amplitude
against
the
linearity
of
the -video
the beam spot is tolerable
only for the
brightness
of
iris
of the
the
therefore,
amplitude
below
0.3
V;
be adjusted
according
to the brightness
should
camera
of the beam spot.

particular,
for
low-intensity
needed,
in
beam
The
trigger
for
the
digitizer
was
observation.
generated
from
the
beam
trigger
and composit
video
the
TV camera.
The delay
time
of the
signal
of
trigger
from the beam trigger
is adjustable.
digitizer
size of the digitizer
was only 4096
Since
the
memory
words,
the
area
of
the picture
was limited
to 64x64
moreover
an external
sampling
frequency
of 4
pixels:
MHz was given
to
the
digitizer
to
get sufficient
the
beam profile
image.
resolution
of
A digital
therefore,
was set on the frame by controlling
window,
the external
sampling
clock input
to the digitizer;
the
was controlled
by counting
the horizontal
clock
input
sync pulse with TTL preset
counters;
data
taken
by the
digitizer
are
The
image
to
the personal
computer
FM-11 through
the
transfered
below.
GPIB and processed
as described
The spatial
of the beam intensity
can be displayed
on
distribution
a color
CRT.
Software
The program
for the beam image data handling
was
BASIC and ran under the interpreter.
written
in
The
program can be divided
into the following
blocks:
(a) Data transfer
from the digitizer
to FM-11.
(b) Two dimensional
beam profile
display.
(c) Data summation and display.
After
data
summation along x and y axes, normalyzed
curves of the beam profile
are displayed
on a
CRT.
(d) Three dimensional
display
of the beam profile.
System
Scale

test

DELAY

TIME FROM BEAM TRIGGER (ms)

calibration

Prior
to
the
beam profile
measurement,
the
viewable
area
of the beam screen was set by adjusting
the
zoom lens of the camera so that a beam profile
can
be measured with a sufficient
resolution.
The sampling
frequency
of
the
digitizer
was fixed
at 4 MHz. The
scale
of
the
picture
taken
by the
digitizer
was
calibrated
as follows:
(a) First,
the TV camera is set
in a test bench to view vertical
(x) and horizontal
(y)
reference
lines
drawn in black at intervals
of 10 mm on
white
paper.
The video
signal
of
the
vertical
reference
lines
and sampling
clocks
for the digitizer
are observed
with an oscilloscope;
the zoom lens of the
camera
is adjusted
to a suitable
focal
length
so thant
the
period
of 10 sampling
clocks
just corresponds
to a
10 mn interval
in the horizontal
axis.
At this
setting
of
the
camera,
the
pixel
interval
is 1.0 mm on the
horizontal
(XI)
axis and 0.64 mm on the vertical
(yl)
axis.
The
image
reference
lines
are marked on a TV
monitor
screen.
(bl Second, the TV camera is installed
at the screen monitor
in the linac
beam line.
The zoom
lens
can quickly
be adjusted
for the image size of the
thin
reference
lines
marked
on the
screen
of the
profile
monitor
to fit
those marked on the TV monitor
screen.
The
final
pixel
interval
in this
system test
was set to be 0.5 mm on the horizontal
axis and 0.32 mm
on the vertical
axis.
Image decay

time

Fig.

3.

Peak amplitude
of the video signal
as a
function
of the delay time from the beam
trigger.
Measurement
was carried
out at the
peak current
of the beam: 10, 20, 30, 40 and
50 mA. Beam pulse width:
0.8 us.
Beam repetetion
rate:
1 pulse per second.

and linearity

The system test was performed
using electron
beams
with
the
following
parameters:
Energy 500 MeV, peak
current
lo-50 mA, pulse width
1 us and pulse repetition
rate
The iris
of the TV camera was adjusted
to
1 PPS.
an aperture
suitable
to
get
video
signal
outputs
relevant
to the test.
The image of a bright
beam spot
observed
with
the
TV
monitor
does
not
vanish
immediately
after
the
beam hits
the
screen of the
profile
monitor.
The relation
between
the
peak
amplitude
of the video signal
and the decay time of the

0

Fig.
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4.

10

20
BEAM

30
40
CURRENT ImA)

50

Peak amplitude
of the video signal
as a
function
of the peak current
of the beam at
delay times from the beam trigger
5, 20, 30
and 70 ms.
The data points
are the same as
those in Fig. 3.

Examples

i

of

the

beam profile

Conclusion

display

The image
processing
by the computer makes the
beam profile
observation
easy and clear.
This kind of
can be used
for
measurements
of
the
beam
system
emittance
and energy distribution.
profile,
position,
image processing
system is also applicable
to the
This
bending
observation
radiation
after
synchrotron
magnets.
in
daily
operation
of the
system
this
To use
should
be improved
by replacing
the R-bit
linac,
it
computer
FM-11 with a more
powerful
computer.
personal
An improved
image
processing
system
will
be a useful
tool for beam diagnosis.

Figure
5 shows an example of 2-dimensional
display
the
beam profile.
The spatial
distribution
of the
of
the
x-axis
(y-axis)
is displayed
beam current
along
after
integration
of
the
beam current
density
with
respect
to
the
y-axis
(x-axis);
the
beam size can
easily
be derived
from this procedure.
Figure
6 is a
typical
3-dimensional
display
of a beam profile.

Application

-

Possible
applications
of
this
system
are:
(a)
Measurement
of
the
beam
emittance,
(b)
simple
observation
of
the
beam energy distribution
and (c)
automatic
adjustment
of the beam focusing
and steering
system.
Easy derivation
of
the beam size by this
system
makes
it
easy
to
measure
the
beam emittance.
A
preliminary
measurement
of the emittance
was performed,
but it is not yet completed.
A beam energy distribution
can be observed
in such
at the focal
a way that
a beam screen is installed
plane of the magnetic
energy analyzer,
where usually
an
energy
defining
slit
is
installed.
Operator
of the
observe
the energy distribution
on a
linac
may easily
CRT display.
Using
many screens
in
the
beam line,
quickly
movable
screen
drivers
and a high speed computer,
an
automatic
beam handling
will
be possible.
At present,
eleven
screen
monitors
with
quickly
movable
air
cylinder
are distributed
along the 400 m long linac
in
KEK;‘ however,
a computer
with data handling
ability
sufficient
for image processing
is not yet available.
When the
beam intensity
is so weak that the beam
profile
can not be observed
on a TV monitor,
it may be
cleary
-seen
on the graphic
display
after
eliminating
background
noises
from the image data taken repeatedly.
Figure
7 shows
an example
of
a low-intensity
beam
profile
with noises;
after
integration
along the x- or
y-axis,
the intensity
distribution
becomes clear.

Fig.

5.

Example of 2-dimensional
display
of the beam
profile.
The spatial
distribution
of the beam
current
along the x-axis
(y-axis)
is displayed
after
integration
of the beam current
density
with respect
to the y-axis(x-axis).
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Fig.

6.

Example
profile.

of

a 3-dimensional

Fig.

7.

A low-intensity
after
integration
(x-j
intensity

beam profile
along xdistribution

display

of

the

with noises;
(y-1 axis,
the
becomes clear.

beam

y-

THs-21

ELECTRON GUN FOR THE POSITRON GENERATOR
S. Fukuda. Y. Ogawa, Y. Saito,
Y. Otake.
S. Ohsawa. S. Anami,
T. Shidara.
N. Kaneko, A. Assml and J. Tanaka
National
Laboratory
for High Energy Physics
(KEK)
Oho-machi,
Tsukuba-gun,
Ibarakl-ken,
305 Japan
ABSTRACT
GRID POTENTIAL

A triode
electron
gun has been installed
on .the
Positron
Generator
at
KEK, and brought
Into
test
operation.
It
involves
a
grid-cathode
assembly
currently
used in a planner
trlode.
The cathode has a
diameter
of 10 mm and 1s coated
with
Ba-Sr-Ca
oxide.
Because of the short
grid-cathode
distance
(0.18 mm),
the relatively
low grid
pulse
voltage
makes possible
to draw a high
current.
The assembly
has a small
vacuum flange
which allows
its easy replacement.
Emission
current
from
the
oxide
cathode
is
sensitive
to
residual
gases,
therefore
the
vacuum
system is carefully
made and the pressure
is kept In
the range of lo-’
Torr
even when the accelerator
is
on.
The grid
pulser
is a line
type
pulser
using
multi-stage
avalanche
transistors
as a switch.
The
pulse width
of 10 nsec has been used for the test
to
investigate
the gun characteristics.
The performance
of the gun has been tested
with
this
pulser
and the emission
current
of 9.7 A was
achieved
at an injection
voltage
of
110 kV.
The
characteristics
of the gun are described
together
with
the beam trace.

Sealing Surface

HEATER-CATHODE

-

27

; to.-

-

CATHODE
DIAMETER
UNIT -nm

Fig.

I

INTRODUCTION
The
Positron
Generator
is
designed
for
the
position
Injection
into
the
TRISTAN ring
at KEK.
Because of a very
low conversion
efficiency
from an
elecron
to a positron,
an electron
beam current
should
be very high.
and moreover
its
width
should
be less
than
2 nsec.
To satisfy
these
requirements
the
injector
of
the
Positron
Generator
has
been
constructed,’
and a high current
electron
gun has been
developed.
A peak current
of 10 A was aimed and for
this
purpose
a high current
thermionlc
gun has been tested
and brought
into
operation.
The beam width
of 2 nsec
will
be achieved
with a suitably
short pulse and using
a subharmonic
buncher.

5Fig.

ELECTRON GUN

1

I

A cathode-grid
E3078.

I

2

structure

Cnomic lnwlalion

Cutaway

view

of

I

the

of

I

electron

the

oxide

gun

I

gun assembly.

assembly
stem.
Inside
of the stem,
there
are a grid
pulser
and
an
optical-electric
trigger-signal
converter
module.
Figure
2 shows the cross section
of
a whole
electron
gun assembly.
The gun electrode
geometry
was determined
using
the electron
trajectory
program
of W.B.
Herrmannsfeldt.4
Its
geometry
is
chosen so that the gun has a slightly
higher
perveance
to
get
an enough
emission
current.
The distance
between the cathode
and the anode aperture
is 24 + 0.5
mm and the anode hole diameter
is 13 mm. The calculations
predict
a perveance
of 0.26
uA/V3J2
and an
emlttance
of 1.65 x 10m3v mot-cm.
Also the predicted
maximum field
gradient
is
88 kV/cm
on the
anode
aperture
at 110 kV cathode
voltage.
Figure
3 shows
the calculnted
beam trajectory.

The electron
gun for the Positron
Generator
is a
gridded
oxide
coated
gun currently
used In a planner
triode
and basically
the same one as used in the PF
linac . 2 This makes use of a cathode-grid
structure;
a
part
of 2C39 planner
triode,
and is supplied
from
TOSHIBA Co.
Ltd.
as a Ba-Sr-Ca
carbonate
coated
The cathode
has a 10 mm diameter
and a
cathode. 3
Because
of Its
grid-cathode
distance
Is 0.18
mm.
short
distance
the relatively
low grid
pulse
voltage
Rating
of
makes it possible
to draw a high current.
the filament
voltage
and current
are 6.3 V and 1.3 A
Maximum rating
of
the
peak
cathode
respectively.
This has merits
of its compact size
current
is 20 A.
is shown in Fig.
1.
and very low cost . Its structure
The gun structure
has
small
vacuum
flange,
which
The gun is mounted on an.
allows
its easy replacement.
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VACUUM SYSTEM
The oxide coated
cathode
has an advantage
that a
high
current
is
produced
at
the
relatively
low
temperature
(about BOO’C), while
it has a disadvantage
that
an emission
current
is sensitive
to residual
Therefore
a vacuum
system
was
gases.
carefully
designed.
Figure
4 shows the block
diagram
of the
vacuum system.
In order
to Isolate
the gun chamber
from the accelerator
guide
(where typical
pressure
is
10-7 Torr) , a beam duct has a small
diameter
(35 mm)
to give a low conductance
and is differentially
pumped
with
4 ion pumps of which
pumping
speed is 10 f/s,
respectively.
A turbo
molecular
pump is used as a
a cryo
pump is
used
in
the
roughing
pump end
conversion
process
from carbonate
to oxide.
The cryo
pump is also
used as an auxiliary
pump.
The gun
assembly parts
are carefully
processed
In vacuum.
For
example
an anode aperture
and a focus
electrode
are
made of low carbon material
(SUS316L).
polished
within
the surface
roughness
of a few urn and baked out In a
Baking of a whole system Is
vacuum induction
furnace.
performed
more than 48 hours
to reduce
a water
vapor
After
after
Installing
the gun stem to the chamber.
these processes,
the conversion
is completed
within
40
and easily
activated.
The emission
test
is
minutes,
run under the pressure
in the range of lo-’
to 10-l’
The pressure
is kept
in the same range
on a
Torr.
beam extraction
while
the gate valve
between
the gun
chamber and the accelerator
guide is opened.

The cathode
pulse
is fed from a line-type
gun
modulator
and a pulse
transformer
with
its
step-up
ratio
of 1: 12 through
a high voltage
deck.
Available
maximum voltage
Is 150 kV.
The heater
power supply
and associated
control
modules are on this
deck.
The
trigger
signal
which
drives
the grid
pulser
is sent
through
an
optical
fiber
and
converted
to
the
electrical
signal
in
the
gun assembly.
The grid
pulser
Is
a
line
using
pulser
avalanche
We
transistors
as a switch.
Figure
5 shows the diagram
of this
pulser.
A pulse
width
is determined
varying
‘the length
of 50 ohm coaxial
cables,
For the purpose
of a high
current
drive,
this
pulser
consists
of
multi-stage
avalanche
translstors.
Two transistors
are
triggered
simulataneously
in
order
to make a
stable
avalanche
operation.
The output
impedance
is
determined
by the number of parallel
coaxial
cables.
HV XQ-8DOV
168k

Cooxiol Cable

212222

Drive pulse

Fig.

5

Simplified
pulser.
width.

circuit
L is about

of the short
24 cm at the

pulse
grid
10 ns pulse-

CHARACTERISTICS OF THE ELECTRON GUN
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Block diagram
of vacuum system.
QMA: Quadrupole
Mass Analizer.
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Fig.

7

Emission
characteristics
of
the
oxide
gun
E3078
as
a
function
of
cathode
voltage.
Valtage
written
in the graph
shows the grid
net
drive
voltage
for
the
long
pulse.
Net
drive
voltage
for the short
pulse Is about 250
V.
Heater
voltage
of these tests
is 7.0 V.

8

Waveform
of the electron
This
pulse
width
is
5
current
is about 7 A.

beam from
nsec
and

the
the

gun.
peak

REFERENCE
1.

function
of a filament
voltage
and Fig.
7 shows the
gun triode
characteristics.
These measurements
are
done in both a short
pulse mode of 10 nsec and a long
pulse
mode of 1 usec.
This
gun works
in the space
charge
limited
regln
at nearly
6.3 V filament
voltage
of rating
specification
(and measured
temperature
at
this
voltage
was 810 “CR).
The cathode
voltage
is
currently
limited
to 105-110 kV because the Insulation
ceramic
is the same one as Photon Factory
Linac
(which
is used in 100 kV operation).
The peak current
of 7 A
with
a long pulse
(the cathode
voltage
of 105 kV and
the net grid
pulse
of 230 V) and 9.7 A with
a short
pulse
(the
cathode
voltage
of 110 kV) were achieved.
On the short
pulse mode, a measured
average
perveance
was 0.263 uA/V312 and a cathode
drive
active
impedance
The grid
Interception
was estimated
was about
17 ohm.
to be about 25 I from the measurement
on a long pulse
operation.
The pressure
was kept less than 3 x lo-’
Recently
the other
Torr when the test
was performed.
modes of 3 nsec and 5 nsec (FWHM) were also
tested.
Emission
current
decreases
to 7 A for a 5 nsec pulse
due to a decrease
of a grid pulse amplitude.
Figure
8
shows the waveform
of the short
pulse
beam which has
been used on the positron
acceleration.
The short
pulse beam was measured by a wall current
monitor
with
The precise
characteran ambiguity
of several
Y..
-Istics
of
the
Injector
section
on
the
positron
acceleration
will
be presented
elsewhere.’
So far
this
gun
has
a good
performance,
especially
the
In near
current
density
of
12 A/cm2 is achieved.
a higher
cathode
voltage
operation
of 150 kV
future,
will
be planned
and then peak current
of about
15 A is
We also
planned
a data accumulation
about
expected.
the life
of this gun under a high current
extraction.

2.

3.
4.
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DEFLECTION BY THE IMAGE CURRENT
AND CHARGES OF A BEAM SCRAPER*

TH3-22

K. L. F. BANE AND P. L. MORTON
Stanjord

Stanjord Linear Accelerator Center
University, Stanford, California, Q~Ski

Introduction

0 the azimuthal angle. Note that we are using the convention
of r > 0 at the bunch head. For all cases used in the computer
calculations the function X is taken to be given by

Scrapers are often used in storage rings and accelerators to
“clean-up” the transverse profile of the beam. When the beam
is not exactly midway between the jaws of the scraper the
transverse electric and magnetic fields produced by the image
charges and currents are asymmetric.
For a relativistic beam
traveling through a longitudinally
uniform tube with infinitely
conducting walls the transverse force from the electric field is
canceled by the transverse force from the magnetic field, to
order 1/r2, where 7 is the particle energy. However, when an
off-center particle bunch passes by a longitudinal discontinuity
in the beam tube the transverse force from the electric field is
no longer canceled by the transverse force from the magnetic
field and particles in the bunch will experience a transverse momentum kick which is independent of energy (to order l/r2).
While we are particularly interested in the effects of a scraper in
a beam channel, the results obtained here apply to any similar
discontinuity.
The necessary assumption is that the distance
between the scraper jaws is small compared to the longitudinal
extent of the beam bunch and the scraper. Scrapers also affect
the energy of the beam. Since this is normally a negligable
effect it will not be discussed in this paper.

C2T2
N4

P=

yb(r

(3)
E) [;+~lcosme]

fin = (i)” (d-l

The total electric and magnetic field seen by a particle in
the bunch can be divided into two parts. The first part, designated as the self field, would be present in the absence of any
image charges or image currents, and has the l/r2 cancellation of the electric and magnetic fields. The second part of the
fields is due to the image charges and currents. The electric
force of this part is not canceled by the magnetic force from
the image current near a discontinuity in the beam pipe.
Normally we are interested in the
compared to the scraper length, and o
to b. In this case the two edges of the
separately. The dipole electric field and
from any discontinuity in a round pipe
image charges and current, is given by

& = T
,

(1)

Near a discontinuity

with the longitudinal particle density in the bunch, X = X(r);
the longitudinal position in the bunch, r = (z - pet); 6(z) is
the Dirac delta function, the velocity of the bunch, v = PC; and
* Worksupported
76SF00515.

.

The above scaling is well known for the transverse wakefields
of cavities. 2’3 It is clear that for scrapers it must also hold,
We will only consider the leading, dipole term (m = l), so that
the transverse deflection is proportional to fr = e/b.

Consider a bunch with uniform transverse charge density
inside of radius a and displaced an amount [ Q: a. The asymmetric portion of the charge and current density is given by

iz=pcp

*

The transverse deflection of a particle at radius r produced
by the field of the mth multipole (due to the bunch passing the
edge of the scraper) is proportional to the quantity j,,, where

Approximation

and

I
>

- .g6(0)

= $qr-

beam entering a circular scraper.

p=zex%(r-a)cosO

&+I

where N is the number of particles in the bunch. The results
obtained below will apply to any other form of X as long as
the variation of X is small over a longitudinal distance of order
6. It is interesting to note that for a Iine charge (i.e. radius
a -+ 0) displaced by amount 6 the charge distribution is given
by

I

Analvtic

--

&=P
(

We have used the TBCI program’ to treat the case, shown
schematically in Fig. 1, where a circular beam of radius a is
off-center by amount E in a circular scraper of radius b. The
scraper is situated in a beam tube. The length of the scraper
is not important as long as it is much greater than its radius.

Fig. 1. Off-center

=

by the Department of Energy, contract DE-AC03-
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and

BY=?

case where b is small
is not small compared
scraper can be treated
magnetic field far away
of radius b, due to the

.

(5)

these expressions do not hold.

Consider a long bunch approaching the exit of a scraper.
The image charges increase as the bunch approaches the scraper
edge, while the image currents decrease. For a test particle
within a bunch and with e/b $ 1 we approximate the fields
as shown in Fig. 2b, with the reduction in Ez lagging the
reduction in B, by a distance of b. (The scraper is at z = 0.)

i

For long bunches the problem becomes more similar to one of
statics rather than electrodynamics. Thus positive charges and
currents moving past a scraper entrance have an effect similar
to negative charges and currents moving past a scraper exit.
We therefore expect the fields at the entrance of the scraper
to be the mirror images of those at the exit, ss shown in Fig.
2a. A consequence of this is that the kick at the entrance is
identical to that at the exit of the scraper in both amplitude
and sign.
- Field

Field

(a)

jp-y&

The electric and magnetic fields experienced. by a particle
as it travels by the entrance of the small pipe at c/b = 0.5
are shown in Fig. 4 for a particle in the middle of the bunch
(r = 0). The conditions are the same as those for the u = 1
m m bunch in Fig. 3. The test particle feels a total kick of 3.4
volts when passing this scraper edge, if the total charge of the
bunch is 1 picocoulomb.
Eq. (7), our simple model, yields a
value of 3.6 volts. For a bunch exiting the scraper TBCI gives
a result that is the mirror image of Fig. 4.

(blz

Fig. 2. Fields seen by a test particle when (a) entering
and (b) leaving a scraper.
The transverse momentum kick given to a particle as it
passes the discontinuity is the area of the parallelogram equal
to

= e

I
--oo

Image
Fields

00
cAp,(r)

flection of a particle in the bunch, due to the bunch passage offcenter by the entrance or exit of a small radius pipe, is shown in
Fig. 3 as a function of the position of the particle in the bunch
for several different bunch lengths. The bunch enters (or exits)
off-center by 0.25 m m from a large pipe of radius 4 m m into a
small pipe of radius 0.5 mm. The longitudinal density also is
shown in the Fig. 3 for comparison. The bunch length u varies
from 0.25 m m to 1.0 mm. Note that, for the longer bunch
lengths, the approximation
that the transverse kick received
by a particle at position r in the bunch is proportional to the
longitudinal particle density at that position is justified.

M eb AE,

dz (Ez - PB,)

,

(6)

t+/ac-7)

with AE, the difference between the electric field in the two
pipes experienced by a particle far from the discontinuity. Normally the scraper radius is much smaller than the radius of the
beam pipe. Therefore, the approximation that applies at each
end of the scraper yields
cApz(d

Computer

2e2X(r)(

= b

.

Calculations

s

2Qt

(V/PC)

-4

-2

0

2

z/b

The main problem from the scraper is not that the offcenter beam receives a transverse deflection, but that the transverse deflection varies, as the bunch density, along the bunch.
If the variation of the transverse momentum deflection is comparable to the natural transverse momentum spread the effective beam emittance is increased. For example, a typical SLC
bunch of 5 x 10” particles has a length u = 1 mm. At a high
/3 point near the end of the machine the beam has an angular
divergence of uzt - 2pr. If the bunch passes halfway off-center
in a scraper with b = 0.5 mm, then a test particle at r = 0
receives a kick of 0.55 pr due to each scraper edge whereas particles at either end of the bunch receive no kick. The variation
due to one full scraper is half as much ss the beam’s original
rms angular spread.
One way of lessening the deflection of the scraper is by
reducing the angle of its incoming or outgoing edge. If an
angled piece, whose projection in the axial direction is Sxed
at 2 cm, is cut out of a scraper edge (see Fig. 5 inset) the
resultant kick for a particle at r = 0 is given in Fig. 5. The
kick can be reduced by slightly more the 50% if the angle is
taken to be 15’. The dashed curve is an extrapolation
to an
angled scraper edge that is arbitrarily
long. Calculation in
the dashed region was not possible due to the great number of
mesh points needed to model the problem.

4
CT/U

4000 -

P/PC/m)

Fig. 4. Computed fields seen by a particle at r = 0 as
it enters a scraper. The scraper edge is at z = 0.

In order to check the above approximations we have used
the program TBCI to study the transverse fields excited by an
off-center bunch of the form given by Eq. 3 truncated at f4u.
All of the computer calculations have been performed for the
ultra relativistic case where p = 1, and the total charge in the
bunch is one pica-coulomb (N = 6 x 106). The transverse de-

(tail)

6ooo :

(head)

Fig. 3. Kick of one scraper edge for various values of
u, when b = 0.5 mm. The dotted line gives the charge
distribution.
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Discussion

------__
+20m+
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W e have shown that scrapers that pass close by high peak
current beams can significantly degrade the beam emittance. A
circular scraper was chosen for this study since, at the moment,
it is the only one that we can compute. But it can be expected
that these results give a reasonably good approximation for
a normal rectangular window scraper, with b representing the
half width of the window. Whenever wakefield effects can be
important scrapers that only have one side should be avoided
since they will give larger kicks than computed here. Furthermore, they have no ideal trajectory along which there is no
kick, as the symmetric scrapers have.
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coupling impedance over a broad frequency band. Hence a
simple summation over an independent cross section jumps is
a rather good approximation
in such cases.
Besides, the case of a pipe with a flange, which is an interesting case in itself, can be obtained from our results in the
limit a + 00. The approach developed here can also serve as
a starting point for investigating other geometries (such as a
cylindrical scraper, for example).
The Fourier components of the current density of a point
charge moving on the axis of the pipe is

The problem of finding the electromagnetic fields created
by a charge moving through various geometric structures bounded by metallic walls has an important bearing on the accelerator theory. Apart from evident need for reliable evaluation of
the energy loss into higher modes, there is also an important
problem of evaluating the coupling impedance due to changes
in the particle environment.
While for a long bunch (in comparison to the relevant dimensions of the considered structure)
there are several reliable numerical codes which do the job,
they rapidly become too time consuming for short bunches.

~=e,O+e!,O+e,~

exp(2>

,

0)

where cp is the charge velocity, 6(r) is Dirac’s radial C-function.
Due to symmetry of the problem electromagnetic field has
only three nonzero components: E,, E,, and Ho. The Fourier
components of the solutions of the Maxwell equations which
satisfy the boundary condition E,(z) = 0 on the pipe wall for
z > 0, r = b and the radiation condition at z -* oo (conversely,
condition E,(z) = 0 on the pipe wall for z < 0,r = a and the
radiation condition at z + -oo ) are kn0wn.l It is convenient
to introduce the following notations:
IU = qk/ucy2/32

Here we present the results of calculations of electromagnetic fields radiated by a point charge moving on an axis of a
cylindrical superconducting pipe with an abrupt change in its
cross section. From them then we find the longitudinal coupling impedance.
The geometry and the coordinate system
(cylindrical) is sketched in Fig. 1. For certainty we consider
the case of a charge coming out of the bigger pipe of the cross
section radius a and entering the narrow pipe of the cross section radius b. The opposite case of a charge exiting from the
narrow pipe and entering the bigger one can be considered in
a similar way. Coupling impedance of a cross section change
for a planar geometry was considered in Ref. 1.

G(r,d)

= Kl(rr)

+ &(rr)Ko(rd)/Io(d)

(2)

Go(r,d)

=

- Io(rr)Ko(rd)/Io(rd)

(3)

&(rr)

where d = a or b, then

(0)

a
I

($)Jo(y+p(irXh)

(5)

er

I
I
0

.-.-.-.-.
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c
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Fig. 1.
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2
5423Al

system:

- We see three reasons for conducting the present work. First,
it is useful to consider a problem theoretically since it gives
better understanding
of details of the radiation process for
given geometry. Second, the numerical results obtained here
are in a sense complimentary
to purely numerical results Of
existing codes, providing an answer in the parameter regions
which can not be reached by existing codes. Third, the results
may be interesting in themselves sometimes. For example, high
frequency instabilities within bunches depend on the average
* Work supported by the Department

(

iks
a

+C,B;

>

-ikC,B;

(5)

Jo (y)

(3)

exp(-is&,)

(8)

Jl (?)a,(-id,)

(9)
Here k = w/c, r = k/-y/3,7 = l/dm,Ko,
K1, IO and Ir
are modified Bessel functions of the second and the first kind,
respectively and of the zeroth and first order, correspondingly.
JO and 51 are Bessel functions of the first kind, and the zeroth
and first order, correspondingly.
vn are defined by equation
Jo(Y,,) = 0 and are understood to be ordered: ur < u2 <
. . . . . < u, < u,+1..., n = 1,2 ,... 00. The sign of the imaginary
parts of the propagation constants X,, = dm
and
x
= ,/m
should b e c h osen positive (that choice is
d%ned by the radiation condition):
Im&,
> 0. In all equations above, Bz are unknown coefficients to be defined by the
boundary and continuity conditions in the plane z = 0.

.-.-

Geometry of the problem and the coordinate
(a) Incoming charge, (b) Outgoing charge.

(F)

Each term in the expressions for the diffracted field describes either a nth wave propagating in the positive z direction, if k > v,,/a, or an evanescent wave, if k < u,,/a.

of Energy, contract DE-AC03-76SFOO515.
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illustrate how the boundary and continuity conditions are satisfied by the approximate solutions for an intermediate value
p = 0.3 with the matrix size 20x20. The discontinuity of the
E, at the sharp corner of the boundary can never be approximated by any finite numbers of eigenfunctions. Nevertheless
in all other regions the solution seems to be quite satisfactory.

Similarly, each term in the expressions for the reflected field
describes either a nth wave propagating in the negative z direction, if k > v,,/b, or an evanescent wave, if k < u,,/b. For
any given k there are finite number of the propagating and
infinite number of evanescent waves.
On a perfectly conducting wall the tangential component
of the electric field should be zero. In our case that means that
the radial component of electric field for all b < r < a should
be zero at z = 0. For the charge entering the narrow pipe
&r,O)

_

= 0 .

The longitudinal coupling impedance now can be obtained
by integrating the synchronous component of Es at r = 0 (i.e.,
along the particle path).’ The synchronous term of E,” gives
the following expression for the impedance per unit length:

(10)

Conversely, for the charge exiting the narrow pipe $(r, 0) = 0.
In the plane z = 0 but in the opening of the pipe all the
fields components should be continuous. Hence for 0 < r < b
E;,+(r,O) = &(r,O),

E$(r,O)

(15)

This term goes to zero in the ultrarelativistic
limit. From the
radiation part of the field E,” after performing the integration
and some algebra we get:

= E;(r,O)

01)
Since three functions E,, E. and He are solutions of Maxwell
equations, the continuity condition for H* is fulfilled as soon as
conditions (11) are satisfied. Substituting expressions (4),(S)
and (7),(8) into Eqs. (lO),(ll)
we obtain the system of transcendental equations which define unknown coefficients Bf.
Using orthogonality
of Bessel functions it is possible to
transfer the system of transcendent equations into a linear
system of algebraic equations. We will do this for the most
interesting ultrarelativistic
case 7 + 00.
Introduce dimensionless coefficients g* by the following expressions: Bz = (2iqa/sc)g 2. Excluding g$ we obtain system
of equations for g; only:

Zi,(k)

0‘3)
where 4n/e = 20 = 377 Ohm is the impedance
space, and the normalized frequency n = ow/c.

.%,t(k) = -~{Cng,‘[~p-(s2p+#]-pC,g,[~+(~2-v~)~]}.
(17)
Figures 8 and 9 present the real and the imaginary parts
of the longitudinal impedance, respectively, for incoming and
outgoing charge for p = 0.3 as functions of n. The resonance
behavior of the impedance is clearly exhibited.
An extended version of this work can be found in SLACPUB-3965. Discussions with many people were helpful while
preparing this paper. We are grateful to all of them.

(13)
I*(4

of the free

The impedance for the case of a charge exiting the narrow
pipe can be found from a similar formula:

(12)

Tim = ~~~P~Jo(~~P)Jo(YIP)C,

pC&&+c2-v$]}.

= -~{C.8.+[~p+(~lp2-~~)~]-

- vmp
22 ) (v,2 - vfp2) ’ (14)
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Notice that both diffracted and reflected fields are limited
for 7 + 00 since B,f do not depend on energy in this limit.
Up to now all the relations are exact. Since we have no
way to solve the infinite system (12) exactly, its approximate
numerical solution is used. The system is truncated to a finite
size and coefficients gz are found by matrix inversion. The approximate expressions for the electromagnetic field components
are then obtained using truncated Eqs. (4-9).
Figures 2-7

4
-

I

- I.0
0
S-86

0.2

0.4

0.6

RADIUS/a

0.0

0

I.0
1.2313

6-86
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Main components
of the PCositron
Generator
Abstract:
injector
are
briefly
described,
which
include
an
electron
gun, an SHB. a prebuncher
and a buncher.
an
rf waveguide,
a transport
and a vacuum system,
etc.
The vacuum system around the gun was carefully
made. to
obtain
a
high
emission
current.
SHB was
The
introduced
to inrease
the peak current
and operates
at
119 MHz, the 24th subharmonic
frequency.
Performance
of the injector
has been tested
yielding
the results
that
about 60 X of the injected
current
from the gun
is
successfully
accelerated
wlthout
the
SHB.
An
injection
current
obtained
Is typically
7 A for 5 nsec
pulse.
For
3 nsec
(FNHM) beam the
accelerated
electron
and the positron
beams are increased
by a
factor
of 1.5 with the SHB.

of
ref.

a

high
current
electron
gun
is
reported
in
(2).
The construction
of injector
was almost completed
in April
1985. and later
In October
a modification
was
made to Install
a subharmonic
buncher
(SHB).
The SHB
was
increase
adopted
to
the
peak
current
by
suppressing
the beam width,
and is now under
test
operation.
In
the
next
section
main
components
of
the
Injector
are briefly
described,
and the results
of the
test operation
are given In the last
section.
Main

The layout
of the injector
is shown in Fig.
1. A
relatively
large
distance
between
the gun and the SHB
is needed
to set a low conductance
vacuum duct
for
differential
pumping
and to install
the electron
gun
In
an
room
to
adjacent
the
tunnel
accelerator
separated
by 1 m thick
concrete
wall.
The space from
the acceleration
gap of the SHB to the prebuncher
is a
drift
distance
of 2.6 m long.

Introduction
Positron
beams required
in TRISTAN for e+ - ecollision
experiments
are produced
by bombarding
a
tantalum
target
electrons
in
with
the
Positron
Generator.
The conversion
efficiency
from an electron
to a positron,
however,
is very low (an order
of one
thousandth
at 200 MeV) and, therefore,
it is Important
to obtain
an electron
current
as high as possible
for
getting
a
sufficiently
high
positron
beam.
In
addi,tion,
the
beam emlttance
and the
bunch
width
should
be suitably
small
not to deteriorate
positron
beams,
which
already
have
a larger
emittance
and
easily
produce
a large
bunch spread.
The beam pulse
width
should be less than 2 nsec at the base in order
to be accelerated
as a single
bunched beam in TRISTAN.
the
Injector
of
To meet
these
requirements,
Positron
Generator
was designed
and constructed.
The
design
of a prebuncher,
buncher
and a beam transport
system is described
in ref.
(1). and the development

Electron

gun

This uses the same type of grid-cathode
assem3fy
with
a diameter
of 10 mm as used in the PF linac
.
ations
In order
to draw much higher
currents
modif
were made to Its
electrode
and vacuum system 8 . The
maximum current
obtained
is 9.5 A for a pulse
of 10
and It decreases
to 7 A for a 5 nsec pulse
due
nsec,
The Injection
to a decrease
of grid pulse amplitude.
he perveance
of the gun is
voltage
is lOOKV, and
approximately
0.26 uA/V~~~.

PM

PM

WM
1

-

components

--pg$#=pz

ST

0

I
0

ST

ST

Fig.
1 Layout of the Injector
of the Positron
Generator.
SHB: Subharmonic
buncher.
PB: Prebuncher,
B: Buncher,
ACC: Accelerator
guide,
ML: Magnetic
ST: Steering
coil,
FC: Focus coil,
Q: Q-magnet,
GV: Gate valve,
WM: Wall current monitor,
PM: profile
monitor.
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lense,

-SHB

Prebuncher.

The SHB operates
at a frequency
of
119 MHZ,
corresponds
to the
24-th
subharmonic
of
2856 MHz,
acceleration
rf
frequency
of
the
Generator.
The
cavity
is a quarter-wave
resonant
cavity
of coaxial
Is shown in Fig.
2.
The main
type I and its structure
summarized
parameters
of
SHB are
in
Table
1.
Calculations
are made with a code similar
to ref.
(4),
which
shows that
with
the SHB the increase
of peak
current
is
expected
by a factor
of
two
or
so.
However,
if
the
Initial
beam pulse
has
a long
tail,some
of them would remain
In the final
beam and
produce
backgrounds.even
though
they would be reduced
appreciably.

These are all
2/3n mode and of the travelling
wave type.
The prebuncher
consists
of 7 cavities
with
a B-value
(phase velocity/light
velocity)
of 0.7,
and
The
prebunches
electrons
with a little
acceleration.
buncher
consists
of 9 cavity
buncher
section
and 35
In the buncher
section
the
cavity
regular
section.
&values
gradually
varies
from
0.78
to
1.00,
and
electrons
are rapidly
accelerated
by a high
electric
been
paid
to
enable
to
field.
Attention
has
accelerate
high
currents
and
to
produce
narrowly
bunched beams.
the
buncher
there
lntalled
two
Following
the f lrst
guide
is 2 m long,
the
accelerator
guides,
These accelerator
guides
are
second guide
4 m long.
of th
same type as used in the following
acceleration
seen from the end of the first
units 5 . The Injector
accelerator
guide is shown in Fig. 3.
Beam
ystem

Fig.

Table

1.

2

parameters
119
710
151
65
678
34
270
3500

Resonance frequency
Tunning
range
Cavity
dia.
Drift
tube dia.
Cavity
length
Gap length
k/Q,
Q.

MHZ
KC
mm
mm
mm
mm
n

The rf amplifier
for the SHB cavity
consists
of
an 80 W and a 500 W driver
amplifier
and a final
stage
conventional
power
tube
amplifier,
in
which
a
Its maximum output
power is 5 kW
(RCA 7651) is used.
The power supplies
for the electrodes
of this
pulse.
, which makes it possible
tube are very well-regulated
to stabilize
the rf output
amplitude
and phase without
rf feed-back
circuits.

3

Photograph
of the
first
accelerator

Injector
guide.

from

the

end of

system,

beam

guides

monitors,

and

vacuum

RF waveguide
A high power klystron
with an output
power of 30
MW is provided
in the injector,
and a quarter
of the
output
is fed each to the buncher
and to the first
and the remaining
half
of the power
accelerator
guide,
to the second accelerator
guide.

Fig.
Fig.

transport

and accelerator

The beam transport
system reported
in ref(1)
was
modified
to allow
the SHB installation,
and total
of
22 solenoid
coils
was fabricated
and Installed,
each
has an inner
and outer
diameter
of 200 and 400 mm,
with a thickness
of 75 mm. The maximum
respectively,
magnetic
field
obtainable
with
these
coils
Is about
600 gauss.
To measure
the beam current
two kinds
of wall
one without
any electric
current
monitor
is used,
Beam
shield,
the other with an aluminium
shield
case.
profile
monitors
utilize
a chromium activated
alumina
These
ceramics
(Desmarquest
AF995R)
as a screen.
monitors
are placed
along
the injector
as shown in
Fig. 1.
The vacuum system of injector
is similar
to those
in the following
acceleration
units,
but evacuating
pumps are reinforced
that
two 500 l/s
ion pumps are
provided
for
its
vacuum manifold
and two 60 l/s
ion
In particular,
it
is
pumps for
its
rf wave guide.
important
to attain
a clean
ultrahigh
vacuum around
and a special
vacuum system is adopted
In this
;;:fgr7

SHB cavity.

SHB main

buncher

the
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4

the
buncher
(B)
and
guide
for
RF wave
prebuncher
(PB).
PS: Phase shifter,
ATT: Attenuator,
DL: Dummay
load, W: Window, S: Support,
A simboQlackets
(Ar
denotes
a component of PS or ATT.

One of the characterestics
of our linac
rf system
is
that
neither
high
power
attenuator
nor
phase
shifter
is used except
in the Injector.
A high
power
attenuator
and a phase shifter
are both essential
In
the injector.
They are designed
and manufactured
to
be operated
in vacuum, whereas most of those currently
used
are
operated
in
pressurized
SF6 gas.
The
advantage
of
those
operational
in
vacuum
is
to
eliminate
vacuum windows
and extra
vacuum system and
makes the operation
much easier.
An attenuator
and a
phase
shifter
for
the
prebuncher
are
used
in
atomosphere
because rf power concerned
is sufficiently
low.
The waveguide
system
for‘
the
buncher
and
prebuncher
is shown in Fig. 4.
Performance
As described
in
Introduction,
the
beam pulse
width
should
be sufficiently
less than 2 nsec at the
base, however,
the test operation
was carried
out with
a beam pulse of a 10 nsec half width.
This Is because
it enables
to obtain
a higher
electron
current,
and to
produce
a more intense
positron
beam,
thus making the
test much easier.
Recently
the pulse width was reduced
to 5 nsec at
FWHM. The beam current
from the gun observed
with the
first
beam monitor
is shown in Fig.
5, where the peak
is about 7 A and the width
is a little
longer
than 5
nsec at FWHM. The rather
long
undershoot
observed
at the tail
would mainly
be due to the response
of the

Fig.

5

Injected
is about

beam from
7A.

the

gun.

The peak

Fig.

7

Accelerated
beams with and without
the SHB.
The beam with a lower peak is obtained
without
the SHB. while
that with a higher
peak is with
the SHB.

monitor.
Figure
6 shows the accelerated
beam current
observed
with a monitor
in the downstream
position
of
the
first
accelerator
guide.
The peak
current
is
about
4 A, which
is about
60 X of the
injection
current.
This
current
is accelerated
to the end of
the injector
without
any significant
loss.
In this
case the rf power of SHB is off
and the SHB has no
effect
on the beam.
Test operation
of the SHB was carried
out first
with
a 5 nsec beam.
The phase and the power of 119
MHz rf
were
varied
and tunning
of
the
transport
elements
was also
made observing
the beam signals
along
the beam path.
As a result
of this
test
the
beam
current
downstream
after
the
buncher
was
increased
by about
twice.
Figure
7 shows the beam
waveform
observed
with
the monitor
just
behind
the
A beam signal
which has a
first
accelerator
guide.
wider
width
and a lower peak is obtained
without
the
SHB, and that with a narrower
width
and a higher
peak
The peak current
is
is obtained
with
the SHB on.
The
increased
by a factor
of
two with
the
SHB.
injected
beam has a width
of a least
10 nsec at the
the width
of the bunched
beam with
the SHB is
base,
still
too wide to be used in practice.
Another
test
was quite
recently
made with
a
and production
and acceleration
of
narrower
beam,
positron
beams up to 2.5 GeV was tried.
The width
of
the beam was 3 nsec at FWHM and the peak current
was
electrons
When the SHB was on, the accelerated
3.5 A.
were increased
in peak current
by a factor
of 1.5. and
positrons
accelerated
to 2.5 GeV were also increased
by the same ratio.

current
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Abstract
A positron
generator
linac was constructed
for the
purpose of supplying a positron
beam to TRISTAN. This
linac
facility
consists
of an electron
linac
and a
positron
linac.
The former
is composed of a subharmonic buncher, a prebuncher,
a buncher, a regular
Latter
is
accelerator
guide and an electric
gun.
composed of a regular accelerator
guide. Two kinds of
accelerator
guides having a different
length;
a 2 m
and a 4 m accelerator
guides
are developed
for
positron
linac.
This report
describes
a structure,
and the
characteristics
of these
production
accelerator
guide in detail.

Klystron

Accelerator

Structure
Positron
units.

generator

linac

consists

Focusing

Guide .A

Magnet

of 6 acceleration

1) Acceleration
unit structure
Each unit is composed of a klystron,
waveguide
components, accelerator
guides and vacuum manifolds.
A
output
power from klystron
is transmitted
to an
underground
tunnel
room through a waveguide
and is
divided
into 2 waveguides
by a divider
and is fed to
each accelerator
guide.
A 'microwave power that passed an accelerator
guide
Panoramic view
is finally
absorbed to a dummy load.
unit is shown in Fig. 1.
of a standard acceleration

cuum Manifold

Fig.

2) Basic structure
All accelerator
guides are disk loaded traveling
waveguides
with
2x/3
phase shift.
A regular
accelerator
guide was designed on the basic periodic
structure
that had 108 cavities.
A hole diameter of a
disk is gradually
decreasing
along an axis of an
accelerator
guide.
The decreasing
rate
of the
diameter is linear and was decided from a calculation
energy gain required
for this unit.
of an
It was
designed so that an energy gain of an
accelerator
guide reaches to about 43MeV when a microwave power of
12.0 M W is supplied to a 4 m accelerator
guide.
The disk hole diameter at an end of an accelerator
guide was set to 19.7 m m . The decreasing
rate of
disk hole diameter in this case is O.l8mm/wavelength.
Accordingly,
a-hole diameter of disk at an entrance of
a 4m accelerator
guide
became 26.18 m m .
The
thickness
of all disks was chosen to be 5 mm. Figure
2 shows the cross section of the disk.

Panoramic

view

of the

standard

acceleration

t=5.00mm. R=3.00mm
m=2.95m
ta=o.5m

Fig.

2.

Cross section

of the accelerator

Accelerator

3) 2 m accelerator
guide
The length of an accelerator
guide was restricted
limitation
in a
within
2 m due to a manufacturing
factory.
An assembly
of the accelerator
guide is
designed based on the periodic
structure
54 cavities.
One is the first
half part of the basis structure
and
another is the second half part.
These two types were
used as a accelerator
guides by connecting
each other
with a waveguide. Therefore
this connected structure
is equal to a 4 m accelerator
guide. This outline
is
shown in Fig. 3. A focusing magnet and a monitor were
set between 2 accelerator
guides.
4) 4m accelerator
guide
The 4 m accelerator
guide was composed
interface
cavity
and a pair of each assembly.
interface
cavity
has 3 periodic
structures.

1.

Quadrupole

Guide 1

n=2.85mm

guide.
/4

Magnet
\

of

an
The
This
.
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with

Fig. 3.
Two 2 m guides connected
a rectangular
waveguide.

-

cavity has a strong spring action toward an axis.
An
electric
contact
of a joined
part was guaranteed
by
In order to make an impedance
this spring
action.
matching easy at the joined part, a disk hole diameter
of the interface
cavity
was chosen to be the same
diameter.
Its hole diameter
of 5 m m was made to an
Each cavity
has 8 holes and a whole
outside
wall.
joined part are shown in Fig. 4. The evacuation
speed
of the 4 m accelerator
guide was increased
by these
holes.
5) dummy load
A new dummy load was developed
for the positron
The dummy load
generator linac.
was using Sic as a
microwave
absorption
material.
A shape of the
absorption
material
is a horn-shaped cylinder
and the
The absorption
material
was
inner part has a cave.
directly
cooled by the pure water passing through the
inside
cave.
A detailed
cross section
of the dummy
load is shown in Fig.
5.
There were no serious
problems
about this
dummy load after
a year test
operating.
Fig.

Manufacturing
The accelerator
following
procedure.

guide

was manufactured

in

4.

Joint
connecting
guides.

two

2 m long

accelerator

the

1) Material
In PF injector
linac,
vacuum melting copper (VMC)
While high purity
oxygen-free
was used as a material.
high
conductivity
copper
(OFHCS) was used in a
The reason
for
this
positron
generator
linac.
material
change is as following:
A casting reactor for
VMC became superannuated and it was impossible
to use:
A refining
technology was recently
progressed in Japan
and it is possible to get a good copper material.
The OFHCS was a refined
electricity
copper using
the oxidizing
carbon mono-oxide
(CO). This special
material
was developed in Furukawa Electric
Co. Ltd.
2) Cutting
Disks and cylinders
were made of this
copper
material.
At first
they were made from a copper block
and then pressed by the force of 2 tons to be deformed
to the barrel
shape.
This hardened barrel
was cut
with a lathe and was processed
to a cylinder
again.
Finally
these parts were cut with a diamond bite. All
cutting
was carried
out by using a highly
precise
lathe
and finally
the surface
is finished
like
a
mirror.
Surface roughness was within 0.05 pm.
3) Assembly
Dimension of the part was inspected precisely
with
an air micro
gauge.
The part
coming up to the
standard is then sent to measurement.
This is carried
out by using the cavity
which
consists
of the examination
part and other standard
part.
Deformation
was determined
from the resonant
frequency
of the cavity.
The parts
of disks
and
cylinders
which passed this measurement
were then
arranged
alternatively
on a V block,
and were
assembled
to a periodic
structure.
This structure
conforms to a basic assembly of the accelerator
guide.
This basic assembly was inspected
by a microwave
measurement. In other words, a number of frequency of
R/2 modesof the cavity
was measured in each unit
cavity.
This assembly was halt the bolt with a nut
tightly
during the measurement.

Fig.

5.

Cross section

of the dummy load.

method has been developed
to raise a plating
speed.
By this
development
a production
speed of an
accelerator
guide became 7 times faster.
All basic
assemblies of the accelerator
guides were manufactured
with this electroforming
method.
Even an accelerator
guide of PF injector
was manufactured with this method.
5) Overall assembly
A cavity
coupler
was welded at the both ends of
this assembly after an electroforming.
To avoid heat
deformation,
welding
was carried
out by using an
electron
beam. Final inspection
was performed
with
nodal shift
method using a 2q3 modes. A panoramic
view of a 4 m accelerator
guide is shown in photograph
1.

4) Electroplating
The outside
of this assembly was electroplated
with copper.
Therefore
outside
of the assembly was
fixed by this plating.
We are calling
this method as
an electroforming
method. A high speed electroforming

500

Characteristics
Figure
6 shows the calculated
value
of the
electric
strength
distribution
on the central
axis of
an accelerator
guide when a microwave power of 12MW is
supplied
to a 4 m accelerator
guide. Figure 7 shows
the relation
between a hole diameter
of disk and an
inside
diameter
of cylinder
along an accelerator
guide.
An energy spectrum of a positron
linac measured in
a test operation
is shown in Fig. 8. Characteristics
of an accelerator
guide is shown in Table 1.
Table

1 Characteristics

of the Accelerator

# m m ’...,

-83.0

Guide

Operating frequency (MHz)
2856
Number of long accelerator
guide (3.999 m)
9
Number of short accelerator
guide (1.982 m)
5
Number of cavity per long accelerator
guide
110
Number of cavity per short accelerator
guide
54
Phase shift angle /cavity
2R/3
Field attenuation
0.685
Shunt impedance (M-ohm/m)
53.67-60.25
Group velocity
(Vg/C)
0.0227-0.0084
Q-factor
13500-14200
Filling
time ( s)
0.960
Aperture of iris
2a (cm)
2.612-1.970
Aperture of cylinder
2b (cm)
8.333-9.189
Thickness of disk t (cm)
0.500
Output power/klystron
(MW)
25
Average energy gain
(MeV/m)
11.3

@mm

20.
I

.

0
Fig.

7.

*,

50
Number

*

”

-

I

100
of

cells

Relation
between the hole diameter
of the
disk and the inner diameter
of the cylinder
along the accelerator
guide.

I

Fig.

6.

50
Number of cells
Electric
field
strength
of the 4 m accelerator
is 12MW.

32 33 34 35 36 37 38 A
CURRENTOF 30'BENDING MAGNET
on the central
axis
guide. Input RF power 1

Fig.

8.

Energy spectrum of electrons
the positron
linac.
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Abstract
Positron
eenerator
linac
was olanned
for the
purpose of supilying
a positron
beam-to TRISTAN-RING.
This plan was proposed in FY 1977. This proposal
was
authorized
and enforced
with a year for 3 years from
A construction
of this linac facility
began
FY-1982.
in April1982
and completed
in March 1985. The first
operation
began on April 1985. After three month, thei
positron
generator
linac
succeed
in a firsti
acceleration
of a positron
beam.
!
beam and the
In March of this year, the positron
electron
beam was alternatively
transported
to a,
accumulator
ring of TRISTAN, there succeeded in a
first
collision
of those beams. This report describes
an outline
and an acceleration
an operation,
characteristic.
Operation
The trial
operation
began in April
1985. At this
generator linac executed an examina-,
run; an positron
tion of an electron
acceleration,
and succeeded in an
energy acceleration
of 270MeV.
The 2nd trial
operation
was performed
in July
At this run, the
after3
month from the first
run.
linac succeeded in a first
positron
acceleration,
and
accelerated
the positron
beam of 1.2mA to the energy
of 250MeV.
The 3rd trial
operation
was executed in October of
At this run, the linac
succeeded to
the last year.
accelerate
the intensive
positron
beam of about 8mA,
the positron
beam was transported
to PF injector
and
was accelerated
to the energy of 2.5GeV, and then the
beam current of about 2mA was transmitted
at the end
The 4th trial
operation
was
of the injector.
In this
accomplished
in December of the last year.
run, the positron
beam current achived 1OmA at the end
of the positron
generator
linac.
This beam, was
accelerated
and was transported
from PF injector
to PF
storage ring and was storaged in the ring. This trial
examination
succeeded to storage
the positron
beam
current
of 5 mA.
The 5th trial
operation
was
executed at the end of in the December, the positron
beam and the electron
beam were
transported
interchangeably
to an accumulation
ring of TRISTAN and
succeeded in simultaneous
storage of the 2 beams. At
present,
the trial
that reinforces
a beam current
of
short pulse (2ns) by using a subharmonic
buncher is
executing.
Fig.1 shows a relation
between this linac
facility
and the other facilities.

(2)
(3)
(&)
(5)
(7)
(8)
(9)
(10)

TRISTAN
TRISTAN
TRISTAN
TRISTAN

Experimental
Experimental
Experimental
Experlmentel

Area
Area
Area
Area

(Fuji)
(Nikko)
(Tsukube)
(Oho)

2.5 GeV LINAC
2.5 Cd Storage
Ring
6 GeV Electron
Accumulation
Ring
LINAC
200 HeV Hqh Intensity
Electron

\

Fig.

1.

Overall

II

layout

of the KEK accelerators.

concrete wall from a beam line room in the underground
A gun and a power supply for it were in the
tunnel.
accelerator
guides,
electric
gun room.
Cavities,
focusing
magnets, solid circuits,
vacuum ducts etc.
The positron
were settled
in the beam line room.
(generator
linac) beam line was parallel
with the beam
line of the PF injector
and the interval
of the 2 beam
line was set to 15 m. The end of the positron
linac
beam line was joined
to a beam line between the 5th
acceleration
unit and the 4th acceleration
unit of the
PF injector.
the
A sub-control
room was partitioned
from
klystron
gallery
in the second story of this building.
The subharmonic buncher power supply, the power supply
6 sets of high frequency
power
for a subbooster,
power supplies
for beam
supply
with
a klystron,
ion-pumps and power supplies
for those, a
transport,
pulsed power supply for a positron
focusing coil etc.
were installed
there.
A Klystron
and an accelerator
guide were connected
with a waveguide through a pipe that buried it in the
An electron
gun, a subharmonic
floor of the gallery.
buncher cavity
and a prebuncher
cavity,
a buncher
accelerator
guide, a 2m regular accelerator
guide, 5
4m regular
accelerator
guides,
a magnetic
lens,
30
solenoid
coils,
5 triplet
quadrupole magnets and one

An outline
of the linac for the positron
generator
A linac
facility
for a positron
generator
was
-constructed
on the west side of PF injector.
The
accelerator
is housed in a slender two-story
building.
The length
of the building
is about 90 m. The first
story of this building
is an underground tunnel and a
floor
of the second story
is the concrete
of a
thickness
of 1.5 m. The thick
floor
is the defense
wall of radiation.
This new linac facility
consists of accelerators
of
an electron
linac and a positron
linac.
An electron
gun room was partitioned
by a thick
502

doublet quadrupole magnet, 3 wall current monitors,
5
in the beam line
profile
monitor etc. were installed
A target
of tantalum,
4 4m
of the electron
linac.
regular
accelerator
guides, 4 4m regular
accelerator
guides, a pulsed focusing magnet, 9 triplet
quadrupole
a pair of 30 degree bending
magnets,
10
magnets,
singlet
quadrupole magnets, 5 wall current
monitors,
15 profile
monitors etc. were set up-in the beam line
of the positron
linac.
Main parameters of the positron generator linac are
described in table 1.
Table 1 Design parameters of the. positron
generator
linac
electron
linac
230
energy(MeV)
10A
beamcurrent
pulse width of beam (ns)
2-10
frequencyofacceleration(MHz)2856
50
repetition(pps)
numberofaccelerationunit
3
number of accelerator
guides
(2m & 4m)
l&5
acceleration
mode
2 N/3
numberofklystron
3
output power of klystron(MW)
25
7
number of prebuncher cavity
44
number of buncher cavity
frequency of subharmonic buncher(MHz)
voltage of gun (KV)
current of gun cathode (A)
thickness
of target
maximum flux density of focusing coil

positron

linac
250
1OmA
2-10
2856
50
3

Photo.

1.

Accelerator

Photo.

2.

Klystron

tunnel.

4&4
2N/3
3
25
119
150
10
8
1.4T

An outline
of the arrangement
of this
linac
facility
is shown in Fig 2.
Photo 1 shows the
underground
tunnel
of the positron
generator
linac.
Photo 2 is a panoramic view of klystron
gallery.

POSITRON KLYSTRON

gallery.

GALLERY

POSITRON TUNNEL

Fig.

2.

The positron

The Performance of the nositron generator
The performance of the accelerator
is as following.
First
of all,
the pulse voltage
of about 1OOKV is
supplied
to an electron
gun (triode
with an oxide
cathode).
A pulse voltage of about 5ns is supplied to
a control grid of an electron
gun and an electron
beam
of about 10A is emitted from the cathode. The most of
this electron
beam pass a control
grid and reach to
the anode.
The electron
beam that pass through an anode hole
is focussed with a magnetic lens and the current value
is about 6.3A.
The velocity
of an electron
beam is
modulated with a sub-harmonic
buncher cavity (119MHz)
and condensed to a pulse width
of about 2ns. The
electron
beam is furthermore
bunched with microwave
electric
fields
of the pre-buncher
and the buncher.

generator

housing.

The traveling
electron
beam is converged by a axial
magnetic
flux
of solenoids
at this
section.
The
electron
beam is accelerated
to an energy of about
230MeV with traveling
waves of the regular accelerator
guides. Then the electron
beam hits to a metal target.
A current of the electron
beam in front of the target
is about 3.5A.
A positron
beam emitted
from the
target has a wide range of energy distribution
and is
discharged
in a large solid angle.
Large number of
positrons
are distributed
in a range of several
Mev.
The positron
beam is focussed with a strong parallel
magnetic flux.
The maximum flux density of about 1.2T
can be obtained
when a pulse current
of 5,OOOA (100
micro-set)
is supplied to the solenoid coil.
The positron
beam is accelerated
to the energy of
about 65MeV with a 4 m regular accelerator
guide that
503

was located
in the central
axis of a focusing
coil.
The magnetic
flux density
of the coil is about 0.2T.
The positron
beam is accelerated
250MeV with other 2 m
and 4 m regular accelerator
guides. The positron
beams
on this section are with 7 triplet
quadrupole magnets
and one doublet quadrupole magnet.
The positron
beam
is transported
from the positron
generator linac to PF
while the beam is bent and focussed by a 30
injector,
degree bending magnet and by 10 singlet
quadrupole
magnets. After that, the beam is bent again 30 degree
with another bending magnet for coinciding
to the beam
line of PF injector.
The positron
beam is accelerated
up to 2.5GeV through the injector
linac.
The position
beam is transported
to an accumulator
ring of TRISTAN
and is accumulated
and accelerated
to the energy of
8GeV. The beam will
be taken out from the ring and
transported
and stored in a main ring of TRISTAN and
stored.

Fig.

3.

Signals
from wall current
beam (left)
and the positron

monitor. Electron
beam (right).

2

Acceleration
characteristics
-In a test operation,
the beam pulse width
was
expanded to about 5ns to facilitate
the adjustment
of
a beam track.
Beam currents
of the electrons
and the
positrons
were measured
by using a wall
current
The beam current shapes of the electron
and
monitor.
positron
were shown in Fig. 3.The former is observed
current
shape of electrons
at just before the metal
target.
The latter
is the current
shape of the
positron
at the end of a positron
linac.
Conversion
efficiency
from the electron
to the positron
were
evaluated
as about0.3
X.
Energies
of the electron
and the positron
were
measured by using a 30 degree bending magnet installed
at the end of a straight
beam line in the positron
generator linac.
An energy spectrum of the electron
beam is shown in
4. In this measurement,the
positron
linac was
Fig.
standby. Therefore,
the energy of electron
beam at the
end of the electron
linac is considered to be slightly
larger
than this measured value.
Fig. 5 shows the
relation
between a beam current
shape and energy
spectrum of electron
beams. The front
of the pulse
beam shape is in a high energy level
than the back.
This effect
is estimated
for wake fields
that were
induced in accelerator
guides of the electron
linac.
An energy spectrum of a positron
beam is shown in
From the positron
generator
linac
to PF
Fig. 6.
injector
beam transport
efficiency
of a positron
beam
was estimated 0.67.
The positron
beam currents
along
the beam line of PF injector
are shown in Fig. 7.
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A 90 Mev ELECTRONLIMAC fiF IHEP
Electron
Linac Group
(Summarized by Zhou Shu)
IHEP,BEIJING,CHINA
Abstract
A 90 Mev electron
linac has been built
in IHEP (
Institute
of High Energy Physics),
Academia Sinica as
a prototype
of the injector
of BEPC(Beijing
Electron
Foritron
Collider).This
accelerator
consists
of high
current
electron
gun,prebuncher,buncher,one
3 meter
and two SeCtiOnS
accelerating
section E S pre-injecter
L
more for further
acceleration.
after
First
beam was obtained
in early 1985,and
tune-up,its
performance has met the design specificaenergy,90 Mev ; pulse current,500
mA ; energy
tions:
3~s ;beam pulse width,
spread,
1% ; RF pulse width,
factor
of the SI3D
2.5120
ns ; energy multiplication
type pulse compression scheme,l.4.
Introduction
Two purposses for building
such a-prototype
were
expected:
first
this endeavour would be leading
to a
faster
pace in construction
of the 1.4 Gev injector
because the 90 Mev linac was decided to be assemblied
and adjusted
two years early than that of 1.4 Gev injector.
Before that,of
course,most
of the components
and the necessary accessories
for this prototype
must
be completed,ti;at
would be implied that the time
used
for prelimilary
research of the 1.4 Gev injector
has
second,the
designed performance
for
been shortened,
ESIC injector,especially
for the pre-injector,
could
be investigated
through the adjustment
of the 90 Mev
prototype
to see any of its parameters needs or not
to be improvedbefore
the whole machine would be sent
to fabrication.
General design
The designed parameters of the 90 Mev prototype
just like that of the beginning
part of the BEPC injector
and some main ones of which are shown in the
second column of t:ie table 1.
Table
1.
measured
designed
parameters
80-90
P&V
Electon
energy
590:
200
mA
Eeas current
2.5-20
Beam current
duration
ns
:E"
Pulse repetition
rate
pps
50
Energy spread
<196
Cl%
KHZ
2856
2856
Operating frequency
Nufi.of
act. section
3
3
1
1
Num. of energy doublor
2
2
Num. of klystron
3 power per klystron
I%/
16
75
The layout of this prototype
is illustrated
Fig. 1,and a few pictures
are attached
behind
paper.
Fig.
1

as
this

Iconsole/
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Beam analyser
Vacuum pump
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It consists
of a ns electron
gun,prebuncher,buncher, a 3 meter accelerating
section around with long
solenoid
as a 30 Mev pre-injector
and two sections
more
for further
acceleration.Two
klystron
amplifiers
each provides
about 16 ?%' RF power,one for pre-injector,snother
for the next two sections
viaaSuC
type
energy doublor.The
first
klystron
is driven by a TWT
amplifier,
the second klystron
is driven by the P@powersplited
from the out put of the first
one . The
phase shift
between the two klystrons
could be regulated by a phasing system.Two turoine
molecular
pumps
and seven sputter
ion pumps are used to maintain
the
to 5xld'torr
inner
the acceleraVaCUUm at 5xl6'torr
ting sections
and near the window of klystron
respe-'
ctively,and
a water cooling
system is equiped to control the tern erature
within
45*0.&
both on the accelerating
set P.ions and on the energy doub1or.A manual
console is furnished,on
which besides some adjusting
switches and display
panels,the
main system installed
is a synchronous
trigger
accompanied with a few protecting
circuits.
Describtion
of processing
.J-tE%-=
ns,500mk. pulsed electron
gun has been installed
early 1983, but its two original
parts ,the
grid cathode assembly ~646~ supplied
by Varian Co .
and the fast pulse amplifier
like that used in PEF ,
SI,AC,could not satisfy
the demand of a newly increaetowards the gun for higher efficiency
ed intensity
of positron
production
in the improvement desic;n
of
BEPC project,so,
half a year later.
these two parts
had been replaced with a new grid cathode
assembly
both
and a new type of transistor
avalanche pulser
developed in our laboratory.After
that,a
pulsed electron beam was obtained,its
intensity
is 1 A,a.nd pulse
duration
is 2.5-20 ns variable.
Accelerating
section
We got the first
section
in the middle of 1983,it
is a constant
impedance one.We orderd it from the industry.The
next two constant
gradient
sections
were
manufactured
and brazed with a flame furnace at workshop of JHEP in July 1984. This three sections
were
all matched and tuned in our laboratory,
The main parameters we measured are shown in table 2.
Table 2.
parameters
section
1 section
2 section
3
VSIJR
1.04
1.1
1.03
2856
MHz 2856
2656
Frequency
Phase shift/cell
2.5
2.5
2.5
MFiz
8
Band width
4
4
Modulator
The number one modulator
as a first
sample was
finished
in March 1983, and matched with a klystron,
it was SuCCeSsfully used for adjustment
of the 30 Mev
Ire-injector.
But the pulsed voltage was not high
enough
for a further
improving
klystron,t.o
which,the
Output RF power as high as 30 lyaJ was expected.In
order to meet the need of this new klyst,ron,the
pulsed
voltage
was inccreased
to 270 Kv.Based
on thisnew demand, the number two modulator was completed in June
1984. With some improvment this modulator was used to
the 90 Mev prototype
satisfactorily.Its
specification
is shown in table 3.
Table
3.
Pulse voltage
Pulse current
25F-670 kv
Pulse length,flat
top
3
A
0.7 ix
Rise time
Fall time
1.3 Als
Pulse repetition
rates
50
PPs
Pulse height deviation
1 .;p/o
from flatneess(a.)

l

TWT
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Klystron

Phase shifter
Electron
gun
Buncher
Energy doublor
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Enern
dcubler
Because there were a series of technical
problems blocked us in manufacturing
the SLAC type energy
doubler,sc,
only after
two and a half years'effort,it
was able to be fabricated
and brazed together
in the
worksnop of our institute,then
it was tested at low
and
level RF power,installed
on the 90 Nev prototype
worked pretty
good.Its
specifications
we measured are
shown in table 4. The multification
factor
F&l.:4
is
obtained
as a ratio
of the energies with and without
enrrdy doubler from the 60 Mev section.
Table
4.
L
Unloaded quality
factor
Q=0.95x10s
.
Coupling coefficient
p=5.4
Feak power gain
G=7.1 db
Energy multification
factor
Ll.4
Cperating
frequency
~~2056 ~2
Synchronous trigger
The synchronous trigger
was built
in 198j,It
can
send a series of triggering
pulses to the thyratrons
in modulator,the
TWT smplifier,the
phase reversal
of
the energy doubler and the electron
gun. The jitter
time of these pulses was not more than 2 ns,and the
spaces of time between teem could be adjusted.The
pps
is variable
up to 50 pulses/second.
driving
power
-The
microwave signal,generated
by a commercial
generator
XB-7,i.s amplified
throu[htwoTWT
amplifiers
connected in series to give
out 1 KKr RF power which
is transmited
with a RF cable to drive the first
klystron ( as meantioned above,the
second klystron
is
driven by the first
one ). The phase stability
of microwave for this TwT amplifiers
is seriously
influenced by the pulse voltage
regulation
across the TrJT
tubes. In early 1983,when the TWT amplifierwas just
installed,the
phase shift
was as high as 20:later
on,
as the pulse voltage
regulation
was surppressed
the
phase shift
is no longer more than 4.5'.
VacuumThe vacuum system is an oilless
and metal sealed
system with a TM pump as a rough evacuation
pump,and
one more 5'1; pump prepared for electron
gun if it is
insulated
from the whole system by closing
the pneumatic valve downstream of it.
Instead of using a big
sputter
ion pump for the wnole machine, we prefered
to adopt a design of distributing
7 small sputter
ion
pumpc,each with an evacuating
rate of 70 liter/second
along the accelerator
ar.d in between of the RF power
transmicsion
line . By such an arrangement,
through 24
hours'evacuation,the
operationel
pressure
of 5X10-8
torr in the electron
gun and near the window of klystron,and
of 5xl?torr
inrier the
accelerating
sections could be dJtained.Through
more than one year's
continuous
operation,even
once a failure
we never had
in the vacuum system,so,the
quality
of it is rather
reliable.
Beam
monitors
At the time so far the 90 Erlev prototype
began to
adjust
,we or,ly fabricated
a few beam monitors
such
ac tk.0 of gap monitors
,a 9'1 I*.ev electron
beam Farad
cup, a beam profile
detector
with TV camra.With which
and a double focusing
90 degree bending magnet,
the
beam performance was measured during the adjustment.
Cooling water system
In order to guarantee the R12 phase stability,the
temperature
on the wall of the accelerating
sections
to be held at 4550. 4'C .We have achieved this demand
ly means cf a coolin,
water system, in which a threewa3; blending
valve controled
the water flow
and the
temperature
of it within -*C.l'C at the inlet
of the
pipe around on the accelerating
sections.
For resistance against
the corrosion
caused by the distiled
water selected
as coolant,the
stainless
steel components including
the circulating
pumps,the valves
and
the pipes, except some smaller branches
like those
copper pipes brazed around the accelerating
sections,
were selected
to constitute
the cooling water system.
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Adjustment
and conclusions
The adjustment
of this prototype
wascompleted
by
two stages:first,
in Sep. 19@3, we got the 2OOmA electron beam current
with energy of 29.8 Mev from the
30 Mev pre-injector;second,
in Nov.1984,
when the 90
&v prototype
as a whole machine was assemblied,
its
ad justnent
and in March 1985, this
soon be started,
work brought to an end tentatively.
The parameters
adjustment
are
we was able to measure during those
presented
in the third column of table 1. Comparing
these parameters with those of designed in the second
column of the same table,it
seems to be good in coincidence with each others,and
some conclusions
have
been made after adjustment
and present them asfollow:
1.
The physical
design of our pre-injector,which
is
rCry important
for constructing
a good injector
with
a well bunched beam, is reasonable
and feasible.
,'2
Most fabrications
of components and equipments of
the
1.4 Gev e&injector
can be started
immediately
,
but there were still
some equipments,for
which
something have to be improved before put them into batch
production.For
instance,
the klystrons
being used are
not stable,when
the RF out put arrived
at 16 IW( max.
it is reasonable
to develop a higher po-der
rated).So,
( 34 M*l)klystron
for BEPC project.Por
another example
of PFN for klystron
modulator
could
9 the capacitors
not withstand
the high voltage,so,we
decided to replace these capacitors
with those supplied from SLAC.
, we
Through the adjustment
of 90 Fev prototype
A
found that,
some operation
conditions
must be modified or improved as described
in follows:
a) owing to the arc taken place frequently
in the
RF power transmission
line(the
air in it was not evacuated ) of the bunching system,sotbat,we
decided to
or connect it through
with the
fill
nitrogen
in it
vacuum system,in
order to suppress the arc when the
RF power is at high level.
The water cooling
system could stabilize
the distO.l*C,
but when the
tiled
water temperature
within
pressure
of the supply tap water in the heat exchanger or the pressure
of the compressed air to motivate
the three-way blending
valve loet its own stabilization,
it would be no longer available
to maintain
the
tolerence
of the temperature
mentioned above. We must
take care to this problem in constructing
the cooling
1.4 Gev injector
in future.
weter system for the
b) The interference
from the modulator had seriously influenced
the operation
of the trigger
system,
so,we made effort
to overcome this probleu by means
of improving
the modulator'e
shielding,grounding
and
separated
the high current
wires from the weak signal
cables.We thought,all
of this efforts
will be helpful
for us in solving
the same quastion
anticipated
in
future.
Before we end this paper,we must point out that,
during the adjustment
the measurement for a important
parameter,the
emittance
of the electron
beam never
achieved,because
the instrument
and the beam monitor
needed for this measurement was not completed.
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Summary
For the 840 MeV-setup of the Mainz Microtron
cascade (MAMI 6)' the fabrication
of a total
of 10 rfsections
is under way. Based on the experiences
made
with the 6m of structure
built
in-house
for the 14 MeVand 180 MeV-stages
of MAMI, an optimized
final
design
and an as far as possible
simplified
fabrication
and
testing
procedure
for these medium power on-axis-coupled structures
have evolved2.
The standard
29-cavity-structures
are described
with their
simple cooling
arrangement
and the tuning
plungers
placed at the ends of the section.
Some details
for machining
high-Q,
high-precision
cavity
segments and tuning
and brazing
them are given.
Finally,
results
from the test-procedure
of the sections
up to
a power of 22KW/m (1.2MV/m) are reported:
optimum conditioning,
changes of the passband gap (permanent
and
with power) and observations
done by a residual
gas
analyzer
as well as by just
looking
into the structures under power.
The standard

Fig. 2 shows the design of the tuning
plungers.
A
critical
dimension
was the slot of 2.5mm between the
plunger
and the cylinder,
with only 1.5mm width here
strong
multipacting
occured.
Two plungers
on a section
give a tuning
range of 500KHz. One of the plungers
is
steered
by a phase comparison
between the rf-input
and
a section-cavity,
the other
one just
follows
him to
the same depth of penetration.
The position
of the
plungers
at the ends of the section
was chosen by
practical
considerations
(see below).
Each section
carries
six 50dB diagnostic
probes with equal phase
with respect
to the input.

MAMI-section

The on-axis
coupled
structure3
is successfully
used for MAMI, their
great advantages
being compactness, simplicity
of fabrication
and easiness
of fighting recirculative
beam-blowup4.
Fi-g. 1 shows the standard
2.45GHz-section.
With
their
length
of 29 accelerating
cells
(AC) and 28 pancake coupling
cells
(CC) it is well adapted
to a 50KW
TH20?5-tube
(dissipated
power 15KW/m (lMV/m),
beam
load 15KW and some margin for steering
the RF-amplitude
to 10m3 by the klystron
input
power).
The coupling
is
4%; attempts
to increase
it by a larger
slot angle e
(k(%) = 2.5.10m7
e4(deg);
slot-width
11.5,
web thickness 6.2mm) were given up: mainly because the beamblowup mode at 4.2GHz began to propagate5,
but also
since a loss in shunt impedance of 6% occured
going
from e = 63O to 80°.

Fabrication
Machining
Since for the 600 cavity
segments for MAMI B preforging
of the profile
turned
out to be uneconomic,
they were machined from full
copper discs (total
price
D M 400 ,--/segment).
To get vacuum-tight
OFHC-copper,
the prescriptions
for the supplier
were a forgingfactor
of at least
three
in diameter
and a careful
cut
of the ends of the cast billets
to prevent
shrinkholes.
The segments were rough-machined
to 0.2mm, annealed under vacuum for 4 hours at 400°C and then,
finemachined to their
final
dimensions.
The integral
accuracy of this
last
step was such that the resonant
frequencies
showed approximately
a Gaussian distribution with a standard
deviation
of 0.15MHz and 0.4MHz
for the AC's and CC's, respectively.
The quality
factor Q of the AC's was rather
sensitive
to the conditions
of machining.
A diamond lathe
tool
(to our experience
improving
Q by 10 to 20% compared to a steel

The section
is bolted
together
from three
parts,
the combined vacuum-rf-seals6
at the joints
working
without
any failure
over the last
four years on the
two sections
of the 180 MeV-microtron.
The cooling
manifold
consists
just
of 20 channels
of 6 m m diameter
drilled
along the circumference,
where every five channels can be fed separately.
A high power experiment7
showed that
for a structure
with thick
webs such an

Fig.

1.:

The standard

arrangement
is sufficient
for powers up to 60KW/m. The
diameter
and number of the cooling
channels
first
is a
compromise between a high coolant
flow velocity
and a
pressure
drop sufficiently
low (Ap = 1.5~10~ Pa at
801/m) to allow the series
connection
of a section
and
a klystron
collector.
Second it fits
for the five sections
of MAMI 8 to a change of 18O of the angle CL between adjacent
pairs
of coupling
slots
from section
to
section
as beam-blowup
countermeasure5.
Pumping of the
sections
is done at each end and - the most important
at the rf-vacuum-window.
Here,
vacuum port - directly
a pressure
of more than 1O-3 Pa triggers
an rf-power
trip,
because sometimes the 60KW-windows were cracked
with only 1OKW at some 10s2 Pa.

MAMI-section
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(P-probe,

PU-pump,

T-Tuner)

-

tool)
with a 0.5mm-radius
semicircle
profile
was used
and the lathe
was run at 2100rpm with a feed of 0.03
mm/revolution.
Then, a Q of 14500 to 15000 was always
achieved
(94% of SUPERFISH when accounting
by 18% for
the influence
of the coupling
slots).
Just going down
with the speed of the lathe
to 1600rpm reduced the Q
to about 12000, accordingly
a surface
roughness
of 3um
instead
of 1.8um was measured.
To get reliable
frequency measurements
on clamped cavity
stacks
(esp. for
the CC's) a slightly
convex profile
of the circumferential
end face of the segments was important,
ensuring an electrical
contact
directly
at the edge of the
cavities.

Therefore,
after
fine-machining,
individual
cells
were mainly
tuned to get the right
resonant
frequency
for the whole section
and a small 6. Tuning was done
alternately
by clamping
individual
AC's and CC's between tuned etalon-half-cells
of the appropriate
boundary type (n/2-mode)
and by clamping
half a section
as
a long stack.
In the latter
case a comparison
was done
for the gap 6 determined
by fitting
a 4-parameter
dispersion
relation
to the measured mode spectrum
with
DISPERa and bv measurinq
the acceleratina
and couolins
mode directly-by
appropriate
boundary
conditions:'de-viations
up to 0.4MHz for absolute
values
and 0.15MHz
for changes in 6 occured
between DISPER-results
and
just
small enough to be todirectly
measured gapslo,
lerable.
The preset
of the n/2-frequency
for warm-up of
sections
under power was with good success calculated
by the semiempirical
formula2

the

Af = -0.041*P*(7.17/D+1.21/D1'2+0.23)
(Af - MHz, P-power in KW, D-cooling-water
flow in l/m).
The first
term is just
the average warm-up of the cooling-water,
the second describes
the temperature
jump
at the water-copper
boundary
and the third
(adjusted
to measurements
on the early
MAMI-sections)
gives the
average warm-up of the structure
itself.
As the final
step of tuning
a slot of aa b-11.5.38
mm2 is cut into the mid cavity
of the section
(VSWR Q
a1/2*b5)
to give slightly
overcritical
coupling
(VSWR =
1.17 for match at a beam load of 88*50uA).
The flatness
of EAC was controlled
to be better
than 4% by a beadpull measurement,
no corrections
on the coupling
slots
were done.
Brazing

d'"4
Fig.

2.:

The tuning

The following
brazing-alloys
were used: for copper/
copper-joints
the eutectic
Ag/Cu-72/28
(Cusil,
780°C),
for stainlees
steel/copper-joints
Ag/Cu/Pd-52/28/20
(Palcusil
20, 879O-898OC).
The steel-copper
brazings
were done in a furnace
with graphite
heating
elements
and, therefore,
a highly
oxygen-free
vacuum, thus,
a
nickel
plating
of the titanium-free
stainless
steel
was not necessary.
Small steel
ports
(e.g.
the probeflanges)
were wettened
with Palcusil
20, again finished and, then,
brazed with Cusil together
with the copper/copper-joints.
As a support
for repair
of unsatisfactory
brazings
Ag/Cu/In-60/27/13
(Incusil
13, 605O710°C) was sometimes
used. The alloy
Ag/Cu/Pd-58.5/
10, 824O-852OC) was unreliable,
it
31.5/10
(Palcusil
softened
during
several
Cusil-brazings
at 790°-795OC
and joints
fell
apart.

-4

plunger

Tuning

To place the filler
at the joint
wires of brazing
alloy
hidden in a groove were the preferred
method,
because thus,
the inspection
of light
transmission
before
brazing
was a very sensitive
control
of the flat
contact
of the joint
surfaces.
Brazing
foil
was avoided
as
far as possible.
The joints
were prepared
by degreasing,etching
with 25% acetic
acid and rinsing
with destilled
water and acetone.

The necessary
standards
for tuning
the cells
of a
section
were determined
with the coupled-loop
program
LOOPs. The critical
variable
assumed was a detuning
of
the two end cavities
by 7MHz (the plungers
moving over
their
full
range).
The main result
was (cf.
fig.
3):
even with a-very
well tuned section
one gets an-ada)
ditional
unflatness
in EAC of 5% (compared
to a
power-flow-droop
of 1.3%), a phase deviation
A$AC
of 5 3O and a deterioration
in Q of 15% (caused by
a field
level
in the CC's five times higher
than
from power flow only),
b)

The only problem with brazing
were rather
unpredictable
changes of the passband gap 6. With a statistics
of brazing
17 cavity
stacks
they accured mainly
by
+0.9 and -0.5MHz.
The annealing
of the segments before
fine-machining9
did not reliably
heal this effect.
The
positive
change can be explained
by a 0.05mm smaller
diameter
of the CC's (brazing
alloy
running
in),
but
there
is no convincing
explanation
for the negative
change.

the tuning
errors
which just
double this
"zero-effect"
are a random mistuning
(Z Af = 0) of the AC's
and CC's by 3MHz and 12 MHz, respectively
and a
passband gap d = fCC - fAC of + 0.7 MHz.
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The last
test
on a section
is done by changing
the
cooling
water pressure
between zero and 6.lo5
Pa while
observing
the height
of the water peak with a residual
gas analyzer
to detect
any micro water-vacuum
leak.

EW -.

Measurements

and observations

The change of the passband
gap 6 with input
power
was determined
with the method described
in ref.
7.
Fig. 4 shows three
typical
measurements
and the range
of measured slopes
(average:
-28KHz/KW/m).
The reason
for the significant
deviations
between different
sec-37KHz/KW/m for MAMI Al9 (fig.
4: x) in
tions
(e.g.
good agreement
with a computer
modelll,
and -22KHz/KW/m
1 of MAMI B) is not quite clear:
(fig.
4: A) for section
the cavity
profile
was the same, only the different
thickness
of the outer
wall of the structure
(llmm
for
MAMI Al, 18mm for MAMI B) and a change in copper quality
may account
for a different
stiffness
of the webs. One
should
note that the slope of IS(P) changes sign7 when
going beyond 20KW/m.

~cd450,

K-4%

- 2450, tee 24487 MHz

0

400
c

1
Fig.‘3.:
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49
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330

Field
levels
in the AC's and CC's and phases
(mod. T) of the AC's in a standard
section.
Solid
line:
structure
well tuned,
dashed lines: plunger-cavities
detuned
(A-end tuners,
- B-middle
tuners).
Detuning
was ++6.5MHz (a)
and -+6.5MHz
(b).
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Power tests
Procedure

of

conditioning

RF-conditioning
is done in the following
way:
with tuned-up
end cavities
the CW input
power is slowly raised until
vacuum trips
begin to accumulate.
Then,
at about half
this
power,
the end cells
are detuned
in
opposite
directions
up to +3.5MHz. This procedure
is
iterated
with increasing
power until
1OKW can be instantaneously
switched
to the section
and then,
the
power driven
up to 35KW within
a minute with the vacuum
staying
under 1!Y5 Pa. Normally,
the first
conditioning
of a section
took 10 to 16 hours,
then - e.g.
after
opening
the structure
to air for inspection
- one hour
of conditioning
after
pump-down is sufficient.
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I
P,hlAX

(kW/m)
l

15
Fig.

The reason for the two-step
conditioning-procedure
can be seen from fig.
3: the first
step cleans
the AC's,
then by moving the tuners
in opposite
directions
one
gets high "cleaning-field"
levels
in all the CC's with
only moderate
power input
to the section.
This was one
of the reasons
to put the plungers
at the ends of the
section,
the other
one was to place them - as the by
far dirtiest
part of a structure
- as near as possible
to the vacuum pumps.

4.:

20

Range of slopes
of reversible
change of the
passband
gap d with power (P,- ]A6 1) and permanent changes measured at zero power after
cycling
to PMAx (+lAhl).

Already
at low power levels,
where the thermal
stresses
in the webs do not exceed the yield
strength
of copper7s11,
a permanent
but stable
change of the gap
Fig. 4 shows this
for four #MI-sections
6 occurs.
(points
with error
bars).
The structures
under power were open to optical
inspection
by glass windows at the ends. Although
fabricated
as clean as possible,
lots
of glowing
particles were observed
on their
walls,
absorbing
some ten
watts.
The overall
brightness
of this
glow decreased
by a factor
of 30 during
the about 20 hours of the
power test.
The mechanism for this
decrease
iS probably
a reaction
of the carbonized
particles
with the watervapor in the section
(C+H20-+CO+H2 and CO+H,O~O,+H,),

Just looking
at the unflatness
effects
and phase
deviations
of the AC's, fig.
3 shows a position
of the
tuners
in the middle
between input
coupler
and section
end to be optimal
(AQ/Q is reduced from -15% to -4%).
For the injector
linac
of MAMI, where the sensitivity
of the beam to these perturbations
is much higher
and
the rf-power
level
only 7KW/m, this mid position
will
be realizedlo.
510

as observed
formance
of
showing the
tures.

with the residual
gas analyzer.
the sections
is not diminished
sturdyness
of normal conducting
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Abstract
The basic design and the present status of construction
of a 130 MeV superconducting
cw electron
accelerator
is described.
The accelerator
contains 11
multicell
accelerating
structures
fabricated
of Nb-metal. and is operated at a temperature of 2K. The quality
factor Q=3-109 and the average energy gain of each
structure
is 5 MeV/m. At present the 250 keV injection
beam line, the 10 MeV injector,
the first
beam bend into
beamline
the main accelerator
and the lst recirculation
for injecting
the electron
beam a second time into the
main accelerator
are completed. First rf tests of 3
coupled superconducting
structures
in the injector
have
been performed. The present status of the whole project
as well as the experience from ths first test are reported.
I.

Introduction
Fig. 1 Schematic

We report here on a 130 MeV superconducting
cw
electron
accelerator
presently
under construction.
This
accelerator
results
from a cooperative
effort
between
the Physics Department of the Llniversitat
Gesamthochschule Wuppertal and the Technische Hochschule Darmstadt. This accelerator
henceforth
called recyclotron
for reasons which will become clear below is being installed
at the Nuclear Physics Institute
at Darmstadt.
It will replace the existing [ 11 low drty factor (<10-3)
70 MeV linear accelerator
DALINAC which is in operation
since 1962 and is still
used for single arm high resolution
electron
scattering
experiments.
The new accelerator because of its cw beam will allow for coincidence
measurements giving a much more detailed
insight
into
nuclear structure
as determined from inclusive
inelastic electron
scattering.
The choice of a superconducting
recyclotron
and
its basic design parameters have been discussed earin Sect. II we give only a short
lier [ ~1, therefore
surrunary of the parameters finally
chosen, whereas the
layout and the present status of the individual
components of the accelerator
are described in detail.
In
Sect.111 the results
of a first
test of the injector
linac are discussed, while Sect.IV gives an outlook how
we intend to proceed in the construction
of tie accelerator.
II.

Present

by Deutsche

of the 130 MeV recyclotron
parameters

Table 1: Main design parameters
ducting electron
accelerator.

of the accelerator

are

of the 130 MeV supercon-

General

Beam energy (MeV)
Energy spread (kev)
cw current
(pAA)

Accelerating
structure

standing wave
Type
Mode
Frequency (MHz)
2993.:
Operating temperature
(K)
3.10;
Quality factor
Accelerating
field
(MV/m)
5
4
Power dissipation
(W)
Capture section
1
0.25 m long
Number of structures
1.00 m long
10

Beam
transport

Number of dipoles
Number of quadrupoles
rf intensity
and position

10 - 130
5 13
> 20

monitors

22
34
8

status
In the following
the present status of the various
components of the accelerator
is given in turn.

The general layout of the 130 MeV accelerator
is
given in Fig.1. The various numbers denote the following parts:(l)
electron
gun, (2) 250 keV electrostatic
preacceleration,
(3) rf cho per resonator
(4) water
cooled chopping orifice,
(57 rf prebunche; resonator,
(6) superconductin
injector
linac,
(7) superconducting
main linac,
(8) lsf recirculation
for 50 MeV beam and
-(9) 2ndrecirculation
for 90 MeV beam.
We have so far partially
operated the gun and preaccelerator,
the chopper and prebuncher and the superconducting
injector
linac.
In addition
to these parts
pertaining
to the accelerator,
a 100 W He refrigerator
including
a 2 stage compressor and a 4 stags roots pump
station
have been installed
and routinely
operated.
*Work supported

layout

The main design
given in Tab.1.

Room temperature

injection

It covers numbers (1) through (5) in Fig. 1 and consists of the electron
gun, an electrostatic
preacceleration tube and rf chopper- and prebuncher cavities.
Two
magnetic lenses, horizontal
and vertical
steerers as
well as three viewscreens,
two wirescanners
and an rf
beam in+%nsity- and position
monitor are not indicated in
Fig.1. The electron
gun which delivers
a DC current of
i<2 mA is mounted together with the associated power
supplies and control
electronics
inside a high voltage
terminal.
Control of filament,
beam intensity
and two
steering
coils which had to be incorporated
into the gn
is achieved via a serial
data link, consisting
of two
25 m long fibre optics.
The preacceleration
voltage of

Forschungsgemeinschaft
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250 kV is generated by a 300 kV/5 mA power supply with
a short- and long term stability
of <?10m4.The acceleration tube is a 34 stage metal-glass
constructiarwith
out O-ring seals.
Chopping of the beam into segments covering 30 degrees of rf phase is accomplished by a cylindrical
cavity in which both orthogonal
TMllO-like
modes are excited and which sweeps the beam across a watercooled
orifice with a 2 m m bore. A standard prebuncher cavity behind the orifice
compresses the 30 degree bunch into 6
degrees at the position
where it enters the capture
section of the superconducting
injection
accelerator.
All beam handling elements in this -250 keV injection
are operated
via
a computer through a touchpanel
and 4 knobs as described below. This system has been in
operation
since many months and the emittance of the
beam has been determined by measuring beam profiles
with two wire scanners positioned
downstream of the
prebuncher cavity.
An example for a chopped beam current of 18 fl is shown in Fig.2 together with the results for the horizontal
and vertical
emittance of 0.4~
mmamrad and 0.2 TImmomrad, respectively,
-derived from a
series of such measurements.
I

0.6

7

I

I

Scanner

rY1 , 1=18pA

chopped

r,,,,,,=0.4n

m m mrad

Fig.3 He cryostat
with valve box and transfer
line
10 MeV bend and chicane for returning 50 md 90 MY b&uns.
Minor deficiencies
in two valves (one of them being
inlet valve to the cryostat)
prevented a power and
final acceptance test up to now.

the

0
0

10

20
s/mm

Beam handling

30

The 22 dipoles and 34 quadrupoles for the two recirculations
and the 180’ bend between injector
and
main accelerator
have been delivered
and their magnetic
properties
were measured. Most of them are installed
and aligned.
The foreground of Fig.3 shows the isochronous bend for the 10 MeV beam and the chicane for the
returning
50 and 90 MeV beams.Figure 4 demonstrates
is comthat the installation
of the lst recirculation
pleted.
At present inter-wiring
of the magnets and installation
of the 2nd recirculation
is worked on.

-Fig.2 Typical beam profiles
measured in the 250 keV injection
line with a wire scanner. The coordinate
s denotes the travel of the scanner and has to be divided
by fi
to get the horizontal
and vertical
motion.
Superconducting

accelerating

system

structures

For the 10 MeV injector
and the 40 MeV main linac
a total of 10 standard accelerating
structures
(see
Tab.1 above) and 1 capture section (which is identical
to the standard structures
but has only 5 cells instead
of 20) are needed. All the structures
plus one spare of
each type have been fabricated
and welded. A set of 2
standard and 1 capture section is at present mounted in
the cryostat
of the injector
linac for a first
systems
test. Details
of the installation
are given in Sect.111
below.Another
such set has been prepared and cold tested
at Wuppertal in the meantime.
Cryogenics
The cryostats
for the injector
and main linac consist of 5 identical
modules each 3.4 m long, 1 short
module (1.4 m long), 4 end-caps and 1 element connecting the two cryostats.
All parts have been delivered
and are ready for installation.
The present configuration is shown in Fig.3. On the left side the injector
cryostat
is complete, on the right side just one module
is mounted to the connecting element. Connection to the
refrigerator
is accomplished via a valve box and a 2K
transfer
line (top left in Fig.3).
The refrigerator
has
been working for several periods of 3-4 weeks each.

Fig.4
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Accelerator

cryostats

and first

recirculation.

rf

system

Twelve channels provide the rf power, one for each
superconducting
structure,
and one for the chopper and
prebuncher cavities.
All power transmitters
(each one
has a klystron
with 500 W output and its associated power supply) are installed.
One of the two galleries
containing
six klystrons,
water cooled isolators
and
output power lines is shown in Fig.S.Low power rf-modules for amplitude and phase control
of each channel
have been developed and 4 units are finished
as well as
a PLL circuit
to lock the master oscillator
to a reference structure.

frames with motor driven gears which allow by stretching
the accelerating
structure
to tune the frequency of the
n-mode within a range of 1.2 MHz in case of the 20-cell
structures
and of 2 MHz for the S-cell structure.
In addition
the two 20-cell
units were equipped with piezoelectric
translators
for dynamic fine tuning.
Since the
structures
had been-exposed to air for almost six months
before their final assembly inside the injector
cryostat,
as a final
treatment
they were simply rinsed with demineralized
dust free water and dust free methanol. After
cooling down it turned out that this had not been sufficient:
The unloaded Q which had been between 2-4*109before had been deteriorated
to G4.108
for all 3 structures. Also the maximum accelerating
field which hadteen
StNCtUXPS was conside3.9 and 4.2 MV/m for the 20-cell
rably lowered to values around 1.7 MV/m for all structures. Nevertheless
since our most important goal had been
the coupled rf operation
of all three structures
in this
first
test,
little
attention
was paid to those accelerating fields which can be increased by a proper chemical
and heat treatment
[3], however, as shown in Fig.12 of
Ref. 3 the present low field of the B=l capture section
prevented an acceleration
test.
During the test we observed 3 further
mishaps.First
2 of the 3 motordrives
failed
after a while. Second a
shortcircuit
developed in one rf output line within the
cryostat.
Third the tuning range achieved by the piezotranslators
turned out to be smaller by a factor of two
than specified.
Despite these shortcomings which will be
fixed for the next test, we were able to operate the 5coupcell capture section and the adjacent 1 m-structure
led in the 4n/5-mode. By doing this we learned that the
S-cell unit is not well suited as a frequency reference
due to its pressure dependent frequency gradient
of
140 Hz/mbar. This is one order of magnitude larger than
the corresponding
figure for the 1 m structure.
We have
further
demonstrated that our Phase Locked Loop (PLL)
for the frequency reference worked satisfactorily,
residual phase deviations
amounted to less than 0.2 degrees.
The feedback control
circuit
for the piezotranslators
works only for slow changes in the resonant frequency.
The same is true for the amplitude and phase control,due
to the extreme low pass characteristics
of the superconducting structures.
IV. Outlook

Fig. 5 Gallery of 6 klystrons
equipped
isolators standing lx& to t&with
their

with water cooled
power supplies.

Computer control
The recyclotron
will be operated with 2 minicomputers (DEC IS1 11/73) interconnected
by DECnet/Ethemet.
One system located in the local control
area handles
all machine control
interfaces.
All process parameters
collected
here in a central parameter data base are
handled by one process control program. All other utilities
necessary for machine control
like operator input, status information,
parameter display,set
up save/
restore facilities
interface
uniquely to this control
program. This includes also remote access via local area
ths
network
necessary for a second IS1 11/73 locatedin
new control
room in another part of the+building.
Both
minicomputer
systems running RSX 11 M/M have access to
the laboratory
VAX 11/750 for extended calculations
and
-program development.
The local system is operational,
all Ethernet connections are set up, the integration
of the remote ISI
11/73 (main control
room) into the process control
system is under development.
III.
For this test
one S-cell capture

First

systems test

2 standard 20-cell
structures
and
section were mounted into tuning
514

During this conference the cryostats
will be warmed
up and the present 3 accelerating
structures
will be removed. Threknew accelerating
structures
sitting
on the
test bench at Wuunertal with fields
of 12.3 MV/m (S-cell
structure),
7.4 -id 3.3 MV/m (20-cell
structures)‘will
be equipped with new tuning motor devices, new piezo
translatoaand
new input- and output couplers.
Furthermore we will incorporate
digital
low pass filters
(without phase shift)
into the feedback control
circuit
for
A second systems
frequency,
amplitude and phase control.
test with an anticipated
first
acceleration
test is planned for this summer.
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THE 200 MEL'LINAC AT HESYRL
Wang De-fa, Pei Yuan-ji and Ho To-hui
Hefei National Synchrotron Radiation Laboratory
University of Science and Technology of China
Hefei, Anhui 230029, China
Abstract

The electron gun is grid-cathode type, which can
produce up to 500 mA with 8OkV injection energy in 24 ns or 0.2-1)s pulse beams by means of altering the
grid pulsers. The beam current at the end of the LINAC
is supposed to be 50-100 I&. And there is a switch
magnet at the end of the LINAC, by which the electron
beams can be switched to the storage ring, the nuclear
experiment hall, the energy analysis magnetorthe
beam dunp according to what is needed. Table 1 lists
the min parameters of the LINAC.

A 200 t-&V LINAC is being built at HESYRL(Hefei
National Synchrotron Radiation Laboratory, China). The
LINAC is mainly as an injector for the 800 WV electron storage ring, which is to be a facility
dedicated
1.2,x
to synchrotron radiation use.
To sake full use of
the LINAC, it can also provide beam for other research
and application use. The beam current at the exit of
the LINAC is supposed to be 50-100 mA in 2-4 ns or
0.2-l&
pulses variable according to what is needed.
It-is expected to put the LINAC in service in 1987.

Table 1 The Main Parameters of the LINAC
Electron Energy

240 t-&V
(at 50 mA)
FiearnPulse Current
50 n-A
Seam Pulse Width
2-4 ns
or 0.2-l/&
Ehergy Spread
1%
BeamLoading
0.4 *v/n-A
Repetition Rate
50 pps
RFRrequency
2856 MHz
RFPowerper Klystron
15 r%J
Number of Klystrons
5
Electron Gun Voltage
-80 kV
Gun Current (max.)
500 InA
Tenperature of Cooling Water
45 Oc
Vacua
lx10-6 Torr
(with beam)

General Description
The LINAC is a traveling-wave type, operating at
2856 MHz and utilizes
5 klystron amplifiers,
each delivering 15 Mnlof power in 2A.s pulses. It consists of
9 three-meter long constant inpedance accelerating
sections and 4 drift sections. The total length of the
LINAC is about 35 maters at the first stage. Spare
roan is kept for future expansion when necessary.
Fig. 1 shows the layout of the LINAC and the
building cross section. The accelerator tunnel and the
klystron gallery are horizontally
arranged and the
tunnel is semi-underground with filled-earth
as shielding. The consideration led to take this way of arrangement is daninantly duetothe
groundwater. Because
of this problem, it is quite difficult
to locate the
tunnel-deeper at that area.

Accelerating

Structure

The accelerating structure is the flat-disk
loaded circular waveguide, and of the traveling-wave constant inpedancetype. The phase shift per cavity is
2X73 radians. Each three-meter accelerating section is
canposed of 86 cavities plus input and output couplers
. lbo such sections are assembled together to form a
six-meter long accelerating unit.
A sl~~mazyof the basic design features of the
accelerating structure is given below:

switch
-m9-t

b)

Cross section

f (frequency)
Q (phase shift per cavity)
vp(phase velocity)
va (group velocity)
R (shunt impedance)
I (voltage attenuation
constant )
Q
T (filling
time)
L (effective length of an
accelerating section)
2a(disk hole diamater)
Zb(waveguide inside diameter)
D (periodic length)
t (disk thickness)
PO(RFpeer into each
accelerating section)
Eo(field at the input end
of accelerating section)

of the LINAC buldlng

2856 MHz
21V3radians
C

0.012c
62.3 MQ/rn
0.178 Np/m
14000
0.83,u.s
3.04 m
21.984 nm
82.174 mn
34.989 mn
5.000 Inn
6.75 luw
12.2 MV/m

The accelerating structures are fabricated at the
cmpus. The results of tuning andmeasuringshowthat
the accelerating tubes fabricated neet the requiren-ent

Fig. 1 a) Layout of the LINAC
b) Cross Section of th Building
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of tk design parameters. The tolerance of total phase
shift over a whole accelerating tube is within 3O, and
the VSWRof the input and output couplers is less than
1.04.

Repetition rate
Phase modulation
(for 0.1% beam voltage)
rstron Anplifiers:
Peak pulse voltage
Pulse rise time (max.)
Pulse fall time (max.)
pulse width (flat top)
pulse voltage amplitude
drcop and ripple
RF pulse power output
Repetition rate
Phase modulation
(for 1% beam voltage)

RF system
The RFsystemforthe
LINAC consists of amaster
signal generator, a booster (medial-power arrplifier),
which delivers the drive power to the high-power klystron arrplifiers,
the drive system and 5 high-power.
klystron amplifiers.
Every two accelerating sections
except the first one, which shares a klystron with the
buncher section and the prebuncher cavity, are fed by
a klystron. Fig. 2 shows schematically the RF system
of the LINAC.
drive
I-

-250 kV
1 AS
1.4 ys
2 Its
0.5%
15 Ia
50 PPS
go

Beam Dynamics

line
I-

50 PPS
1.8O

I

Fig. 2 The RF System of the LINAC
The master signal generator is a high stability
phase-locked solid-state
micrmave source with 1 W of
output power. Its central frequency is 2856 MHz with
adjustable range 250 kHz.The frequency stability
is
better than 10s6/day. The drive peer for the highpower klystron amplifiers is supplied by a medialpower klystron, type 1025, which input power con-es
from the master signal generator and output pulse
power is 20 kW (at 25 kV voltage) delivering to the
drive line. Then about 2 l&J of pulse power is coupled
out fran the drive line at each station for driving
tha high-power klystron, type 406A. Though the klystrons can supply 20 m of pulse peer, it is to be operated at level of 15 M to prolong its lifetima and to
increase stability
and reliability
of operation. An
IPA unit is used at the input front of each high-power
klystron for adjusting of the phase and attenuation of
the driving power to that klystron. The output powerof each klystron is then divided into two way and fed
into two accelerating sections. In order to cmpensate
partially
for the asymnetry of the field in couplers,
the way of feeding of RF is alternative
in orientation
. The main features of the RF system are smnar ized in
table 2.

Bumhinq
The bunching of electrons is performed by the
prebuncher, th buncher and the first accelerating
section. Buncher of constant phase velocity is adopted
. It is a 10 an long section of uniform disk-loaded
circular waveguide with 0.75~ phase velocity in it.
The prebuncher is a velocity tmdulation cavity, essentially a reentrant cavity. The Q value of the cavity
is made intentionally
low (QL is about 500) in order
to reduce phase shift as a function of temperature and
beam current. The effect of the standing wave field
in the couplers and the space harmonics in the buncher
and the first accelerating section on the eletron I-KY
tion is considered in beam dynamics calculation.4
The first accelerating section, the buncher and
the prebuncher share a klystron, feeding 7 EWtothe
first accelerating section, 0.4 MrJto the bunchar and
1 1&Jto the prebuncher.
On the basis of the design described above, electrons bursting fran the gun within a phase interval of
260' can be bunched into a interval of 5' at the exit
of the first accelerating section. That is, the capture efficiency is about 72%.
Focussing and Steerinq
Focussing system for the LINAC consists of 2
magnetic lenses, 5 groups of solenoid coils and 3
ele
magnet doublets. And nicalloy sheets of 0.2
mn thick are prepared for shielding of the accelerating tubes in order to reduce the effect of earth magnetic field on the beam motion. With these ccnponents,
it is expected that the maxinnrn envelope of hem will
be kept less than 5 nm.
Along the whole LINAC, there are installed 7 sets
of steering coils (vertical and horizontal).
Every
beam deviation due to earth magnetic field, other
residual magnetic field, misalignment of the accelerator, etc. are all corrected by means of steering
coils. Each steering coil has a steering ability of 2
mrad.

Table 2 The Main Features of the SF System
Waster Qscillator:
Operating frequency
Adjustable frequency range
Frequency stability
Cutput power
Booster:
Peak pulse voltage
Pulse rise tine
pulse fall time
Pulse width (flat top)
Pulse voltage aqolitude
droop and ripple (max.)
RF pulse power output

Other Systems
2856 MHz
f50 kH2
lO+j/day
1w

Beam Diagnostic
To monitor the position, intensity and profile of
beasm., 2 gap-stripline
combined monitors, 5 current
transformers and 3 flags are placed along the LINAC
respectively.
And there are 2 analysis magnets for
analyzing of beam energy spectnrn, one in the first
drift section and the other at the end of the LINAC.

-25 kV
0.2&s
0.4 /cs
243

Vacua
During operation of the accelerator, a pressure
of 1x10-6 Torr is required to be maintained. 7 ion
PUT&E(evacuating speed of 200 l/s) are distributed

0.2%
20 kw
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along the accelerator, all connected to a manifold of
9150 ran. Cne of them is placed very close to the guo
in ordertokeepthepressure
near the gun as lmas
possible (less than lx10s8). There are another 6 ion
pumps (rated at 50 l/s) dedicated to evacuating of the
waveguide system. They are placed near the klystrons
to protect the klystron windows against breakdcm.

Alignment
A laser alignment system, which alignment accuracy is of fO.l nm, is to be used. The aligrnnent accuracy over the whole LINAC is required to be of +1 mn.
References
1.

Cooling Water
The teqerature
of cooling water is to be controlled at 45f0.5 "C and the pure water is to be used
to keep clean in the cooling pipe, to protect against
stopping-up, to increase heat transfer efficiency and insulating ability,
and to decrease the activation by radiation.

2.

3.

Interlock and Control
Various interlocks are provided, either to protect personnel or to prevent equipment fran damage. At
the first stage, control is mainly in mnual manner.

4.
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A NEW ELECTRONLINAC FOR THE SACLAY STRETCHERRING PROJECT
Service

M. Jablonka, M. Juillard,
F. Netter
B. Aune, C. Bourat, K. Djidi,
Cedex, France
de 1'Accelerateur
Linbaire,
CEN Saclay, F-91191 Gif-sur-Yvette

Abstract
chopper at the linac injector.The
systemofprebunching
and bunching has been computed taking
into
account
space charge forces due to an equivalent
peak current
of 5 x 140 = 700 mA.

The ALS-II project
is an electronacceleratordesigned for a maximum energyof 1.7GeVand nearly 100 X
duty cycle. It consists
in a low duty factorlinac
inThe existing
linac
jecting
a pulse stretcher
ring.
(0.6 GeV, 1 % duty cycle)
has to be transformed
in
keeping the same accelerating
sections.
It
will
use
23 new klystrons
(25 MW, 25 KW, efficiency
=Z60%) now
under development by Thomson-CSF. In aoditionthebeam
will be bunched at 600 MHz (fG/5),
to match the RF
frequency of the ring. A subharmonic prebunching
system, including
a 600 MHz chopper is described.

The project
of a C W electron
machine using room
temperature
technique as described
in
u], has been
abandonned in early 1986 in favour of a superconducHowting linac for which studies are just starting.
ever we think useful to report on the way our present
electron
linac had to be transformed
to become an injector
for a 1.7 GeV stretcher
ring.
description

system.

uE
4

The injection
of the beam intoa
m circumference ring will take place over two turns. Therefore
the.pulse
length has to be 'I = 2 us. The repetition
rate of the linac is limited
by the maximum average
RF power in the sections to f = 350 c/s. Toproducean
average current of 100 uA, the peak current
has then
to be I I 14OmA. Themaincharacteristics
of the linac
are summarized in table 1.
Table

of the injector

Prebunching

Computer studies have been performed using a model
in which the beam is decomposed into rigid
disks surrounded by a conducting beam pipe. The formulation
of
space charge forces is the same as the one usedin p].
This study resulted
in a system composed of two prebunching cavities
: one at 600 MHz followed by a drift
of 75 cm, the second at 3OOOMHzfollowed by a drift
of 10 cm for a gun high voltage
of 150 KV. The peak
voltage in the cavities
are respectively
22 KV and
10 KV. (fig.
1).

Introduction

General

Description

1
0

Main characteristics

Fig.
1.7

GeV

Energy at 100 uA

1.3

GeV

Nb of sections

25 M W

Pulse length

2 us

Max. peak current
Bunching

frequency

350
140
600

1. Prebunching
phases.

system : evolution

of

the

disks

Analuminiummodelhas
beenbuilt
to study thecharacteristicsof
the 600 MHz prebunching
cavity.
It is a h/4
coaxial cavity.
We have determined the optimum dimensions and the shunt impedance of this cavity which are
summarized in table 2.

23

Peak power per section
rate

1200

Z (mm)

of the linac

Maximum energy

Repetition

800

400

Table

c/s

2

mA

Characteristics

MHz

Inner

A new klystron
is under development by ThomsonCSF. It will deliver
a peak power of 25 M W and an average power of 25 KW in one section of the linac.
It
will use a low perveance beam and is expected to have
an efficiency
of the order of 60 X.

of the 600 MHz prebunching

diameter

48

mm

120 m m

Outer

To achieve a high efficiency
at injection
into
the ring, the RF frequency of the cavity is a subharmonic of the RF frequency of the linac and the beam
has to be bunched at that frequency.
An odd subharmonic (COO MHZ i-e. 1/5th
the linac
frequency)
has
been chosen since none of its harmonics falls
in the
pass band of the deflecting
modes in the sections
which includes 4500 MHz (3/2 the linac frequency).
To
avoid beam losses in the ring,satellites
bunches have
to be eliminated,
leading to the use of a 600 MHz

cavity

Length

L

=

115.8

n!m

Gap length

g

=

17.5

ma

Shunt impedance

R
ii

=

Frequency

sensitivity

130

n

df/dL

=

4 MHz/mm

dfldg

=

10 MHz/mm

:

The computer code URMEL p] has been used to compute
this cavity and gave quite a good agreement with the
518

measured characteristics.

(fig.

of 30 TI rmn.mrd, and an RF power of 100 W inthe cavity.
Two beam enveloppes are represented,
one for zero deflection
and one for maximum deflection.
An aperture
of 10 m m result
in a chopping angleof 120'.Foran
initial beam emittance of 30 ?I mm.mrd we determined that
have
an
emittance
of
the transmitted
beam will
65 n mm.mrd. Estimation
taking space charge
into
account showsthat distances remain valid up to a current
of 400 mA at 50 keV. The final cavity has to be built
"Helicoflex"
also inaluminium
in using
a rectangular
for vacuum tightness.
Cref. 5] aluminiumgasket

2).

600 MHz modulated

Fig.

2. URMEL plot

600 MHz chopping

of the 600 MHz prebunching

electron

gun

An alternative
way of chopping the beam consist in
modulating the gun grid with a 600 MHz signal superimposed to the necessary grid bias. A low cathode-grid
Such a solution
has been
transconductanceis
re uired.
already reported in @s . R.F. KOONTZ (from SLAC) proposed us a gun he has built,comprising
a coaxial,
A/4
RF cavity suited for 600 MHz grid control.
His design
for
150 KV anode voltage
and several
is suitable
amperes output current.
It is clear that,
if
it
can
demonstrate an equivalent
chopping capability,
the use
and
of such a gun would result
in a much more simple
compact system than the use of the deflecting
cavity.

cavity.

system.

In order
to suppress
all
possible
satellite
bunches the chopping system has to deliver
maximum
120" bunches of the subharmonic frequency.
AnRFchopping system (RF cavity plus collimator)
has been designed. The choice of the cavity resultedfroma
study
of different
possible modes b]. The TM110 mode of a
rectangular
cavity was chosen because of advantages
like a high deflection
coefficient
H/fi and a low Q.
The dimensions are : 29.4 x 47.3 x 6 (in cm).(fig.3).

References
b]
p]
p]
p]

Fig.

3. Section

of the 600 MHz deflecting

cavity.

The theoretical
Q. for a cavity made of aluminium
is
13200 and the power needed is about 100 Watts.
A prototype
has been built
to measure the RF characteristics.
The loaded Q is about 4000.
The distance between the cavity and the chopping
aperture is 50 cm. A magnetic lens is installedinbetween to focus the beam on the collimator.
Figure
4
shows the result of a computer simulation
of the system for an incoming beam of 50 keV, with an emittance

I

Fig.
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IMPROVEMENTOF THE ELECTRONINJECTION FOR THE ALS ELECTRONLINAC
Service

B. Aune, Ph. Damsin, P. Corveller,
M. Jablonka, J.M. Joly,
M. Juillard
de 1'AccelCrateur
Lindaire,
CEN Saclay, F-91191 Gif-sur-Yvette
Cedex, France
Typical working parametersare
1.4A heating curfor
a 40 mA output
rent,7V grid bias,l4V
grid pulse
current.
The beam is delivered
by pulses lDuslong,repeated at 1000 Hz. The beam power is therefore
about
1 kW peak and 10 watt average.

Introduction
A smaller transverse
beam emittance
has been a
long required
improvement at the ALS electron
linac.
The goal has been reached by installinganew
electron
gun, designing a new transition
beam line between the
focusing
gun and the buncher, and changing the first
solenoids
to more axially
symmetric ones.

Transition

These transformations
resulted
in a noticeable
reduction
of the beam emittance as well as inanimprovement of the injector
accessibility,
monitoring
and understanding.
The new electron

gun (fig.

-

Fig.-1.

G
Fig.

New electron

between gun and buncher

purpose of this line
is
of the beam emittance.

(fig.

2).

a limitation

It is obtained by using 2 collimators
of3mm and
8mm placed 200mmapart.
The acceptance
thus defined
is A = 301~ mm-mrd.

1).

We still
had in operation
CSF gun with a direct
emittin
built by Hermosa

beam line

The first
and a definition

Collimators
are made of copper (fig.
31, brazed
to stainless
flanges.
They are water cooled by 3 turns
of a 3 m m copper pipe. They present to the beam a cone
of 10' to 15" half angle in order to increase
the inthe cathode
poisoning recidence area and to avoid
ported in ref.
p].
A precise tuning requires
3 intensity
monitors : before, between and
after
the collimators.
A
magnetic lens Ll
located
10 cm after
the gun flange
permits to obtain
maximum
through
the
transmission
first
collimator.. . A better

the original
Thomsoncathode. The new one,
is equipped
with
a
dispenser
cathode of
0.5 cm2 emitting
surface.
The technology
to SLAC
is similar
guns. It operates
at
40 KV. Its emittance
is optimized
for
an
output current around
We measured
100 mA.
it p] and found 7.5n
mm-mrd rms and 60nmmmrd for marginalemittance.

rent
sult

gun.

lens Ll for
maximum curwould reafter the second collimator,
but this
in more current lost in the first
one, what could

Ll

BrM

2. 40 KV beam line.
G gun Ll,L2 lenses
Cl,C2 collimators
M magnetic
lenoid
Pb prebuncher
S steerers
P pumping pipes
valves
D beam detector.
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shielding
Fl,FZ,F3

B

B

Pb

B focusing solenoid
Br reverse
Vl,
ferrite
intensity
monitors

field
soV2 vacuum

in outgasing
in turn result
ode lifetime
reduction.

near the gun

and

both plan locations.Beam
interception
is detected for
a high and low value of the L2 current
and average
value is considered as the right setting.

cath-

A second lens L2, refocuses the selectedbeamonto the transition
of focusing magnetic field to form a
beam waist of the dimension required
by Brillouin's
conditions.
If space charge is neglected,
this beamradius is
given by :
2mOc
r? =E BY.
B e
where B is the axial magneticfocusingfield,~
isbeam
emittance,
By, mOc, e have the usual meanings.

Computed beam envelope by our "ENVELOPPE" code
is shown on fig. 6. Collimation
is takeninto
account.
Initial
conditions-are
those we have measured as reported in p].

~$:~~~~~~

For 40 kV electrons
(8y = 0.4) and E=30~mm-mrd,
B = 700 gauss and
we have chosen to work with
r E 0.75 mm.
Focusing

solenoids

Brillouin's
scheme requires
zero field
in the
cathode and a steep transition
to the -focusing value.

0

lOOOF

Fig.

300 400 so0 600

700

000

900

1000

6. Computed beam envelope from gun exit.
Initial
conditions
: 40 kV, emittance
60 IT mm.mrd,radius 3 mm, anglelomrd.

Vacuum system

-0
The dispenser cathode requires
a vacuum of 10
torr. We obtain currently
better
than lo-'
torr.
We
use two 100 l/s ion pumps and a 200 l/sturbopump
for
prepumping.

,

Two pneumatic all metal gate valves can isolate
This
the gun or the linac in case of vacuum failure.
over dimensioned pumping works also
as a protection
against a possible SF6 back flowing due to a breaking
event,
of a wave guide window in the linac.
In this
the collimators,
the pumps and the pumping pipes act
like a resistor-capacitor
circuit
that damps the high
pressure step. Test with nitrogen
has shownthis system to be quite effective.

6OOm

Fig. 4. Focusing

lOOk 200

fmml

Complete shielding
of both line and gun like NBS
RTM injector
p] is possible but certainly
unconvelike for SLC injector
[5],the ennient. We preferred,
trance face of the first
solenoid to be shieldedbyan
iron plate of the same diameter,
10 m m thick.
The residual field
can be further
reducedbv a coil situated
onthe sideof the gunand reverselypowered.ComputersimulationusingPANDIRAcodehavebeendonefor
evaluating
therequired
coil.Measured
fieldsareplottedonfig.
4.

magnetic

field

Ois atgunoutput

Computer prediction
bunching process.

Imml
flange.

growth

Our buncher p]
is a 1.70 m
tapered phase velocity
accelerating
inal 3.8 MeV/m accelerating
field,
synchronous if its initial
energy is
tial phase 45" ahead of the maximum

This coil,
and the next three
first
have been
built
by winding
of a 16 m m large, 0.2 m m thick
aluminium conductor.
This technique permits to obtain
very symmetric fields.
-Focusing tuning
To help the beam steering
and lens L2 tuning
we
have installed,
20 m m after the iron plate and mechaconsisting
in 2
nically
linked to it, a beam detector
sets of 4 insulated
pins in 2 plans perpendicular
to
to the beam axis (fig.
5). In each plan,
pins are 90"
apart. Their radial position
is such that they define
a 2 m m bore around the axis. If the beam gets bigger,
electrons
are intercepted
and a signal is observed on
an oscilloscope.
The distance between the 2 plans is
the order of l/4 periodofthe
non tuned beam envelope
So, the beam radius cannot be minimum at
scalloping.

in the

travelling
wave,
guide. For a noman electron
is
40 keV and inifield.

The model computed (with
a home written
code)
includes the prebunching cavity
and the 25 m m long
buncher RF coupler in which a standing
wave builds
up. RF and focusing forces are expressed at first
order, and so are movement equations.
Havingnochopper,
input phases vary over one RF period.
Space charge
forces are neglected.
For an injected
beam emittance of 30~ mm.mrd and
a focusing field approximately
constant of 700 gauss,

-0.04t
.
I
-1.0
-1.5
Fig.
Fig.

of emittance

5. Beam monitor.
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.

I
-0.5

7. Computed emittance
represents
injected

.

I
0.0

I

at buncher
emittance.

I
0.5

I

output.

I
1.0

I

mm

Ellipse

1

the normalized
rms emittance
is found to vary from 12
to 13 II mm.mrd (Fig.7).
1.e an overall
growth less than
10 x.
Beam emittance

measurement on the linac.

The beam emittance can be measured at the end of
the linac only. The beam profile
is measured on a wire
chamber monitor with a resolution
of 0.5 mm, for different settings
of tvo quadrupoles,
32 m upstream.
By
fitting
these data with their theoretical
relationship,
we can obtain the emittance ellipse
in x and y directions.
Measurements have been repeated
at 287 and
472 MeV. We found respectively
0.1 and 0.06 n mm.mrd.
Normalized
values around 60 n mm.mrd are therefore
obtained
in both cases. This means an emittance growth
factor of 5 with respect to the buncher input emittance
12 a mm.mrd. The same factor is found if rms emittances
are considered.
In this case input and output normalized values are respectively
3 II and 15 x mm.mrd. This
grovth factor
can be explained
by non linearities
in
beam guidance elements (solenoids,
triplets,
steerers)
or by asymmetry in sections RF couplers either
in the
buncher or in the rest of the linac.
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Abstract:
A biperiodic
bunching section of new design
is built
for upgrading the Frascati
S band Linac. The
parameters
of the structure
have been. determined by
computation with OSCAR-2D code and checked by measurement on models.

I.

Ii
/
!
!

INTRODUCTION

A program for improving
positron
production
from
the Frascati
S-band linac is actively
pursued in order
to increase
injection
efficiency
in the storage ring.
This asks for short and intense electron
pulses to produce‘positrons.
A new electron
injector
includes
a 90
kV 15 A 10 ns gun together with a E-coupled biperiodic
structure
operating
at high field
level.
Constraints
on adjustments
of sensitive
parameters have been eliminated by the new concept of integrating
the prebuncher
at a first
cell of the structure.
This paper is devoted
to RF problems,
giving the main electrical
parameters
and the field
simulations
together
with the results
of measurements made on S-band models. A companion paper [l]covers
the design problems related
to the beam
dynamics.
II.

,-t
I+-

#t PRESUNCHER

CELLS
-I

Fig. 1 - First

cells

of Frascati

IT/Z BIPERIODIC
STRUCTURE
injector

project.

The E-coupling
choice allows for large and intense
allows for precise
beams. The geometry of revolution
The biperiodic
field and cell geometries computations.
vs triperiodic
geometry choice simplifies
the terminal
cells
determinations.
This is of interest
here as a
first
cell
of lower field
is included.
This cell
is
dephased by 7d and somewhat undercoupled
with respect
Empty cell between them has not
to the secoud cell.
been used in the present
design to reduce the drift
length and the geometry complexity.
Experience and computer simulations
have shown that
a very high capture efficiency
of the current emitted
by the gun is obtained
if the electric
field
in the
first
cell has a moderate level (around 10 MV/m). This
level is higher in the Frascati
case but capture remains better than in conventional
design ill.

INJECTOR ELECTRICAL PARAMETERSAND GEOMETRY

The main electrical
parameters values for the injector are given in Table I, for the maximum level of 10
M W RF power (the design point for dynamics has been
set at 7.5 MW).In Fig. 1 we show a sketch of the initial
cells of
the standing wave buncher.
The geometry is rather
similar
to the small bore
hole HERA profile
[21.
Table I
Frequency
Shunt impedance
Length
RF power
Maximumenergy for the first bunches
Peak field on axis
Peak field on iris
.
RF energy stacked per meter
Energy given to the
10A 10 ns 100 nC beam
Energy spread due to loading
Gun current
Capture ratio

2656 MHz
ZT2 = 49 M8/m
1.10 m
10 M W
23 MeV
37 w/m
50 MV/m
11 J

III.

COMPUTATIONSAND MEASUREMENTS

The uniform part of the structure
has been simulated
by the computer code OSCAR-2D [3,4].
Field distributions and dispersion
curves have been obtained.
It is known that the double periodirity
of the structure may introduce
a stop band in the dispersion
curve,
that must be closed in order to optimize the structure
It will
be shown in the Appendix that
performances.
a procedure to close the stop band consists in varying
the diameters of the coupling
cells until the frequencies of the two n/2 modes whose field
distributions

2.1 J
10 %
15 A
60 %
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have zeros in the long or in the short cells respectively are equal. These two resonant modes have been simulated on a single period of the structure
by imposing
boundary conditions
as indicated
in Fig.
Za,b; for
better
precision
40,000 mesh points
have been used.

On the same figures
are given the measured frequencies on precisely
machined copper models. Agreement
is good for the curve shapes with as without stop-band.
A critical
point was the RF feasibility
and precise
dimensions of the new geometry at the beginning of the
structure
where a-2:1
field
ratio
at It coupling
was
asked for dynamics reasons [l].
TO this purpose we have built
a full
scale brass
model of which a section is shown in Fig. 4. Field distribution
on the axis has been measured as usual by
pulling
a bead through
the cavity
and detecting
the
frequency perturbation.

n/2 non accelerating
(b)

x/2 accelerating
(a)
Fig. 2

In Fig.
3a,b are shown dispersion
curves evidencing
open and closed stop band cases. The mode frequencies
needed to draw these curves have been obtained by simulating
(with less mesh points)
the same single period
as in Fig. 2b with different
combinations
of Dirichlet
(magnetic mirror)
and Neumann (electric
mirror)
boundary conditions
on symmetry planes: N-N for 0, accelerating n/2; N-D for Z/4, 3n/4; D-D for the other YC/2.
29‘1.1

I W ”Z~

2932.0

0

0
.

rip.

5 we show a measured field
distribution.
In Fig.
The field ratio in the first
two cavities
can be adjusted by acting on the iris
aperture
and on the diameter
of the first
cavity.
These computations
and measurements confirmed
the
RF feasibility
of the buncher design. The final whole
geometry (including
a slight
modification
of the first
cell) will be measured in the next months.

2933.03

I
2865.2
I 0
L-*2862.58

::;I

0.

.

=

PREBU_N_CHEP
CELLS

p
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(a)
0

=/4

“I2

3,‘”

I

0

Fig. 3

2

Fig. 5 - Electric
524

-

L

6

field

distribution

0

12

km)

in prebuncher cells.

APPENDIX

tained.
For sake of preciseness
the working mode was
computed by imposing Dirichlet
conditions
on the midplanes of two nearest coupling
cells and the other one
Z/2 mode by imposing Dirichlet
conditions
on the midplanes of two nearest accelerating
cells.
A better accuracy is achieved by direct simulation
because we need
not compute or measure any K. and all of them are nevertheless
automatically
take;
into account with other
things the model may neglect.
Indeed the model is used
here only to qualitatively
understand
what kind of
field
distributions
are expected for the two76/2 modes
in order to correctly
set the problem to be solved by
OSCAR-2D. So the attained
accuracy is essentially
that
of the computer program used.

To close the stop band we used the method below.
With reference
to the biperiodic
structure
shown
in Fig. 6, let W and 0 be the resonant frequencies
of respectively
e:en and'odd
cavities
and K , K , K
the coupling
coefficients
between adjacent ahd s&on a
nearest cells.
From a well known lumped parameter modthat the field
amplitudes
in even
el 151 it follows
which we will
indicate
by X and-X
and odd cavities,
e
0
respectively,
are related
by
2
X,(1-

K
$ Xo(e-j"+ejq)+

s)+
co2

K
y$ X (es2jcP,e2jp)
e
(e -W+,W)

(e
where y is the cell-to-cell

we
1

r

--

-.-.

= o

phase shift.

Oe
I

00

L

--_

= 0
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[l] D.Tronc et al.. Design of a high intensity electron bunch
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[2] S.O.Schriber et al., RF structure studies for the Hera
proton ring, Darmstadt, 1984 Linear Accelerator Conference, p. 420.
[3] P.Fernandes and R.Parodi, OSCAR-2D. A computer code for
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6 - Scheme of biperiodic

structure.

For any 9 # n/2 system above uniquely
determines
W and X /X (excluding.the.trivial
solution
X,=X,= 0)
but for $='3G/2
the e-J'+eJpl terms vanish and we are
left with

0’
X,(1-

0’

e - K2) = 0 ,
a2

from which two independent

0’
(J = e
a

1-K

w2 =F'
b

2

$
3

'

X0(1- o - Kg) = 0
62
solutions

xe f 0,

x0 = 0 ;

x

x0 f 0.

e

=o,

are obtained

In other
words there
are two different
resonant
modes with the same cell-to-cell
phase shift
Sp = n/2:
in one of them (the working mode) only even (accelerating) cavities
are excited,
in the other one only odd
(coupling)
cavities
are.
Closing the stop band consist!:
in making equal the
frequencies
02f th?se two modes and it is usually
done
by making me/O0 = 1-K 2 (having neglected
K as it
3
is much smaller than K ).
modes direcWe simulated instea 2 the aforementioned
tly by a computer code (OSCAR-2D) changing the radius
of the coupling
cells until
equal frequencies
were ob525
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Such simple scaling relations are disarming e.g. since q*=n’*
=O, one is tempted to use a linear calculation for u* or possibly
assume it results solely from geometric aberrations - neither of
which is valid3. Nevertheless, because of various collective effects, it should be simpler and cheaper to reduce /3* down to
values comparable to the longitudinal beam size 20, than reduce L further ss long as this can be done without significantly
increasing p elsewhere or otherwise driving higher order aberrations. Since SLC is expected to reach p* fi: 4 m m before
higher order aberrations limit it, a value of p’ = 1 m m should
be possible here because of the lower emittances assumed as
long as comparable energy spreads can be maintained.
For
TeV colliders with round beams this gives

ABSTRACT
A practical approach for implementing TeV collider optics
with high luminosities L fi: 1O33 (cm2 s]-’ but without large
pinch effects is given using current alternatives.
Characteristics are considered that constrain the optics and the types
and orders of magnets required. A modified linac FoDo cell
based on permanent magnet hybrid quadrupoles is discussed.
Similarly, a demagnifying, permanent magnet telescopic system that allows variation of beta, eta and energy is suggested
for the final focus. The basic cell for low emittance damping
rings can also be constructed solely from permanent magnets.
Small diameter, low permeability, high field permanent magnets have proven useful for injection and extraction lines and
are also compatible with the large particle detectors near the
interaction regions as well as with exotic experiments for pro
duction and use of secondary beams or for multi-bunch coalescing schemes for control of longitudinal bunch distribution.
An 8-10 GeV prototype cell and final focus experiment is pro
posed to verify and study such systems as well as do some
interesting physics tests. One example, which could be used
with the PEP storage ring, would convert an external electron
beam into a photon beam to avoid beamstrahlung effects - a
major problem for high energy e* colliders.
Collision

f

(3)
‘=I?’ 1.5 x 10SSHnE(TeV)

=

Constraints

r-

c72

P

The problem of producing, preserving and colliding bunches
with very low emittance and short length in a stable way for
long periods of time is formidable considering the many practical questions of accelerator and magnet misalignment, the
various sources of beam jitter and ground vibration as well
as the associated questions of magnetic and mechanical hysteresis. Permanent magnets appear preferable over other current alternatives on most of these points quite apart from the
main design criteria of multipole strength, harmonic quality
and cost. Development work over the past few years at SLAC,
in collaboration with Vacuumschmelze Inc., has been directed
at such questions with good results’. Figures l-2 compare such
magnets to conventional electromagnets, showing how a library
of 5 easy-axis orientations has been used to make all of the low
order multipoles for a variety of applications5*6.

5 3 x 10T6 radm

will be assumed1t2 with cr the rms beam radius, 7 the energy
in mass units and /3 the focusing function of the system. The
luminosity is then

f! = Hsfn

= H
= Y

N’N-‘Y
4zcn(P:P;)‘/2

fn

(2)

where H is a factor relating to the effective size and overlap of
the interacting bunches, p* the beta at the interaction region, f
the accelerator pulse repetition rate, n the number of bunches
per pulse and N the number of particles per bunch.

* This work supported
DE-AC03-76SFOO515.

by the Department

[cm2 81-l

for equal bunches with N=5 x 10”. With fast damping, resonant extraction rings in the energy range l-5 GeV it should
be possible to increase both f and n with the assumed emittance. Increasing n by an order of magnitude2 is important
for energy efficiency and especially for bunch energy spread
since it allows N to be reduced. Such tradeoffs or whether one
uses flat or round beams are not the questions here but rather
how to get low emittance beams from a damping ring to the
interaction region i.e. the optics and how to realize them at
reasonable costs.
Magnet
Constraints

Given an acceptably small phase space volume populated
by the number of particles required to provide a given luminosity, f, one can specify the requirements and tolerances of the
component systems based on a few dominant processes. Because there is no known fundamental limitation on emittances
at the SLC level or lower by at least an order of magnitude or
more, a normalized, “invariant”, transverse emittance of

en ~~yw7

= 1.3 x 10SIE(TeV)Hfn

A. Permanent

Magnets

Figure 2 gives the optical strength, SN, for the multipoles
in Fig. 1 in terms of their equivalent pole-tip field and radius:

of Energy, contract
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The multipole strength is directly proportional to the number of blocks, their remanent magnetization and a function that
depends on the size, shape and location of the blocks. The field
distribution,
in terms of SN, follows directly from Fig. 1:

40

where
imum
pletely
R+ 5 r

= Bm (‘)N-1
R

C-i[;+(N-1)8]

r i R

(5)
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I

I

I

I

for Jr z9.3 kG

20

2
E
e
2
IO

E= reiB = z + iv. One can readily show that the maxstrength occurs when M + oo and the blocks-comfill the space between two concentric cylinders with radii
5 & in which case:

SN= --[I
Jr N
@ -‘N-l
t

- ($)N-1]-

j&&
,

(‘5)

I-

and S&r = Jr h@). Eq ua t’ran (6) was derived by Blewett as
early as 1965’. One can understand the slopes and magnitudes
in Fig. 2 from this expression which is shown as the dashed
lines for h = R,, - I$ = 5 cm which is consistent with current
manufacturing capabilities. The limit R/R0 ---) 0 is designated
SmaZ
in Fig. 2 and is relevant for magnet radii & 5 1 cm i.e.
N
radii small compared to practical block heights, h.

N
L-l
x

S
l-7
DIPOLE
(BEND LEFT)

QUADRUPOLE
(FOCUS)

i .o

I.2

RADIUS,
R [ml

1.4

5288A11

Fig. 2: Strengths for the multipoles shown in Fig%. 1 and 3
for blocks with Jr = 9.3kG. The &block quad in Fig. 1 has
strength 2&(8) = Sr(16). The dots represent magnets made
for the SLC damping rings, their injection and extraction lines
and the final focus.
Dipoles with Sr = BIT 1 2 T for R 5 1 cm can be made
using newer materials such as Nd-Fe-B and this number is
also expected to grow significantly in the future. The value
J, = 9.3 kG corresponds to the SmCos blocks which we have
used for several years so this can be scaled up to 11-12 kG.
High quality quadrupoles with gradients Sr 2 1 T/cm are also
good design benchmarks for radii R 2 1 cm i.e. for quads
that can encapsulate X-band or smaller cavities rather than
fit inside them. While all of this depends on the allowable
radius, the trend toward lower emittance beams clearly favors
rare earth permanent magnet multipoles for many systems of
the next collider e.g. the full damping ring of bends, quads
and sextupoles’; the injection and extraction lines of damping
rings6 with esoteric elements such as septa; the linac lattice
quads in new configurations; the final focus optics’ and even
the beam containment optics for the next generation of high
power klystronsg.

(b)

t’

3-86

SEXTUPOLE
(FOCUS)

B. Permanent

(0)

Magnet Hybrids

There are many kinds of PM hybrids possible although one
usually thinks in terms of a single magnet which uses PM material to drive what is otherwise a conventional, iron-dominated
magnet e.g. Halbach and coworkers” have developed a variable strength quadrupole which uses an interesting hybrid mechanical flux “shunt.” Such terminology also refers to combinations of different types of magnets* in either a combined or
separated function sense such ss combinations of conventional
and PM magnets(Fig. 1).

Fig. 1: Some different ways of obtaining dipole, quadrupole
and sextupole fields using: (a) “combined function” systems
with rotatable end shims; (b) conventional, iron-dominated
electromagnets and (c) permanent magnets.
The magnetic
midplane is defined by y=O and polarities are all positive with
respect to one another except as noted by SD.

From the limit of Eq. (6), the correspondence between Bm
and J, implies good steel is necessary to match the strengths
of pure REPMM’s.
The growing use of NdzFeldB should reduce material costs and increase J, sufficiently that one might
question using soft iron hybrids especially considering the costs
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of high quality steel such as vanadium permendur. Three reasons favoring such a choice are tunability,
quality and better
stability
in some environments e.g. FoDo cells for linacs and
damping rings.

i

damping rings needn’t vary any of these so that permanent
magnets or their hybrids may actually be superior.
In the
case of PM FoDo cells for linacs, the simplest approach is to
let everything vary except the phase and gradient and build
magnets in a modular fashion’. L and fi then scale as 7: and
uaq-t:

While there have been a variety of techniques suggested
for tuning pure PM magnets, very little has actually been
done. Besides ref’s. 8 & 10, there is also the method of Gluckstern and Holsinger”. The various methods depend greatly on
whether it is possible to use steel or not since soft steel rods or
screws have been used in a number of ways as tuning shunts.

(11)

Questions of quality are also considerably simplified by using iron. Good iron poles for small bore magnets can be used in
a variety of ways. Tunable multipoles can be made like conventional multipolesrO or in a way that improves quality’l. A 12pole design would provide “look-a-like”
dipoles, quadrupoles
and sextupoles whose dipole field can be described as better
than a dipole’s and whose quadrupole field is better than a
quadrupole’s.
Strength and quality are usually the opposing
poles of magnet design. In high energy physics, strength problems have been a major motivation for developing superconducting technology so one usually gives away strength for acceptable quality by enlarging the bore. High field permanent
magnets operate well into the third quadrant of the B-H curve
which presently implies significant nonlinearities so it is simpler
to use good quality steel poles and give away some strength.
However, look-a-like multipoles can be driven with PM material longitudinally
which should improve both strength and
uniformity.
Optics Constraints
In a symmetric FoDo lattice with equal focusing and defocusing strengths, the p’s in the quads are directly proportional
to the cell length L i.e.

(7)

where 4 is the phase advance per cell and F is the focal length.
While 4 = 76’ minimizes p for fizcd L, the gain is negligible
compared to 60’ or 90’ so 3 or 4 cells are often used. The
focal length for-such csses is

-

1

=

2

=

i!*i,f

F

=

?$

or

2

(9)

with G the gradient and 1 the effective length of the quadrupoles.
Setting 1 = L/2m for a packing fraction l/m gives an L and /3
that scale as:

L = 8m(z)
[

’ 1’2
sin 2]

‘2

irn] .

This expression provides several approaches depending on
the application and the kinds of magnets one favors e.g. storage
rings generally have L and m fixed with E and G variable but
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With a 1.2 GeV beam from a damping ring as for SLC, with
m, = 2 and G = 10 kG/cm one gets L, = 0.57 m, &oz = 0.98
35 /J for I$ = 60” as shown in Table I.
mandu,,=
Table I: Representative
FoDo cases for
E = 1.21 GeV, m = 2 and G = 10 kG/cm.

Mk)

L/F

C

Lob)

15.0°
22.5’
30.0°
45.0”
60.0°
90.0°

0.52
0.78
1.04
1.53
2.00
2.83

18.7
22.8
26.3
32.0
36.5
43.4

0.29
0.35
0.41
0.50
0.57
0.68

1.27
1.11
1.03
0.97
0.98
1.15

1.30
1.48
1.70
2.24
3.00
5.83

40
37
36
35
35
38

In this scenario one starts with a 60-90’ phase shift to minimize
wake effects and varies m to offset -y and then L. With the
present SLAC gradient of 7’ = I7 MeV/m and a i cell with
L=25 m, one has r$‘=27r/lOO m-r. For an order of magnitude
increase in accelerating gradient 7’ = 170 MeVfm, one should
decrease 4’ accordingly i.e. 2 27r/lO m-l for the same tune
which is only G=1.16 kG/cm. However,since wake effects from
accelerator or magnet misalignments increase the effective size
proportional2 to (5) (4) for rms, transverse errors A one wants
small p’s at low energies. Since /I w 1 m is more than an order
of magnitude better than anywhere in the SLC lattice and
since it should also be possible to improve A by another order
of magnitudels with small PM quads, wake effects need not be
a problem even for shorter wavelength accelerators.
The aspect ratio of the beam in the quads scales as the
square root of the /3’s which depends only on phase advance:

B mar.

-Bmin

1 + sin(4/2)
= 1 - sin(d/2)

’

(12)

This can be made more symmetrical by going to a higher
quad multiplicity
in the cell or using a small phase advance
i.e. short cells and/or long focal lengths which should reduce
higher order effects. While ideal, bend-free FoDo cells have
no purely chromatic aberrations, e.g. v(s) = 0, they do have
higher order, mired chromatic terms which may need correction for high enough energy spreads. These are proportional

Table

II: Some FoDoDoF
cases for
m = 2 and G = 10 kG/cm.

E = 1.21 GeV,

d(Deg)
15.0°
22.5'
30.0°
45.0°
60.0°

L/F

L,(m)

0.368
0.552
0.735
1.088
1.426

0.345
0.422
0.487
0.593
0.678

Pmaz(m)
1.54
1.24
1.13
1.03
1.00

P

E

1.20
1.32
1.51
1.77
2.17

o-0

(PI

44
40
38
36
35

CONCLUSIONS
It is clear that one wants high gradient quads with good
alignment tolerances and stability i.e some kind of PM hybrids.
To get these it is important to go to shorter wavelength accelerating structures. Both of these possibilities are consistent with
low emittance, high energy beams and can be integrated into a
high quality optical system with high accelerating and focusing
gradients in what is essentially a single monolithic structure.
One approach would be to load the disk structure with PM hybrid steel quadrupoles which are longitudinally coupled by PM
material between the alternating gradient quads analogous to
the way some wigglers are now made. Such systems could be
very strong, tunable and with minimal chromatic aberrations.
Such cells allow special insertions for matching, diagnostics and
correction every 2nn of phase advance without introducing second order geometric aberrations”
which can propagate. The
periodicity of such insertions would depend on a number of
things but should simplify and reduce diagnostic and control
costs.

Fig. 3: Photograph of a one-layer and multi-layer quad prototype for the SLC final focus and a one-layer, split-ring sextupole for the SLC damping rings made from blocks of nominal
dimensions 1 x w x h = 1.27 x 0.64 x 2.10 cm. 1 is the effective
length of the magnets. The sextupole halves are held together
with a symmetric ring for magnetic measurements.
to (L/F) izjz’k61 so one wants $ small. This needn’t produce
wake effects for small enough &,s.
For fixed optics, one
a fixed phase advance 4.
letting either f(m) or G
beam size for conventional
their bore G a Bp~/a a
(m2r) i i.e.

should keep L/F constant e.g. use
We get another scaling relation by
vary e.g. specifying G in terms of
or PM magnets large compared to
Jr/a gives an L and p that scale as

(13)
This is better than Eq.(ll)
because we have stronger quads
e.g. ROT = 30~ w 1 m m gives G ~*100-240 kG/cm depending
on the PM material and L, = 6 cm and p = 0.25 m at 1.21
GeV. However, to implement this with current technology, we
need to go to higher multiplicity cells.
An intuitive-example
of such a cell which justifies previous statements is the symmetric quadruplet FoDoDoF. Using
a thin lens approximation as before, the phase advance per cell
of total length L is
cosq5 =

(l-

The basic PM hybrid being suggested here’l is also applicable to a damping ring FoDo cell and other systems including
long undulators for production of coherent radiation. The use
of such radiation for high energy physics15 implies the possibility of a very interesting low energy(8-10 GeV) prototype for
a TeV collider which could both test an important number of
new accelerator subsystems and also provide some fundamental physics while providing a significant upgrade for the PEP
storage ring facility.
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-2.2710 trave.llng
through
a llnac
operated
at 7.79ORm with
a peak gradient
over ltm length
of 7.51 km.
TM
of 135 NW/~.
bunch
length
Is chfmen
w
that
It
doem twt
extend
beyond
the peak of the
delta
function
Iho bunch
is divided
Into
16
tramverse
wake.
sllcem,
each
lnltlally
upright
and displaced
11~
frofo
the
axle
due
to lnjwtlon
error
with
an
Initial
energy
of
1.21
OeV (mlch
is
the
of
the damping
rings
In
SIC).
The
location
Initial
radius
of each mlice
Is 110~ and the
lnltlal
normalbed
emittance
of each mllce,
and
the bunch,
is 1.~10~~
rad-W.
The wake potentials
used are thome of a SUC: structure,
mcaled
appropriately
to operation
at 7.79 CR7s.r
The
in our example
ham been
chomen
mo that
focusing
a phaee
shift
of 8.1./m
lm maintained
up to an
energy
of 22&V,
beyond
which
the quadrupole
sLrenyLhm
are asmumad
fimd
at
their
a~ximal
values&
these maxlwl
values
are taken to bs 5x
The betatron
those
currently
In use at SLAO. 6
phase shift
gradually
dwreames
to 1.2*/m
at the
end of the accelerator.

s

During
the
mecond
half
of the acceleration
Is
mhifted
to
26.53..
giving
the
the. bunch
correct
average
gradient
In
the
acceleration
field
to minimize
the energy
mpread.
The final
result
lm that
the final
beam emlttance
lm only
n fiu:t.or
of
= 1 ./.?I groatnr
t.han
t.he
initial
alttance
while
the
energy
spread,
rrhich
had
been
as
large
as
7.2% during
acceleration,
achlevem
a final
value
very
close
to that
for
the came without
Landau damping,
namsly 0.55%.
This
final
kam quality
ham been achieved
at a
cost of 7R In final
energy.
damping
When Landau
In not used, the erklttance
Is found to grow by a
factor
of 18 fm
Its lnltlal
value.
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We have
lnvestlgated
the generatlon,
accsleratlon,
transport,
and extractlon
of
Intense,
hlgh-voltage,
relatlvlstlc
electron
beams wlth
the RADLAC-ll
accelerator.
A 40-kA,
electron
beam was produced
by a
follless
diode
InJector.
which
was Immersed
In,
and
accurately
allgned
wlth,
the magnetic
axls
of a 17-kG
solenoldal
gulde
field.
The solenoldal
field
guides
the beam through
the accelerator,
which
Includes
a
number
of post-accelerating
gaps
deslgned
to provlde
radial
force
balance
to suppress
radial
osclllatlons.
Furthermore,
the accelerating
cavltles
have a very
low
G and small
transverse
shunt
Impedance
to suppress
beam breakup
Instabllltles.
A 70% to 90X transport
efflclency
was observed,
dependlng
on the preclslon
of
the beam Ilne
alignment.
Flnally,
the beam was
extracted,
wlthout
slgnlflcant
losses,
and propagated
Into
a magnetic
field-free,
alr-fllled
reglon.

In the
devoted
and alr

last
few years,
to the productlon,
propagatlon
of

conslderable
work
acceleration,
Intense
relatlvlstlc

Figure

has been
extractlon,
electron

In this
Top view
of RADLAC II.
conflguratlon,
RADLAC II can be consldered
as conslstlng
of 2 RIIM
accelerators
(2 x RIIM
connected
In series.
The beam Ilne
extenslon
conflguratlon).
outside
the water
tank
Is also
shown.

i:

EFFECTIVE

ACC.

BEAM

VOLTAGE
1

I

CURRENT

I

beams.
RADLAC I ,’ and most
recently,
RADLAC II are
the Sandla
Natlonal
Laboratorles’
contrlbutlon
to thls
effort,
In thls
paper.
we describe
the RADLAC II
accelerator
and report
the results
of prellmlnary
transport
and extractlon
experiments
Into
full
pressure
air.
BAD’ AC

1 I AcccLau&~

The RADLAC II accelerator
consists
of two modules
connected
In series;
each module
contains
four
energized
cavltles
powered
by a Marx
generator/Intermediate
store
capacitor
(IS)
comblnatlon
(Fig.
1).
The design
and operatlon
of a
single
module
(RIIM)
have been described
In detail
In
Ref.
2.
A l-Joule
KrF
laser
Is used
to trlgger
the
four
SF6-fllled
gas switches
(2 per module).
The
l-o‘tlme

jitter

of

the

gas

switches

Is

less

than

-“oW
..
( x10-’

Figure

work
supported
by the U.
Contract
*DE-AC04-76DP00769.

S.

Department

of

Effective
current

+-zk%-i
..
(x10-’

accelerating
waveforms.

voltage

.O

SEC)

and

beam

5 ns.
The beam envelope
at the accelerator
exit
was observed
uslng
radlochromlc
foils,
and most
recently,
a framlng
4
A 0.127-mm-thick
tantalum
x-ray
x-ray
camera.
convertor
Is placed
over
the extractlon
tltanlum
foil
Flgure
3
on the alr
side
for
the x-ray
measurements.
shows
the beam envelope
on a radlochromlc
foil
posltloned
lnslde
the vacuum
Ilne
just
before
the
We will
be able
to measure
the beam
extractlon
foil.
proflle
and current
denslty
wlth
the x-ray
framlng
camera,
using
photographs
slmllar
to that
of Fig.
4.
Beslde
the beam proflle,
thls
camera
can provlde
excellent
Informatlon
about
the x, y of the beam
Each frame
of
centrold
In a tlme-resolved
fashlon.
Flg.
4 Is 10 ns wlde
wlth
a varlable
Interframe
tlme
difference;
here
It was 0 ns. The first
frame,
colncldlng
wlth
the arrlval
of the front
of the beam
The last
frame,
Is at the bottom
left.
pulse,
colncldlng
with
the beam tall,
Is at the top rlght
while
the top
left
and bottom
rlght
frames
correspond
approximately
to the maln
body of the pulse.

The first
two cavltles
of the first
module
are
the
InJector,
thus
connected
In series
and Power
provldlng
twice
the poSt-scCt?tlsratlng
gap Voltage
to a
follless
dlode
electron
source.
The beam produced
Is
gulded
through
the entlre
accelerator
by a strong
axial
magnetic
field
of 17 kG.
The accelerating
cavity
and gap design,
slmllar
to that
studled
In Ref.
3, eliminates
radlal
oscillations
and suppresses
beam
There
are 6 post-accelerating
break-up
InstabIlItIes.
gaps each
provldlng
an energy
InCreaSe
Of a few MeV to
The beam current
Is of the order
of 40-45
the beam.
Flgure
2 provldes
the effective
accelerating
kA.
Effect
Ive
voltage
and beam current
waveforms.
accelerating
voltage
Is the sum of all
the
accelerating
cavity
voltages
as measured
by the
resistive
monitors
corrected
for
tlme
colncldence
wlth
the passage
of the beam pulse
from
each gap.
*This
under

2:

4.0
SEC )

Energy
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Flgure

3:

Beam OnVelope
on radlochromlc
foil
lnslde
the accelerator.
The part
of the foil
enclosed
by the beam anhulus
Is carbonlred.
Figure

Schematic
experlmental

5:

In these
condltlons.
that
the
pressure
than
the
accelerator.
agreement

dlagram
of
setup.

4:

Prellmlnary
measurements
of the beam
profile
on the extractlon
foil
uslng
the
x-ray
framlng
camera.
The beam appears
filled
In;
however,
the spaclal
resolutlon
of the camera
Is not
yet adjusted
to
opt Imum.
For each
frame,
the shutter
stays
open
for
10 ns.
The interframe
distance
was 0 ns.
The beam centrold
Is only
1 mm
off
axls.
The apparent
larger
displacement
Is due to the paralax
of the camera’s
6
apertures.’
Notlce
that
the beam does not
show any B.B.U.
or other
type
of
oscillations.

Flgure

6:

done with
the codes
DYNADISC’
The extracted
beam net
current
16” Rogowskl
(Fig.
5).
which
with
the code predlctlons
was

Net current
waveform
for
current
extracted
beam.

BEAM EXTRACTION
lB=42
1.00

In the
flrst
serles
of extractlon
experiments,
the
accelerator
vacuum
beam Ilne
and the axial
magnetic
field
were
extended
outslde
the water
tank
(Fig.
1).
The extractlon
foil
was located
at the end of the
The field
decays
to
uniform
axial
magnetic
field.
Flgure
5
zero
wlthln
16 cm from
the extractlon
foil.
Is a schematic
dlagram
of the RADLAC II extract
Ion
experlmental
setup
Including
the vacuum
transport
-extension
and the
1.50
m-long,
40-cm
dlameter
propagatlon
chamber.

extractlon

experiments,
we extracted
under
“overmatched”
That
Is.
the beam parameters
were
such
equllibrlum
average
beam radlus
In full
(630
torr)
was somewhat
smaller
(0.75
cm),
0.9 cm beam radlus
In the vacuum
line
of the
The measured
beam radii
are
In good
with
the simple
envelope
theory
and with

numerlcal
calculations
(Fig.
7) and EXTRACT.
measured
by the 6” and
also
agrees
qulte
well
16-20
kA (Fig.
6).

Figure

the

kA.

I.,,

a 40-kA

beam

NEAR PEAK CURRENT
=,S

kA.

P=,.tm
, 30

,

0.75

0.25
EXTRACTION

3.5I

0.00 0.0

All
of our RADLAC II extractlon
work was done
In 630
The radlus
and profile
of the extracted
torr
alr.
beam was observed
by uslng
radlochromlc
foils
posltloned
at varlous
distances
lnslde
the propagatlon
chamber.
The foil
survlves
better
In the alr
than
lnslde
the vacuum
plpe.

FOIL

7.0/

10.5
I

14.0I

17.5
I

21.00

Z/cm

Flgure
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7:

The
The
the
the

rms radlus
calculated
wlth
DYNADISC.
sol14
circles
with
the error
bars
are
experlmental
envelope
measurements
wlth
radlochromlc
foils.

In the’flrst
series
of experlments
reported
here,
As a
there
was a mlsallgnment
In the beam Ilne.
result,
the beam became
unstable
after
approximately
In a second
serles
of
1 m of alr
propagatlon.
extractlon
experlments
performed
recently,
the
accelerator
beam Ilne
was accurately
allgned,
wlth
maxlmum offset
between
injector
and exlt
pipe
ax18
The extractIon
hardware
less
than
one mllllmeter.
Flg.
5 was removed
and the beam was allowed
to
The
propagate
freely
In the accelerator
hlgh
bay.

We have successfully
operated
the RADLAC II
accelerator
and optlmlzed
Its
parameters
to meet
deslgn
speclflcatlons.
A 40-kA
electron
beam was
accelerated
and extracted
from
the accelerator.
It
was establlshed
that
when the accelerator
beam Ilne
Is
well
allgned,
the
tightly
plnched
exltlng
beam
propagates
for
at
least
2 m stably
In the open alr
wlthout
osclllatlons.
In addltlon,
the RADLAC II beam
Propagated
stably
In the alr
outslde
the accelerator
‘bullding
after
being
transported
In a 16-m Ion
focusing
channel.

a
of

beam propagated
stralght
and wlthout
osclllatlons
for
at least
2 m In the alr
(Fig.
6).
The beam radlus
was
The framlng
camera
(Fig.
4) shdwed
smaller
than
1 cm.
a stable
beam emerglng
from
the accelerator
(no
oscillations)
and well
centered
on the axls
of the 5
cm vacuum
plpe.
In another
condltloned
sect Ion6
accelerator
that
the
a distance.

Flgure

Flgure

6:

9:

set
In

of experiments.
a 16-m-long,

the RADLAC II beam
Ion-focused
transport

Further
experiments
propagatlon
are
In

studylng
progress.

beam

extractlon

Appl.

Phys.

and

alr

was

and

then
was allowed
to propagate
outslde
the
Flgure
9 shows
bulldlng
In the open alr.
beam propagated
In a stable
manner
for
qulte

Open-shutter
photograph
of the extracted
beam followlng
precise
alignment
of the
The beam exits
at
accelerator
beam Ilne.
the
left
and propagates
straight
to the
The beam path
appears
compressed,
right.
since
thls
photograph
was taken
through
a
mlrror
maklng
an angle
wlth
the beam
The trajectory
scanned
Is equal
dlrectlon.
to 2 m.

Open-shutter
photographs
of the RADLAC II
beam propagatlng
outdoors
at nlght.
The
Manzano
mountalns
are vlslble
In the
background.
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A particular

-

We have developed a new techniaue for neneratinn
ionized channels for electrostaticaily
guidrng high
Current relativistic
electron
beams with ion focused
transport
(IFT).
In IFT, beam electrons
are
electrostatically
focused by a positive
ion core left
after the plasma electrons
are ejected by the beam
charge.
The new method for channel formation
allows
beam transport
over curved paths for applications
in
circular
accelerators
such as Sandia’s recirculatinn
linac,
and also avoids the need for a UV laser.
Our
technique uses a low-energy
electron
beam to ionize a
guiding channel in a low pressure gas. A weak
longitudinal
magnetic field
is applied to confine and
guide the low-energy beam, enabling one to precisely
define the ionization
channel.
The steady state
channel produced by this technique has been diagnosed j
using Langmuir probes.
Channel density and radius
were then optimized
for beam guiding.
Using this
method we have efficiently
guided relativistic
beams
with currents
exceeding 20 kA over several meters and
through a 90° bend. In these experiments
with high
V/Y
beams, we observed erosion and instabilities
which can be important
for accelerator
applications.
PIC simulations
of IFT were performed and show
stable propagation
for high current beams passing
through accelerating
gaps.
Introduction

application

is the

One method for turning
IFT beams which we have
developed uses a dipole magnet to deflect
beam
particles
from one laser lonlze~hg~i~~t~~nn~l
to
another intersecting
channel.
especially
useful for high current beam switchyard
applications
to direct
beams to multiple
experimental
areas or to steer high current e-beams to multiple
This technique has been demonstrated by
targets.
steering
a 1 MV, 2 kA beam through a 4B0 bend.6
It
can, however, lead to a small, but cumulative,
emittance growth which is a disadvantage
for a
recirculating
linac where many passes are required.
This emittance growth is due to the sharp change in
A smoothly curved channel
direction
at the turn.
Would lead to a much smaller emittance growth.
A
method for producing just such a channel has been
developed and will be described.
This method has the
additional
benefit
of avoiding the need for a UV
laser.

Laser-generated
ion focused transport
(IFT)l
is
a new technique that uses a laser ionized channel in
a very low pressure background gas to guide a high
current relativistic
electron
beam by electrostatic
attraction
to an ion core which is formed when the
beam space charge ejects plasma electrons
from the
channel.
The rod of ions focuses the beam leading to
the term ion focused transport.
IFT is similar
to
wire guiding2 in that it can prevent the growth of
coherent beam motion by phase mix Uamping in the
anharmonic channel potential.
For high current
beams, the electrostatic
attraction
to the ion core
is very powerful,
and guiding strengths
equivalent
to
a lOO-kG solenoidal
field
can be obtained.
Most
recently,
laser-generated
IFT has been used to
transport
the lo-kA beam through the ATA with good
results. 3

New Method for Channel Generation
For IFT, sufficient
channel ionization
must be
provided to overcome beam space charge expansion.

This

requires

channel
ionization

This technology
could revolutionize
high current
accelerator
design.
However, to fully
utilize
the
IFT technique,
a method is needed to steer the beam
so that machines with multiple
passes through the
same accelerating
gap are possible.
If a way could
be found to bend the ionized channel into a closed
path or to interconnect
multiple
straight
sections
so
-as to form a closed path, then betatrons,
cyclotrons,
and other conventional
accelerator
designs could be
extended to the high current regime using the
powerful electrosta,;ic
forces to prevent beam selfexpansion and damp transverse
oscillations.
*This work supported by the U. S. Department
Energy under contract
DE-AC04-76-DP00789.

accelerator

-ecirculating
linac4 which is based on an inductively
(See Figure 1.)
Sandia’s
Lsolated accelerating
gap.
test-bed facility
will use a 2.5 MV isolated
Blumlein
injector
with four passes through the 1 .5 MV
accelerating
gap that is energized with a bipolar
waveform from a mismatched transmission
line driver
four passes around a
(ET-2) .5 This scheme requires
These beam transport
requirements
30-m delay path.
can be met with conventional
solenoidal
beam
transport
using high applied magnetic guide fields.
The magnetic field
energy, however, is quite large,
and the use of IFT would have a significant
For scaling
to higher energies,
the
advantage.
Since laser-generated
IFT
advantage would increase.
has already been shown to work well through
accelerating
gaps, the additional
feature needed to
make this concept work is beam turning.

finite

fe > l/Y2,

where fe is the ratio Of
Additional
charge density.
is
required
to
overcome the
fe > <~>‘Y/v,

to beam linear

beam emittance.7

On the other

hand,

if

fe >

1, excess plasma electrons
will remain in the channel
to form a destabilizing
return current.
We have
previously
reported laser guiding experiments
where
both of these limits
were clearly
obaerved.8
fe > 1 was seen to lead to violent
particular,

In

instability
and rapid ejection
of the beam from the
If the gas pressure is not SUffiCiently
channel.
low,
beam-induced ionization
will cause fe to grow
To
prevent
fe from growing to
during the beam pulse.
exceed 1, a very low gas pressure (- 0.1 mTorr) is
required and large UV lasers are needed to ionize

of

this
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tenuous

gas to

fe>

l/Y2

+ <Q2Y/v.

i

trajectories
for a simulation
early in the pulse as
plasma electrons
are being expelled.
The plasma
electrons
are completely expelled in about 1 nsec
leaving an ion core which focuses the beam. This
type of propagation
should be suitable
for
Indeed,
application
in a high-current
accelerator.
Figure 5 displays a simulation
of the passage of a 6MV, lo-kA beam through an accelerating
gap. The beam
propagates stably through the gap and picks up the
full 2 MV accelerating
potential
with little
em1ttance gain.

Electron
impact ionization
using low-energy
electrons
presents an attractive
alternative
to laser
photoionization
because cross sections for this
process are typically
many orders of magnitude larger
than two-photon ionization
cross sections.
Furthermore,
the long recombination
lifetime
of
monatomic gases allows the ionization
to build up
over a long time with a very low-current,
low-energy
beam. A simple calculation
shows that a l-A, 300-V,
l-cm electron
beam will ionize a 0.3-•Torr argon
background

to an equilibrium

density,

ne - 10 l2 in

An experiment was performed to test the beam
transport
properties
of the ion channel using the
apparatus shoun previously
in Figure 2. After
optimization
of background gas pressure,
composition,
and channel ionization,
1.2-MeV, 40-ns beams with
currents
greater than 20 kA were transported.
The
beam properties
were monitored by fast current and
centroid
monitors along the beam line.
IFT of such
high v/Y beams implies a very powerful guiding force.
Figure 6 shows a typical
current waveform as measured
by an apertured
(r - 1.5 cm) current monitor 3 m from
This optimum transport
was obtained
the cathode.
with a 0.6-A. BOO-V, 0.5-cm-radius
electron
beam
ionizing
a 0.3-mTorr argon background.

-4

Such a low-current,
ionizing
beam
about 10
sec.
can be guided and confined by a weak solenoidal
magnetic guide field,
which can easily be provided in
either a straight
or curved geometry by low current
dc energized magnets.
Figure 2 is a simplified
schematic of the
A low-energy,
lOO-lOOO-eV,
experimental
apparatus.
electron
beam was generated in an electron
gun
consisting
of a hot tungsten filament
and an annular
anode plate immersed in a magnetic field.
The
ionizing
beam was extracted
through a hole in the
anode plate and confined by a loo-Gauss solenoidal
The field
transported
the 0.5-cm radius beam
field.
down the 3-m length of the S-cm radius drift
tube and
formed a luminous ionized channel in various lowpressure (0.1-l
mTorr) noble gases.
The channel
extended to the graphite
cathode of the electron
beam
accelerator.
This allowed the extraction
of a highcurrent beam directly
into the channel from the
cathode without the used of a foil. 9
The channel-generation

technique

Transport over this distance was severely
degraded when the working gas was changed from argon
to helium.
With helium at an equivalent
ionization
level,
less than 5 kA was transported
over 3 m and
the pulse was shortened by erosion of the tail.
This
may be due to increased instabilities
with the
lighter
ion.
Inductive
erosion is predicted
fe and V/Y. For the case of large

was later

improved (for experiments on RADLAC II”)
and a 16-m
The anode plate was removed
channel was generated.
increasing
the radial
electric
field
and causing the
electrons
to spiral
down flux tubes with large pitch
angles.
This greatly
shortened the axial mean free
path and increased the ionization
efficiency.
This
was further
enhanced by installing
negatively
biased
The
reflector
foils
at both ends of the channel.
reflectors
cause large reflex currents
which yield
about 50% ionization
of the low pressure (- .05
energy of 200mTorr) argon gas. Since the electron
1000 V is higher than the 100 eV peak of the impact
causes
ionization
cross section,
one electron
Also the electron
current can
multiple
ionization.
greatly
exceed the space charge limit
due to plasma
neutralization.

to scale with
fe with high v/Y,

we observed very fast risetimes
with about 10 nsec of
beam front erosion occurring
in 1.5 m of propagation.
The erosion rate decreased as the beam propagated,
implying that some of this loss is due to the slow
rise in kinetic
energy of the injected
beam causing
low Y and large emittance on the early portions
of
It is also possible
that plasma
the beam pulse.
return currents
caused radial expansion
of the low
current portion where fe > 1.
TO demonstrate beam steering,
the drift
tube and
surrounding
solenoid were bent into a 90° sector with
A small transverse
field was applied
1.3 m radius.
to correct for curvature
drift.
With these simple
modifications,
a 25 kA beam was steered through the
bend and with > 90% current transport
efficiency.
The radius expansion and erosion were not measurably
different
from those which occurred in the straight
section.
SuPlrarr
A new technique,
using a low energy electron
beam, has been developed for generating
an ionized
channel in low-pressure
gas for IFT.
The new
technique
should find application
to high-current
accelerators
because it will allow transport
around
circular
paths.
This technique has been applied to
the experimental
investigation
of IFT of beams.
Preliminary
results
include observation
of inductive
erosion for high fe and increased stability
for
heavier ions.
The new method should lead to improved

Because this method produced a steady-state
channel, it was simple to measure the plasma column
parameters with Langmuir probes.
The electron
temperature
and plasma density were obtained from
full current-voltage
characteristics
of platinum wire
probes, measured at several radial positions.
A
typical
IV curve is shown in Figure 3.
Beam Transport Results
The IFT resulting
from injection
of a 1.5-MeV,
lo-kA electron
beam into an ionized channel with fe 0.5 was simulated

with a fully
electromagnetic
axisymmetric
PIC code7 which shows stable
The self-consistent
results
include
propagation.
motion of plasma electrons
and allow motion of the
ions which was seen to occur.
For runs with a cold

understanding
of IFT because it will allow
experiments where high fe is obtained at very low gas

beam injected,
the beam heated rapidly
to
l/2 . Little
further
equilibrium
with gI = (f v/Y)
heating occurred thereafter.
Hall currents,
which
are observed as current enhancement, are seen for
high-current
IFR transport.
Figure 4 shows particle

In addition,
since any noble gas can be
pressures.
used, the effects
of ion mass on the growth Of
instabilities
can be studied.
We have also applied
this technique to a 16-m transport
section for
RADLAC-II beams.
538

I
References

1.
2.

3.
4.
5.

6.

w. E. Martin,
et al., Phys. Rev. Lett. 2, 685
(1985).
D. S. prono, et al..
IEEE Trans. NUcl. Sci.
NS-30, No. 4, 2510 (1985).
D.
Prono, IEEE Trans.
Nucl.
Sci.
NS-32,
No. 5, 314'4 (1985).
W. K. Tucker, et al.,
SAND84-2031 (1984).
D. Eccleshall,
et al., J. Appl. Phys. 3, 3649
(1978).
.
C. A. Frost,
et al., IEEE Trans. Nucl. Scl.
NS-32,

7.

8.
9.

No.

NS-32,

10;

5,

2754

(1985).

Sandia Report
J. W. Poukey, official
SAND85-2670.
G. T. Letfeate,
et al., Bull. Am. Phys. Sot.
1292 (1984).
S. L. Shope, et al., IEEE Trans. Nucl. Sci.
No.

5,

3092

Figure

4.

(1985).

R.
Miller,
IEEE Trans.
No. 5, 3149 (1985).

Nucl.

Sci.

NS-32,

MAGIC simulation
of 1.5-&V,
lo-kA,
cold
beam injected
into
IFR channel
with
- 0.8.
fe

Z (cm)
Figure
\

100

IFT

through

a 2-Mv

accelerating

gap.

CATHODE

DAUSS WIDE

FIqurP

5.

2.

FIELD /

Electron

t’

impact

'

'

channel

'

1 '

ionization

'

'.'

schematic.

'

'1

60
40

4

20
Ii

yo”

mA

0i

-1or

I
Figure

V
Figure

3.

Langmuir
I versus

VDltS

probe
V curve.
539

6.

Beam
current
waveform
at

7 =

3 m.

THS-40

CUMULATIVE BEAM BREAKUP WITH A DISTRIBUTICN OF DEFLECTING MODE FREQUENCIES*
R.L. Gluckstern,
University
of Maryland, College Park, MD 20742
R.K. Cooper, loos Alamos National
lab, los Alamos, NM 87545
F. Nerl, University
of Maryland, College Park, MD 20742
Introduction

-

for the maximum displaceis a maximum. The result
ment as a function
of N and M Is

The theory of beam breakuplm5 has been worked
out for identical
uncoupled cavities
and for a
The difference
equations .
constant beam current.
have been solved exactly for a coasting beam, and
expressions
have been obtained for the steady state
solution
where the input beam displacement
is
constant or modulated at an arbitrary
frequency.’
an approximate result was obtained for
In addition,
the transient
by means of a saddle point approximaThese results
were shown to be in excellent
tion.
agreement with numerical simulations
for parameters
appropriate
to a 30 cavity
1300 KHz standing wave rf
linear accelerator
structure
with a 2.5 Mev, 6.5
amp. coasting beam. ’

5

exp(-

(Izt)l’3,

!!g

+ y

f2/3W1/3

- $

x
E2 (7)’

M5/3f-2/3)
(4)

where
f = N(RL/Y)“~.

(5)

E = Q(Aw),,,/w

(6)

The parameter

which is related to the rms spread in the deflecting
Is
assumed to be
mode frequency of the cavities,
although the result
appears
small compared to unity,
in
to be valid for larger E, since the displacement
Eq. (4) goes rapidly
to zero as E increases,
as
expected.

bunch number, N Is the cavity number
parameter proportional
to the current
2,/Q for the cavities,
as defined In
For an accelerated
beam, this takes

----y-)1/3

zH5/6G

EO

The dominant feature of the transient
result
is
amplification
of the transverse
displacement
corresponding to the real exponent

where M is the
and RL/y is a
and the ratio
Reference 5.
the form

fd3

E envelope

Comparison

with

Simulations

Simulations
have been performed using the dlfference equations for the parameters of Reference 5,
namely RL/r = 2.88 x 10s3, N = 30, f = 1.61, Q =
of
1000, (Jrl2x = 24/13, for a Gaussian distribution
deflecting
mode frequency.
Typical results
for two
different
random number seeds are shown In Figure 1
for E = Q(Aw)~~/w = 1.

(2)

where s is the accelerator
length,
t is the pulse
duration,
W’ is the rate of the energy gain per
meter, and ZiT2 Is the transverse
shunt impedance
per meter of cavity,
including
the transit
time
effect.
Equation (2) corresponds to the expression
obtained at SlAC for a traveling
wave linac.
Experimental
studies1’2
of the dependence of starting
current
I on pulse duration
and accelerator
length
give approximate confirmation
of the form of Eq.
that beam breakup occurs
(2), with the conclusion
when et is between 15 and 20, corresponding
to an
am liflcation
of some stimulus
by a factor of order
10 7 to 103. Efforts
to identify
the Initial
noise
stimulus
were Inconclusive.

Figure

1

E C””

It is clear that the large amplification
In Eq.
(1) or (2) depends on coherent oscillations
of all
the cavities.
In the present work we explore the
modification
in et caused by a distribution
in the
frequency of the deflecting
mode from cavity to
cavity.

c,

Analysis
The analysis
of beam breakup with fluctuating
parameters is carried out in detail
elsewhere.6
We
start with the usual difference
equations and obtain
the displacement
as a power series In the parameter
This series is summed approximately
for the
RL/y.
parameter range
Fig.
1 << j << N << M,
where j is the power of RL/r

for

which

(3)
In order

the summand
540

1

Fenv/Eo for E = Q(Aw),,,/w
two different
seeds.

to check the range of validity

= 1 for
of Eq. (41,

we plot
+ &?

w(M) - 1” (

2Q

_ ?!?
4

f2/3Ml/3

++M

In Table I we list
the slope and intercept
found from straight
line fits to the curves In Fig.
of the slope to
2. The approximate proportionality
E*, as predicted
by Eq. (4) for small E, appears to
hold, even for values of e* as high as 100.

(7)

l’he plots are shown in Fig. 2 for
against M5’3.
values of E from 0 to 10 for the two random number
1. It is clear that the linear relaseeds of Fig.
tion is confirmed over a range which depends somewhat on the random number set used, but which
clearly
includes the region in which Cenv reaches. is
first
maximum.
Figure

0

IW

200

M

Table
Straight

sm

I
of w(M) vs M513

seed #l
InterE cept

2(a)

400 300 600 mo

Line Fit

0

-1.5

1

-1.5

2

-1.5

3

Slope

seed 82
Intercept

9

0

Slope

-1.5

1.4~10-~

y

0

1.4~10-~

-1.5

5~10-~

1.6

-1.5

2.5

.62

-1.5

11

1.2

-1.5

5.0

.56

4

-1.5

18

1.1

-1.5

8.5

.53

5

-1.5

28

1.1

-1.5

3.5

.52

6

-1.5

35

1 .o

-1.5

18

.50

7

-1.4

51

1 .o

-1.5

25

.51

8

-1.4

68

1.1

-1.5

32

.50

9

-1.4

84

1 .o

-1.5

40

.49

10

-1.4

110

1.1

-1.5

47

.47

.6~10-~

.~xIO-~

Furthermore,
the prediction
for the intercept
is
-1.30 according to Eq. (4) and for the rms value of
the slope Is .85 x 10m4, In reasonable agreement
with the values obtained from the two seeds In Table
I.
(The discrepancy
in the intercept
is consistent
with the. saddle point approximation
and the variation in slope with the different
seeds for a sample
of 30 cavities.)

SO0 Imo

H5/3

Figure

It is a simple matter to calculate
the value of
M at which the displacement
in Eq. (4) reaches its
maximum. It occurs at
M
M
2.5
max=t(8)
Mo - *o
p, fl + 10 ET ’
where

2(b)

M
2 _ (1 + Jl + 10sz 1-312
,
2
MO
MO

r ($,3/4

(+3/2
UT

f,

(9)

PO =-MO?.
-2.6
ww

The maximum value
given by
P
tps
PO
where

-3.0
-3.2

of the exponent
M

(2 + 3 fl
5
Mo

PO z .a0 1-p
b

Seed

For 100~ >> 1, this

#2

in Eq. (4) is

+ lo&

2

W(M) vs M5’3 for
for two different

E - 0,1,2
seeds.

corresponding

l **,lO

541

(10)

f.

becomes

(12)

PE
Fig.

1

to an equivalent

“Q”
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In Fig. 3 we summarize the change in location
and peak value of the displacement
for different
values of c. The peak moves very rapidly
to lower
The corresponding
revalues of M as c increases.
duction in the logarithm
of the peak displacement
is
less rapid.
Figure

0

3

I2

3

5

4

6

7

8

9

E

Fig. 3 Reduction in parameters controlling
Mmax
and the maximum exponent as a function
of E.
Discussion

and Conclusions

Analytic
results
have been obtained for
transient
beam breakup with a distribution
of deflecting
mode frequencies
in the cavities.
The
validity
of Eq. (4) has been confirmed by simulations even for values of E an order of magnitude
larger than required for the analysis.
For a linac consisting
of a large number of
cavities,
it is expected that construction
tolerances
will cause the deflecting
mode frequency
to vary by at least a few parts In 104, even with
tuning of the accelerating
mode. For Q in the range
5,000 - 10,000, the corresponding
value of E will be
at least 1 or 2. According to Fig. 3, the maximum
value of the exponent will be reduced by an order of
30% or more.
If the above numbers are applied to
the original
operation
of SLAC, it is possible that
the breakup exponent observed at SIAC would correspond to a growth of order 10’ to IO6 (ell to e14),
instead of the IO’ to lo* obtained by ignoring
the
variation
in deflecting
mode frequency.
The use of superconducting
rf with Q of order
10’ creates a concern related to beam breakup
effects’,
even If the deflecting
modes are damped by
non-superconducting
loads.
Clearly the presence of
a distribution
of deflecting
mode frequencies
can
- reduce the seriousness of beam breakup.
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Introduction
vp(n+l)

It has long been recognized that recirculating
a beam through a linac cavity In order to provide
more efficient
acceleration
can also lead to an instability
in which the transverse
displacement
on
successive recirculations
can exc‘ite modes which .
further
deflect
the initial
beam. The effect
is of
particular
concern for superconducting
rf cavities
where the high Q (or order 10’) implies low starting
currents
for the instability.
Previous work’*2 has
addressed this effect by calculating
the beam trajectory
in a single cavity,
and its effect
on excltation of unwanted modes. In this paper we extend
the analysis
of Gluckstern,
Cooper and Channel3 to
the case of recirculation
of a cw beam, and show how
to compute the starting
current for a multi-cavity
Each of the
structure
with several recirculations.
cavities
is assumed to provide a simple Impulse to
the beam proportional
to the transverse
displacement
in that cavity.
Analysis
The difference

for

a Coasting

equations

for

+ gG “r
r-l

v,(n)l,

,. 8 - g kIl
a

sk emim = cos(9

(R/2y) sin W C
- iwr/2Q) - cos wz . (10)

(Xlr task is to solve Eq. (9), including
the recirculation
transport,
for P as a function
of current
Stability
requires
that all modes have
(RI.
ImO > 0 .

(11)

Clearly the starting
current (R) is that
obtained as the current
ImB - 0 is first
increased from 0.

dls-

vp(n+l)

- pn vp(l)

+ r(P + Jg PJG)” - Pn]

+

,, M-l
PG g 1 ur(n,M
k=l

i
r-l

to the nth
a single

where the order of factors
G do not commute.

The notation
addition
P-

(M11

M21

1s mostly

- P up(n,M)
+ (p-r)
that

MO - k) sk ((IK).

of Reference

3.

(1)

cavity on the (p+ljst
into account,

M22

(proportional
to current,
impedance, etc.)

transverse

MO = number of bunches in one recirculation
sin(kwr)

We can obtain
(1) of the form

a steady

recirculations)

state

solution

up(n,M)

E e

where 62 is the mode “frequency”
This leads to

- e

-im,

taking

Eq. (8)

Lvp(N+l).

us to write

- e -imo

[T ~~(1)

+ S “r
Tl
matrix

vr(l)],

(14)

T, including

Once again, we can obtain a general solution
Eq. (14) if T and S are Independent of the pass
number.
Specifically,
one finds

(7)

(16)
to

to Eq.
(1-T)

fQ(M + PM,)

from the

s a L , (P + Jg PGjN - PN, ~ e i6dMo ; .
J

(6)

number of passes (J-l

P and

and where

(5)

-k E
J - total

matrix

we have,

where the 1 pass recirculation
phase shifts,
is
it-M, *
T = LPN % e
T ,
(4)

sk = e

since

(2)
~~+~(l)

A
g - R/Y

pass,

In

is the 2x2 transport
matrix
between cavity impulses

7! vr(l),
r-l

entrance to cavity N+l on the p th pass (N stands for
the total number of cavities
and N+l is the entrance
to a fictitious
cavity)
to the entrance to the 1st

This then allows
)

is important

by L the transport

vp+l(l)
M12

which

(12)

If we denote
up(n+l,M)

for
is

It is possible
to solve Eq. (9) if P and g are
independent of n and y. The solution
is

placement and momentum on the pth traversal
(p-lth
recirculation),
denoted by the two component vector
u ‘(n,M) for the Mth bunch at the entrace
cgvity,
can be generalized
from that for
traversal
to obtain

(9)

where

Beam
transverse

- P[v,(n)

Wy -

J
p
r-l

;r-1

6 Vi(l),

(17)

v,(n),

of this

where

solution.

w - 1 - [J-l
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+ (J-2)

; + (J-3)

G2 + . . . F-2];,

(18)

and where the vectors
VP(l)

x and y are defined

- Gp-’ x + y

,

Vl(1)

by

The stability
+mK-

It is clear that the normal mode solutions
correspond to the solutions
of Eq. (17) with the right
The modes are therefore
side set equal to zero.
determined by the equation
det W - 0,

{l - i1 - (i2

- (;3 + ;3;2

(20)

+ (l-)

(Q(M~ +

(QM1)

+ l **l

~~1)

sin

12 sin (Q(M2 + H3)) +

Stability

(QM2)

l **]

can thus be guaranteed

+

[ld121

7

l

*= < z

. (27)

if

+ ***I

I(T2T1)121

(21)

+<

where the superscript
which the value

sin

y2

+

+ ...I a 0s

sin

[(L1)12

7 _1 [(9>12

+ i2?>

+ &2&

ImO > 0 , then becomes

? $

+ (9T1>12

since the vanishing of det (1 - i) would correspond
The equivalent
of Eq. (20) with
to integral
tune.
varying S and T on each pass can also be written
out
It is
explicitly.
det

condition,

(19)

- x + y.

identifies
the pass number for
,.
,.
of S or T is calculated.

[l(T2>121

+

..*I

+

Equation (27) is in agreement
for single cavity recirculation.

Each of the matrix elements in Eq. (20) or (21)
is expected, because of Eq. (16), to be a polynomial
in the beam current (g or R) of order N. Thus, Eq.
(20) or (21) is expected to be an algebraic
equation
of order 2N, barring cancellations,
for R in terms
of Q. Since the onset of instability
occurs when
both Q and R are real, the starting
current will be
the root with the smallest real value of R for real
of the
62. If one resorts to numerical determination
roots, one needs to sweep over real values of Q
until
one finds roots for which R is real.

Qne Cavity

with

Storage

l

with

**

<

Ring (N-l,

(28)

.

Vetter’s

result2

J+-)

In this case we take S and T to
write S - gTG. In the limit J + -,
is finite
and therefore
g + 0. This
write Eq. (17) as
-iQM,
- T
det [(l - $1 w] + det /e
whose solution

g

be constant and
the product gJ
permits us to
- gJn;]

- 0 (29)

is

Simple Cases
.

cos(QMo) - co8 c\ - g T

Before exploring
methods for computation in the
most general case, we will consider cases with one
or two cavities
and several recirculations.
One Cavity

(JRS/4y)
- cos(Q - lwd2Q)
using

case, Eq. (16) leads

to

- ewimj

- gj?G,

the Courant
2

?

LjPj

,

?

(22)

(30)

cos 1 - Tll

Two Cavities,
11 - gj ? 12 ’ ii2

- 0 , ii1

- gj22

, ij2

- 0,

+ T22

Two Passes (N-2,

The complexity quickly
For two or
more cavities.
polynomial equation in R is
the equation
Specifically,

- cos cln _

+ K,

,

of T,

T12 - B sin

n.

(31)

on coupled

J-2)

(23)

from Eqs. (10) and (21)
cos (62 - iw2/2Q)
sin W C

Snyder representation

Equation (29) agrees with earlier
results
bunch modes in circular
accelerators.4’5

where we now permit MO, L, P and g to be different
for each pass.
Since

we find

sin wt
- cos WT

(N-l)

In this

2

sin p

(24)

COB (Q - iwr/2Q)
R co8 wz

escalates
for two or
more passes, the
of order N.
for two cavities
is
- cos (r~ a 5

(32)

2

where
with

-2-1
*3-2*1
+ (T T )12 + (T T T )12 + . . . 3

+$
+$

[G2112
[(;3)12

K-e

+ (T3T2)12+ . ..I
+ . ..I + . ..*

-ii+

+-I

_ he-2iG !k&h + 4e-iG

(25)

yAyB
For RlKl << 1 one can write
for Eq. (24) as
Q - 2mxf

(wr -y)

an approximate
+s.

solution

where Q, - b)M, is
tion, and where
port matrix from
designations
are

(26)
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‘CB
-y’1,+

‘BA

PDB 2

pDc
yc)

YB
]"2,(33>

the phase shift
in one recirculapBa is the 12 element of the transcavity a to cavity S. The cavity
A and B on the first
pass, and C

stability

Once again,

and D on the second pass.
be guaranteed if
IImKI

can

Cg.

Simulations
In a separate paper at this conferences
Bisognano and Krafft
report on numerical simulations
for the CEBAF design.
Specifically
they solve Eq.
(1) numerically
and look for solutions
which grow
with increasing
M. The maximum value of current for
which the displacement
remains bounded is the
starting
current for the instabllity.

(34)

Since the precise deflecting
mode frequency Is not
known, and since MO is usually a large number, one
needs to choose the value
If

of 4 which maximizes

one assumes that

the term in yil
1h(K) I.
dominates in Eq. (33), this suggests choosing parameters such that pcA = 0. However, the optimum
choice of parameters will depend on the values
all the parameters in Eq. (33).

In order to obtain more accurate results,
and
to explore the dependence of the starting
current on
the many adjustable
transport
parameters,
the method
described in the preceding section is now being
implemented.

of

For J > 2, the order of the equation for R is
Obviously
still
N, but with many new parameters.
some systematic approach is necessary for a
situation
like that at CEBAF6 where N-400, J-4.

General

Summary
The analysis
of Gluckstern,
Cooper and Channel1
has been extended to a multi-cavity
recirculating
linac with J passes, and an equation derived for Q,
the "frequency"
of the "modes" of beam bunch
The results
obtained for 1 cavity
oscillation.
Numerical
agree with those previously
obtained.2
work applicable
to CEBAF is under way.s

Approach

If we consider the vector w(n) to have 25
components, each pair of which is v,(n) for p - 1.2,
** J, Eq. (9) can be written
as
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Table 1.

Introduction
The electron
linear
accelerator
at EGbG/EM, Santa
Barbara Operations,
installed
in 1963, has been subsequently modified
to produce short,
intense beam pulses
used in the test,
calibration
and development of many
types of fast radiation
detectors
and systems.
The
first
practical
use of the single RF pulse operation,
now used in many accelerators,
was demonstrated on this
accelerator
in the late 60s.’
replace
modification,
to
A major
three-year
obsolete equipment and bring all the subsystems up to
the current
state of the art,
has increased
the beam
intensity,
stability
and reliability.
We designed, constructed
and tested components and
subsystems off-line,
and installed
them on the lfnac
This approach
with minimum downtime on the facility.
permitted
experiments
to continue
with minimum interruption,
one of the primary objectives.

Performance

characteristics.

Electron energy
Peak beam current
Long (l-4.5
ps) pulse
Short (5-50 ns) pulse
Ultra-short
(50 ps) pulse
Repetition
rate (max), long pulse
Repetition
rate (max), short pulse
Beam diameter (min)
Electron charge (max) (per 50 ps pulse)
Charge density (max) (50 ps pulse)
Electron

l-32

MeV

0.5 A
2.0 A
500 A
200 Hz
400 Hz
2 mm
25 nC
500 nC/cm2

Gun

We had previously
been using the ARC0 Model 12
electron
gun, a gridded 20 cm* concave cathode and grid
at
gun, capable of more than 30 A peak beam current
120 kV. However, we and several other users have found
that this gun had a large emittance,
due to nonuniform
grid-cathode
space and the grid
lens effect
from a
rather coarse grid, especially
at grid-cathode
voltages
lower than the design value.

The block diagram of major subsystems is shown in
Figure 1, and the accelerator,
as it is now configured,
The performance
is shown in plan view in Figure 2.
characteristics
are given in Table 1, in which the
major improvement is the higher
peak beam current,
approximately
10 times the intensity
attainable
before
the start
of the project.

Stanford Linear Accelerator
Center (SLAC) has developed a gun with a demountable grid-cathode
assembly for
Their gun uses a flat,
2 cm*
their
SLC program. *
cathode and a fine-mesh,
closely-spaced
grid, which has
proven to be reliable
and having good emittance.
We
designed a similar
gun, Figure 3, differing
from then
Item Number Key, Figures

1 and 2.

1. Injector
2. Lens
3. Solenoids

4.
6.
6.
7.
0.
9.

Subharmonic
Buncher
Fundamental
Buncher
Tapered
Buncher
Low Energy Waveguide
High Energy naveguide
Ouadrupole

10. Dipole

Figure

1.

Linear

accelerator

block

2.

Beam Exit
Ports
Power Amplifier
RF Amplifier
Oscillator
Master
Modulator
- Power
Klystron

10.
19.
20.

Power Divider
Phase Shifter
Dummy Load

Supply

17. Isolator

diagram.

Figure

11.
12.
13.
14.
15.
16.

Major beam line

components.

*This work was performed under the auspices of the U. S. Department of Energy under Contract
No. DE-ACOB83NV10282. NOTE: By acceptance of this article,
the publisher
and/or recipient
acknowledges the U. S. Government’s right to retain a nonexclusive
royalty-free
license in and to any copyright
covering this paper.
Reference to a company or product name does not imply approval or recommendation of the product by the U. S.
Department of Energy to the exclusion of others that may be suitable.
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The beam from the subharmonic bunchers is further
bunched in a lo-cavity,
1.3+X2,
travelling
wave buncher and a tapered phase velocity
buncher, both driven by
These
adjustable
power dividers
from the klystrons.
bunchers were unchanged from the previous operation.

1. CATHODEASSY
3. ANODE
2. FOCUSELECTRODE4. CERAMICBODY

&celeratfng

Syeta

The L-Band accelerator
operates at a frequency of
1.3005 GHz, and has a 0.65-m tapered phase velocity
accelerating
section,
a short (0.85 m) constant gradient section,
and a long (2.5 m) constant
attenuation
section,
relocated
to optimize
the focusing
field.
They operate in the travelling-wave,
2x13 mode with
matched input and output couplers
and external
dummy
loads.
Table 2 gives the acceleration
parameters A, B;
which are constants
of the simplified
beam loading
equation,
Figure

3.

V-Av-Bi

KM gun layout.
where:

SLAC gun only in the mechanical design; which makes it
In our applicainterchangeable
with the Model 12 gun.
tion, we inject
up to 15 A peak current at 120 kV, with
pulse length of 3 ns or less.
The beam quality
has
definitely
improved as a result
of the gun change and
the performance of this gun has been reliable,
following a significant
improvement in the vacuum in the gun
region.
Solenoid

Pocuaing

V - electron
energy gain (MeV)
P - peak power (MW)
I - peak beam current (A).
Table

2.

Acceleration

Tapered buncher
Low energy waveguide
High energy waveguide

System

Relatively
small original
solenoid coils wound on
the accelerating
guides had made it impossible to maintain a continuous
field
over the entire
accelerator,
due to the physical
space required
for the RF couplers
and supports.
Computer programs were written
to calculate the fields
and the electron
trajectories
from the
injector
gun to the accelerator
output,
allowing
us to
design an improved focusing system.
Additional
largediameter tape-wound solenoids
were installed
along the
accelerator,
such that a continuous
field
of about
500 gauss could be maintained for the entire accelerating length.
A pair of Glaser lenses were installed
immediately
after
the gun, to match the beam into the
solenoid field.

parameters.
--A
0.95
2.80
6.50

B
0.5
1.9
14.0

BF Systa

Although the fields
were adjustable
to the values
calculated
for Brillouin
flow and to satisfy
the trajectory
calculations,
the actual
performance
of the
accelerator
was not optimized by these conditions.
We
now attribute
this to the radial RF fields,
especially
near the input couplers of the tapered buncher and the
low energy waveguide, which have not yet been included
in the computer trajectory
calculation.
Subharmonic Bunchera
A major objective
of the upgrade modifications
was
to increase
the charge in a single
RF pulse of the
accelerated
beam to 25 nC or more.
tions3,4, 5 have
shown that
this
F?
bceBg:c”lbB;
achieved by using a set of several subharmonic cavities
to velocity-modulate
the charge from the gun into a
Furthermore,
the
small fraction
of a single RF cycle.
power and the relative
RF phase for each cavity need to
be individually
adjusted for optimum bunching.
We have
chosen to use two 12th (108 MHz) and one existing
6th
(216 MHa)6 subharmonic cavities.
The new cavities
are
completely evacuated.
The low Q thus obtained has made
them insensitive
to beam excitation,
and we have not
experienced any problem with multipactor
or breakdown.
Their resonant frequency is temperature-sensitive
however, so we have added slug tuners that are remotely
adjustable
by the operator.
Individual
amplifiers,
adjustable
in power and phase, were procured to supply
the buncher power.
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The three accelerating
sections are driven by two
lo-MW, 15-kW klystrons,
which were not replaced.
We
have been using a power divider
to deliver
the desired
proportion
of RF power from one of the klystrons
to the
two short sections,
and the other klystron
supplies the
long section.
We are modifying
this system to combine
the power from both klystrons
and controllably
redivide
it among the three accelerating
sections to improve the
operational
flexibility.
The klystrons
are driven from
a driver amplifier,
replaced to improve stability,
and
a master oscillator.
Klyetroa

Modulators

and Rwer

Supplies

The pulse shape and stability
of the klystron
cathode pulse had been limiting
the energy spectra and
stability,
so we replaced
the modulators
and their
power supplies
with new units.
They are still
pulse
forming
networks,
discharged
through
a pulse transformer by a thyratron,
but the charging
voltages
are
The PFNs
regulated
by a series triode regulator
tube.
and pulse transformers
are operated at a higher voltage
Both the
and higher impedance than the previous units.
power supply and the modulator are enclosed in an oilfilled
steel
tank,
which reduces the radiated
noise
considerably.
These units have been in operation
for
more than a year and the improved stability
and reliability
has improved the linac operation
significantly.
bntrol

System

The accelerator
parameters
are controlled
by 85
separate control
signals and the resulting
conditions
are monitored by approximately
250 monitors.
We have
replaced
the previously
used manual controls
by a
computer-based
system, in which the CAMACmodules form
an interface
between the computer and the equipment, as
shown in Figure 4.
The operator
console consists
of
four color
video monitors,
two of which have touch

90” bend from the accelerator
beam line (Figure l), was
installed
on the accelerator
in April
1986, and has
shown the expected improvement in beam transmission,
especially
at energies of about 5 MeV, where the space
charge spreading caused the beam dimensions to exceed
the aperture
of the old system.
The new system consists of 4 identical
sectors,
each a quad, bend, quad
for a total phase advance of 2n. This design makes the
beam handling
system “transparent,”
reproducing
the
input beam parameters at the output
port.
‘Ihen, by
using the quadrupole triplets
at the input and output,
the beam can be controlled
over the desired range of
spot size and shape.
The beam can also be transported
to the 0” port, which also has quadrupole focusing,
and
to the right 30’ analyzer port when desired.

EldMENT

TERMINALS

Figure

4.

Control

system block

Vacuu

diagram.

We had been using seven 50 n/s ion punps to maintain the linac vacuum in the 200 nTorr range.
However,
since the KM gun has a smaller cathode area than the
Model 12 gun and higher current density is required,
we
found that
the gun emission
and life
was severely
limited.
We replaced
several
pumps and their
power
supplies
and added a Cryopunp near the injector
gun
flange.
These changes, with more care to eliminate
all
organic
material,
has improved the vacuun to less than
20 nTorr everywhere and less than 10 nTorr in the
Injector.
The improvement in the gun performance was
dramatic,
and the gun life
has been extended to more
than a year, compared to a fev months.

screens which allow
on-off
control
and the control
selection.
The operator controls
the system using four
joysticks,
which can be assigned to any of the controlled
devices using the touch screens.
The screen
displays
are divided
into a rectangular
aet of 48 or
more cells,
each of which contains control
and monitor
information
for a particular
device,
such as a magnet
power supply
or an RF power divider.
Each cell
contains the value of the set point and the actual read
value.
Once a set of linac parameters has been adjusted
to obtain a particular
beam condition,
it can be saved
to be recalled
later,
considerably
reducing the tedious
“tweaking” of the individual
controls.

lea

lbnftors

Raf l rencea

assigned approunits,
indicated
of the affected
OK, yellow indithe DANGERlimit
can also be used

1. R. K. Iianst and N. .I. Norris,
Linac Picosecond Operation,”
(June 1965).

One of the monitors is convertible
to other displays by using a menu, selectable
from the operator’s
console.
The menu items allow the operator
to change
the values
in any of the assignment
or conversion
tables,
call
up other display
programs,
or use the
computer in its normal computational
mode. The control
system operates in semiautomatic
mode, similar
to the
manual system it replaced.
We have not yet tried
to
develop any “models ,” such as using TRANSPORTor other
programs to automatically
adjust many parameters to a
specific
beam condition,
but we can incorporate
such
programs in the future,
if desired.
Baecn Eandling

Current

Fast, nonintercepting
beam monitors were designed
15 years ago7 and have been used with good results.
aperture and a long
However, that design had a limited
insertion
length,
which prevented its use at intermediate points in the accelerator
and beam line.
A new
monitor has been designed and installed
which has an
aperture
of 2.7 cm end an insertion
length of 10 cm.
Although it is not as fast as the previous design, it
is adequate for measuring and optimizing
the single RF
beam pulse and will be used in several locations.

The control
system uses a set of tables which are
continually
updated from the data source.
Raw values
tables store the information
in digital
form, as read
by the CAMAC modules.
Engineering
values tables are
maintained
by using conversion
tables
to convert
the
raw values to appropriate
engineering
units.
These
engineering
values tables
are used in the operator
interface
to give Information
to the display
and to
generate the control data.
Each channel of each device is
priate two-level
limits
in engineering
to the operator
by changes in color
cell on the display.
Green indicates
cates CAUTION, and red indicates
that
has been exceeded.
Audible signals
for special devices.

System

System

Experimenters
often require
the beam to be transported to an analyzed port , so that the energy and the
energy spread of the beam reaching
the experiment
is
known. We have used an achromatic 90’ port consisting
of two 45” magnets and a quadrupole,
but we found that
the small vertical
aperture of the vacuum envelope was
llmi ting
the peak current
transmitted
through
the
system.
A new beam handling system, which also gives a
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ACCELERATIONOF ELECTRONSBY THE WAKE FIELD OF PROTONBUNCHESt
Argonne National

Alessandro G. Ruggiero
Laboratory,
Argonne,

In this paper we re-present
and discuss more
details
of a novel idea to accelerate
low-intensity
bunches of electrons
(or positrons)
by the wake field
of intense proton bunches travelling
along the axis of
Accelerating
gradients
in
a cylindrical
rf structure.
excess of 100 MeV/m and large “transformer
ratios”,
which allow for acceleration
of electrons
to energies
A possible
in the TeV range, are calculated.
application
of the method is an elect
‘p”
The
linear collider
with luminosity
of 10 w;p
relatively
low cost and power consumption of the
method is emphasized.

conventional

A crucial
parameter in the design of the linear
collider
is the power in the beam to be accelerated,
given by the number of particles
per bunch, the final
It is important
to
energy and the repetition
rate.
keep this number reasonably small, possibly around few
MWatts, which corresponds to the example given in
are
Table 1. In fact new methods of acceleration
expected to have relatively
low efficiency,
and the
total power required depends on the acceleration
efficiency.
This fact is so important and overriding
that it is the main reason why large luminosities
have
been proposed with very small beam dimensions.
In order for the linear collider
to become a
practical
reality
in the near future,
two major
considerations
are to be taken into account: cost and
power efficiency.
They will eventually
provide the
For instance an
selection
for
the method to be used.
efficiency
of 0.1 % is already too low because it
could easily correspond to a total power level of few
GWatts.

linear

60439
accelerators.

In the past we have proposed a similar
concept3p4
which we wish to expand in this paper, and to correct
It has been
few misunderstandings
at that time.
suggested that it is possible
to use the same rf
structure
for both the driver beam and the beam
Sf
particles
to be accelerated
(Beam Transformers),
rather then have them travel in separated devices.
We
concur with this approach, but in our case the primary
beam is made of protons,
for reasons explained
We have called the device: the WAKEATRON.
below.

Introduction
Recently a considerable
amount of attention
has
design of a linear
been given to the conceptual
collider
for electrons
and positr ns in2the p
energy range and luminosity
of 10 33 cm set . A
list of possible parameters for the collider
is given
in Table 1. It is obvious that the large luminosity
can be obtained mainly because of the assumed beam
These dimensions
dimensions at the collision
point.
are considerably
smaller than those obtained with
present technology.

Illinois

THS4S

The UAKEATRON
The WAKEATRONis intended
yp;yn;

~~pg!~r~~Q

to be a linear

,u;t;,zr;;

;rb;,T;y

collider
apt

and positrons
are accelerated
this device, electrons
on the wake field
of intense and relatively
long
All the beam bunches involved travel
proton bunches.
along the axis of an rf structure
as shown in Fig. 1.
The rf structure
is made of a sequence of cavities
having a gap g, the outer radius b and the inner
the region where the beams travel,
equal to a.
radius,
A possible
lay-out of the WAKEATRONis given in
Fig. 2. It is made of two parts which are identical
to each other but arranged symmetrically
around the
crossing point where the two beams collide.
One part
is to accelerate
electrons
and the other positrons.
Each part is made of a proton source which generates
tight bunches in a conventional
way. There is an
electron
beam source at one side and a positron
beam
The acceleration
of electrons
source at the other.
and positrons
takes place In the two sections of the
WAKEATRONitself
which are identical
to each other.
One proton bunch is extracted
from each side and
injected
into its respective
sections of rf structure
immediately followed by either an electron
or a
positron
bunch. This will occur at some repetition
rate at which all sources are to be adjusted to.

Linear accelerating
structures
msde of a sequence
of metallic
rf cavities
are certainly
among the most
promising candidates,
since they can support
accelerating
field
gradients
in excess of 100 MeV/m.
The major problem with these devices is that they have
to be operated in the very high frequency range, 30
GHs or more, and it is not easy to find adequate,
efficient
power sources.

With reference
to Fig.1,
the driver bunch, made
so that each proton
of pro tons, creates a wake field
This
will lose an amount U of energy per unit length.
Loss is a function
of the location
of the proton
Because protons have a heavier mass
within
the bunch.
and because they lose different
amount
than electrons,
of energy, they move with respect to each other in a
process we have called “mixing”.
Therefore
if the
mixing frequency is large en_ough, one is justified
to
take an average energy loss U per unit length, which
is the same for all particles.
This average value
depends on the rms length of the bunch (o) and on the
geometry of the rf cavities
(a,b and g).

Several ideas have recently
been discussed, which
involve the use of one or more beams of electrons,
tightly
bunched, at low energy and high intensity.
These beams provide energy to an rf structure
which is
then used to power the main accelerating
linear system
or
where the principal
bunches of e ther electrons
positrons
are to be accelerated. f It is also possible
to stimulate
radiation
from the beam travelling
at
-through wiggler magnets, and to use the radiation
the proper f equency to power the main linear
1 In a way, all these methods are
accelerator.
reminiscent
of the conventional
Klystrons;
the power
of a low-energy,
high-intensity
electron
beam is
converted in electro-magnetic
power at higher
frequency to energize sections of otherwise

The wake field behind the proton bunch has an
oscillatory
behaviour with positive
and negative
maxima. Very short bunches of electrons
or positrons
can be located to correspond vi th the accelerating
peaks, where we can define an accelerating
g_radient
This is larger than the average loss U per
Umax.
particle
in the driver bunch.- The “Transformer
Ratio”
is def fned as the ratio Umax/U. This ratio can be
made larger than6 the factor of two suggested by an
earlier
theorem,
by providing
driver bunches with a
length comparable to the outer dimension of the rf
and by requiring
particles
in the driver
cavities,
This justifies
and
bunch to “mix” WI th each other.
explains our suggestion
to use protons as the driving
particles.
.

Table 2 gives a list of parameters for a desired
source of intense,
short proton bunches at high
repetition
rate.
These parameters are rather close to
those of hadron facilities
(LAMPF II, TRIUMF II, AGS
II, European Hadron Facility,...)
that have been
investigated
and found to be feasible.

-k202/2
U

UlaX

0

e

0

(8)

which we assume to correspond
test particle.
Also

We can assume that protons can be decelerated
from an initial
value of 100 GeV down to 10 GeV,
before they are disposed of.
Thus each proton will
lose an average total of 90 GeV. If the transformer
ratio were 11, electrons
and positrons
can be
accelerated
to about 1 TeV.
Calculation

-NW

and the transformer
r-U

of the Wake Fields

ratio

is

k 202/2
max/ii = 2e O

In the approximation
of long bunches, it is then
possible
to obtain large transformer
ratios.
Of course
the larger is the ratio the lower is the accelerating
gradient,
and one is forced to a compromise.

point charge, travellfng
along the axis of the
rf structure
shown in Fig. 1, excites an infinite
sequence of longitudinal
modes, the n-th of which
described by the wave number kn and the amplitude
following
at a distance s
wn’ A test particle
receives an acceleration
rate, that is an amount of
energy gained per unit length,
given by the wake
function

We can estimate the wake amplitude w. and wave
number k. for the fundamental resonating
mode of the
cavities
shown in Fig. 1. In the case a,g << b, we
have

w(z) = 6 wn cos(knz)

(11)

If we take a bunch of finite
length with N
particles
and linear density f(z),
then the
acceleration
rate for a test particle
at a distance
from the center of the bunch is
f(z’)

cos kn(z’-s)

For a gaussian distribution
with
particle
following
at a distance

k. I k
2.61b

(12)

our equations with several runs
We ha e tested
with TBCI, v and we have indeed found agreement between
the code results and our single mode approximation
model. It seems the model breaks down for
a/b < 0.5.

(2)

dz’

rms length
s >> o

s

o and a

Mixing

-k;02 12
U(z) = N i wne

cos (k,z)

(3)

The energy gain or loss depends on the particle
position
within
the bunch.
Particles
will acquire
different
momenta and, because of their heavy mass,
will exchange position
with respect to each other.
We
have called this: “mixing”.
A high rate of mixing is
required so that in average, that is over a “mixing
period”,
all the particles
lose the same amount of
energy.
It is because of this effect
that large
as calculated
before,can
be
transformer
ratios,
justified.

We can also calculate
the average energy loss c
per particle
in the driver bunch, that is the average
of U(z) given by eq. (2) over the distribution
function
f(s).
We have

(4)
The transformer

ratio

is then

If the bunch length is comparable to the
wavelength of the mode excited,
there will be
locations
within
the bunch that are “fixed”,
that is
It is
they correspond to sero energy gain or loss.
possible
to calculate
the motion of the particles
in
the proximity
of the fixed points,
and calculate
the
mixing angular frequency Cl in the limit of small
displacements.
This is given by

-k2n02/2
cos (k,z)

d wne

r*2

(5)

-k 2~2
i Gne n
which is a function
of the location
of the test
particle.
In the limit of
zero bunch length
r=

I: w cos (k,z)
2 n n
Ti” n

It is not possible
in excess of 2.

this

ratio

Y2E
where f(i)
is the linear density at the location
i of
For a gaussian distribution
with
the fixed point.
centre at z - 0
2
2
f(z) = eq (‘2 /20 )
(14)

to reach value

In the limit of long bunches, which is the case
we are interested
here, it is possible
to retain only
the lowest mode in the summations at the r.h. side of
eq.s (3 and 4).
In this case we have

r/2n

of which

Nvo

e

cos(koz)

the maximum value

a

We expect the shape of the driver bunch to change
during the deceleration.
Its average energy E, which
appears also in the expression
(13) for the mixing
Therefore
the
frequency,
will continuously
decrease.
ratio and the rate of
mixing rate, the transformer
energy loss and gain will also vary.
We have verified
this with computer codes that simulate both the driver

-kio2/2
U(z) =

(13)

O-CEZ

(6)

then for

of the

(9)

A

U(Z) = NE wn ,;

to the location

(7)

is
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as well as the test beam motion.
To compensate for
to
the changing bunch shapes, it may be possible
restore the initial
rates by modifying
the dimensions
of the following
rf cavities
accordingly.
A Conceptual

Design

To achieve large acceleration
gradients,
one
wants cavities
with small outer radius b, as one can
see from Eq. (11).
We propose the following
dimensions:
a
b

*
=

lmm
4 mm
2 mm

-

If we take 3 x 1,“11 *protons in a bunch as proposed in
Table 2, then the maximum accelerating
gradient
is
NwO

- 432

MeVIm

For
large transformer
ratios one has to adjust
the bunch length accordingly.
A list
of possible
combinations
is given in Table 3. The bunch length is
usually small and this, because of the large number of
particles
involved,
is a matter of concern.
For
instance a transformer
ratio of 10 which would allcu a
final
electron
beam energy close to 1 TeV, requires
0 = 3 mm.

We report in Table 2 the performance of @JO
proton sources.
The first
is the one we require for
the WAKEATRONdriver,
and the second is the proposed
European Hadron Facility
(EHF). It is possible
to
start from the latter
to which then one adds an extra
ring to accelerate
protons from 30 to 100 GeV. A
possible way to shorten the bunches is to adjust the
transition
energy of the last ring to about the beam
energy at extraction.
The power efficiency
of the proton source is the
ratio of the final,
average power in the proton beam
to the total power required
to operate the facility.
This efficiency
is already about 10 X, a relatively
large figure,
for the EHF and we expect an even larger
number for the WAKEATRONdriver.
This is an
interesting
and useful feature:
the larger the proton
beam current
the more efficient
is the source.
Indeed, one can reach a situation
where most of the
power involved is in the beam and in the rf system
that provides acceleration,
usually in a one-to-one
ratio.
The power of the magnet system does not depend
on the beam current and will become only a relatively
small fraction
of the total.
The cost of the source can also be estimated.
It
is relatively
modest compared to larger entefprises
like,
for instance,
the SSC, the 20 x 20 TEV protonproton super collider.
Table 3 summerizes our results,
based on the
single mode approxims tion.
For a given transformer
ratio,
we have estimated the required rms bunch
length,
the maximum accelerating
gradient Urnax and the
average loss rate U per particle
in the driver
bunch.
Assuming that protons are decelerated
from 100
down to 10 GeV, we have also calculated
the total
energy gain AEf al for beams of electrons
and
positrons
as vefn the distance L that all the beams
have to travel,
which then gives roughly the length of
the WAKEATRON. We show the average power P of the
es in a
electron
(positron)
beam for 5 x LO9 p rtic
f
bunch at the repetition
rate of 5 x 10 tt bunches
per
second as shown in Table 1. The energy transfer
efficiency
from one beam to the other is given by the
;:,‘:;nPs,,zg,
where Pp is the average power in the
which we have taken to be 24 MW, as also

shown in Table 2. The transfer
efficiency
is quite
large and useful.
This can be thought as the
equivalent
of the conventional
klystron
efficiency,
and it is actually
the energy recovery efficiency
of
the pro ton beam. The overall
efficiency
is obtained
by multiplying
the transfer
efficiency
with the
efficiency
to operate the proton source, which, as
also shown in Table 2, we assume to be 24 X. The
overall
efficiency
is given on the last column of
Table 3. For a transformer
ratio of 11, it is an
interesting
and useful 4 X.
We have chosen the energy of the proton beam
large enough so that it is possible
to accelerate
electrons
to 1 TeV with a low transformer
ratio of lo12. Also we expect that the length of the proton
bunches decreases with the energy, and one requires
short bunches, as we have seen. On the other hand,
the mixing frequency decreases with the beam energy;
and if one wants to take advantage of the mixing
We have
process, then he is forced to a compromise.
calculated
the mixing period T at the initial
energy
of 100 GeV for an rms bunch length of 3 m m and the
parameters described above. We have found a reasonable
3 psec, which corresponds to a travel length of about
1 km. Preliminary
results
of computer simulations
of
the particle
motion show that indeed this mixing
period is adequate.
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Abstract
experimental
This
paper .discusses
a
novel
approach
to test
the laser
plasma beatwave accelerator
concept.
In this
approach,
the three main elements
of
the beatwave
concept
discussed
above (i.e.,
the plasma
electron
plasma
wave
and
the
injection
source,
electron
source)
are all
driven
by a single,
short
This
pulse
Cop laser
operating
at two frequencies.
greatly
reduces the complexities
of such an experiment
reducing
the
generally
difficult
problem
of
by
synchronization
of a short
laser
pulse,
a rapidly
varying
plasma density
and a short
burst
of injection
electrons,
to a simple
problem of setting
up appropriate optical
delays
between
the
various
laser
beams
Nevertheless,
this
emanating
from a single
laser.
approach
gives
us a great
deal
of flexibility
to
conduct
a wide range of experiments
necessary
to study
the generation
and dynamics of the beat plasma wave as
well
as the important
problem
of wave-particle
interaction
in a high phase-velocity
electron
plasma wave.
Indeed
as we point
out later,
a simple
extension
of
our present
approach
may well
have important
implications
for a configuration
which would be appropriate
for the test
of a rmltistage
beatwave
concept
as well.

We report
the first
experimental
observations
of
acceleration
of injected
electrons
-in a laser
driven
plasma beatwave.
The plasma waves were excited
in an
ionized
gas jet,
using
a short
pulse
high
intensity
CO: laser
with
two collinearly
propagating
beams (at
A = 9.6
em and 10.6
um) to
excite
a fast
wave
The source
of electrons
was a laser
(VP = c).
plasma produced
on an aluminum slab target
by a third,
synchronized
CO2 laser
beam.
A double-focusing
dipole
magnet was used to energy
select
and inject
electrons
into
the beatwave,
and a second magnetic
spectrograph
was
used
to
analyze
the
accelerated
electrons.
Electron
acceleration
was only
observed
when the
appropriate
resonant
plasma
density
was
produced
(= ID"
cme3),
the two laser
lines
were incident
on
the
plasma,
and electrons
were
injected
into
this
plasma from an external
source.
Introduction
The laser
plasma beatwave
accelerator
was first
discussed
by Tajima
and Dawson, in thy context
of an
ultra-high
energy particle
accelerator
. The physical
mechanism underlying
this
scheme is ths optical
mixing
of laser
light
in an underdense
plasma , which excites
an electron
plasma
wave as a result
of the
beat
pondermotive
force.
The potential
troughs
associated
with the longitudinal
plasma wave can trap sufficiently
energetic
electrons
injected
from
an external
source
and accelerate
them to relativistic
energies.
Theoretically
at
least,
accelerating
gradients
of
order
Jne
V/cm
seem possible,
where
ne is
the
plasma density
in units
of cmm3.

Laser

**

and Results

Facility

The experiments
were performed
with
a high intensity
CO2 laser
system shown schematically
in Fig.
1.
This
can
be
operated
in
a
single
frequency
system
[lo
P(2O)l
or dual
frequency
[9 P(20),
10 P(I6)'J
In the single
frequency
operation,
the lase{
mode.
chain
amplifies
the
10 P(20)
line
at
944.2
cm'
(A = 10.6
~a) to produce
a 1.0 ns FWHM pulse
conFor the dual wavelength
taining
75 Joules
maximum.
experiments,
the laser
chail
was used to amplify
the
9 P(20)
line
at 1046.8
cm'
(X = 9.55
un) and the
10 P(16) line
at 947.74
cm-' (X = 10.55
in) to yield
30 Joules
maximum in each of the
two wavelengths.
Since these
lines
have similar
small
signal
gains,
a
good control
of the relative
energy
at each frequency
The use of reflective
focusing
could
be maintained.
optics
and parallel
windows all along the laser
chain
ensures
good
beam collinearity
for
the
two waveThe P- polarized
light
beam (main beam in
lengths.
Fig.
1) was focused
at near normal
incidence
by an,
f/6,
60 cm focal
length
parabola.
At best focus,
50%
of the energy was contained
within
a 120 un diameter
Only those shots for which the synchronifocal
spot.
zation
between the pulses
at each frequency
was better
were
than 100 ps as measured on a 1 GHz oscilloscope,
retained
for analysis.

A study of the plasma beatwave
concept
involves
a
study
of three
basic
problems:
that
of producing
a
source of underdense
plasma of an appropriate
size and
density;
that
of generating
a plasma wave with
laser
beams and understanding
the mechanisms
of amplitude
growth,
saturation
and decay of this
wave, as well
as
its
effect
in
modifying
the
plasma
density;
and
finally
that
of
injecting
electrons
into
such
a
system,
trapping
the electrons
and accelerating
them
to relativistic
energy.
The first
of these
problems
has been investigated
extensively
over the past two
decades
in the
field
of
plasma
physics.
Plasma
sources
suitable
for a study
of the beatwave
concept
are arc discharge
plasmas,
exploding
submicron
foils,
pinch
discharges
(both
'Z'
and '0'
pinches)
and gas
Th second problem has been studied
both
jet plasmas.
;;ar",:;al;:,'di',':l
gnd
in
computer
simulations
in
* .
There
have also
been
recent
experiments
to identify
and establish
the existence
of
large
amplitude
plasma wav%s as a result
of the optical mixing
of laser
light
.
The problem
of particle
trapping
and acceleration
has also bfec studied
quite
extensively
in computer
simulations
* over the past
two
decades,
since
wave-particle
interaction
is
a
problem
of general
interest
in plasma physics.
However there
have not been direct
experimental
studies
to verify
important
aspects
of the theoretical
predictions.

*

Experiments

--

Plasma

Source

When two travelling
electromagnetic
waves,
(wg,
k,)
at 9.6 um and (~1, kl)
at 10.6 wn, are injected
into
an underdense
plasma,
the beat of the two wavc;s
gives
rise to a non-linear
pondermotive
force
V CE >
which
excites
plasma
oscillations
at the
frequency
satisfy
the
usual
which
wavenumber
kp
and
conditions
matching
wavenumber
?equency
and
For
the
two wave= %-WI
and kp = k,-kl.
l?&gths
used in these experiments
this
[ysonance
condition
occurs
at a plasma density
of 10
cmw3 giving

Atomic Energy of Canada Limited
Chalk River Nuclear
Laboratories
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Ontario,
Canada KDJ 1JD
Now at Los Alamos National
Laboratory
Los Alamos, New Mexico,
USA 87545
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The
frequency
( )
and
wavenumber
(2ks+kp).
9.6
inn radia 2. ion
can now either
Raman scatter
or
Thomson scatter
off
this
plasma wave to produce
the
backscattered
radiation
at 8.7 mm. Although
this
is
in that
the forward
propagating
an indirect
process,
plasma
wave is driven
by the two laser
byproducts
(beat
plasma wave and ion acoustic
wave) we believe
the backscattered
signal
provides
a relative
measure
of the amplitude
of the beat plasma wave.
Figure
5 shows the amplitude
of the backscattered
8.7
mn radiation
normalized
to
the
backscattered
9.6 em signal
as a function
of the initipi
gas Jilting
W/cm . The
pressure
for a laser
intensity
of 2 x 10
curve
is rather
broad,
with
a peak in the pressure
range 0.4-0.5
Torr which is consistent
with the interferometry
measurements
which
show an average
density
The rather
of 1 x 10"
cmm3 in this
pressure
range.
broad nature
of the curve
is due to the dynamics
of
the ionization
process,
which has been modeled theoretically.
Essentially,
at low filling
pressures,
the
resonant
density
is reached
late
in the laser
pulse,
where the low laser
intensity
cannot
drive
the beat
plasma wave to a large
amplitude
(resulting
in low
backscatter).
At high
filling
pressures,
the rapid
ionization
means that the electron
density
crosses
the
resonance
point
at a rate too fast
to allow
the beat
plasma
wave to
grow
to
a large
amplitude
(again
resulting
in low levels
of backscatter).
The pressure
range in between these two limits
is rather
broad as
indicated
by the sideband
measurements.

pinch
discharge,
we have used the much simpler
technique
of laser
breakdbwn
of a low pressure
gas, as
this
technique
has several
desirable
features.
Since
breakdown
of
the
aas is limited
to
a high
laser
intensity
region
in-the
focal
volume,
where the beat
plasma wave is excited
as well,
it is not necessary
to
transport
the laser
beam through
a significant
region
The initial
gas filling
pressure
and
of the plasma.
the laser
intensity
are adjusted
so that
the resonant
density
is reached
near the peak of the laser
pulse,
in order to obtain
the maximum saturated
amplitude
of
the plasma wave in a time scale
short
enough to avoid
.
the deleterious
effects
due to the-ion
motion.
The plasma density
and the density
profile
were
measured with a Mach'Zehnder
interferometer
using part
of the main CO? laser
beam (- 4%) as a probe
beam,
aft:;,
the
necessary
spatial
filtering
(see Fig.
1,
.
The olasma was imaoed with
an afocal
telewith
a' magnification-of
two and recorded
by
scope,
burning
a Polaroid
(TM) film.
Since the probe pulse
has a duration
of 1.0 ns we cannot obtain
any temporal
resolution
of the ionization
phase where the electron
density
increases
very rapidly.
Consequently
we have
obtained
at 2.0 ns and 5.0 ns after
the
_-_- -~ interferoarams
~~
plasma producing
Ctz laser
pulse for static
pressures
of 0.3 Torr < p < 2.0 Torr of dry air.
Since recombination
and particle
diffusion
are negligible
on this
interferometry
gives
the
peak electron
time
scale,.
densitv.
The Abel inverted
electron
density
profile
(Fig.
2) shows the plasma to be cylindrical
-with
a
beam has a focal
diameter
of 2.0 mn FWHM. The laser
diameter
of 0.12 mn and a depth
of focus
of I.5 mm.
The dependence
of the average
value
of the electron
density
in the focal
volume,
on the filling
pressure
for a probe delay
of 2.0 ns is shown in Fig.
3.
For
comparison,
the solid
line
gives
the electron
density
In Fig.
3,
corresponding
to fully
stripped
t$itrogen.
is obtained
for
a
an electron
density
of 10
cm'
filling
pressure
of 0.5 Torr with
a degree
of ioniFor a filling
pressure
of greater
than
zation
Z = 3.
1.0 Torr
the gas molecules
are fully
stripped.
In
this
pressure
range,
the average
value of the electron
The
density
is not very sensitive
to laser
energy.
plasma dimension
is also approximately
independent
Of
the filling
pressure.
Observations

of

Electromagnetic

Estimate

of

Plasma

Wave Amplitude

Accqrding
to the fluid
treatment
and
Liu , the
early
growth
of
the
amplitude
is governed
by the equation

of

Rosenbluth
plasma
wave

g = qt)q(t) 4
where
v,/c.

E = &t/n

is

the

wave amplitude

(1)
and

The wave amplitude
grows linearly
it
saturates
because
of relati2vistic
saturated
amplitude
is given by

Sidebands

a = eE/mcrt

with time
detuning.

until
The

Es = cq a+t)a@“3

Measurements
of
electromagnetic
sidebands
for
dual wavelength
illumination
provide
further
evidence
that
resonant
plasma density
has been attained
in a
given
laser
shot.
The upshifted
(anti-Stokes)
and
downshifted
(Stokes)
sidebands
are produced
when the
low and high frequency
purrp parametrically
couple
to
the
beat
plasma
wave
and
(w9 +
respectively).
For laser
intensities
(;Pbove thresWhl:ldWP
this
could
be due to the
stimulated
forward
Rama:
scattering,
whereas for the lower laser
intensities
it
could
be due to Thomson scattering.
In either
case,
the
sidebands
are forward
propagating.
However,
in
our experiments
the intensity
of the unfocused
laser
beam is sufficient
to generate
a relatively
strong
anti-Stokes
sideband
signal
in air
along
the
path
between
the
laser
and
the
vacuum
chamber,
thus
precluding
any measurements
in the forward
direction.
We have therefore
made measurements
of the anti-Stokes
sideband
signal
in the backscatter
direction,
since
'the backscatter
signal
cannot originate
from reflected
laser
light
because
of the low plasma
reflectivity.
The generation
mechanism of the anti-Stokes
sideband
(Fig.
4) is as follows.
A low frequency
(<< %p)
long wavenumber
(= 2 kg) ion acoustic
wave generated
by stimulated
Brillouin
scattering
of the 9.6 lm~ pump,
( )
parametrically
couples
to
a high
frequency
short
wavenumber
(kp = ko-kl)
beat
plasma
wave 7.0
produce
another
forward
propagating
plasma wave with a

and the

time

to

saturation

Assuming
a
I(t)
intensity,
time to saturation

is

determined

= 4.87[r

up/a&

Source

The source
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from

T for
the
= a(t/T)'/2,

amplitude

'

laser
the

215

saturated
electric
field
from' eE = mcwppcs.

For 10 J of energy in each of
(9.6
m and 10.6 mm) in a 1.0 ns
120 un spot
size,
Is=110
= 4.4
a,=a2=0.06.
With
a
laser
T = 300 ps, the time to saturation
the saturated
amplitude
es = 0.17
field
gradient
of 5.4 GVfm.
Electron

(2)

linear
risetime
= It/T
and a(t)
is given by

"pts
The
calculated

t,

=

(4)
is

then

the two wavelengths
pulse
focused
to a
x 1013 W/cm2, and
intensity
risetime
t,
2 80 ps and
giving
an electric

and Acceleration
of

electrons

used

in

these

experiments

by the
same laser
beam in a multi-stage
configu:
A principal
shortcoming
of our laser
based
ration.
approach
is that
the injection
energy
is limited
to
However,
for proof-of-principle
approximately
1 MeV.
experiments
and for studying
the wave-wave
and wavethis
does not appear
to be a
particle
interactions,
In
any
case
a higher
energy
serious
drawback..
such
as a 10 MeV linac
can be
injection
source,
incorporated
as an extension
of this
system
in the
future.

was produced
by irradiating
an aluminu ~,+slab
target
with
an auxiliary,
high
intensity
(10
W/cm2) CO2
laser
beam focused
to a 0.1 mn spot (Fig.
1).
It has
been known for a long time that
resonance
absorption
of high intensity
laser
light
at the critical
surface
generates
a nearly
Maxwellian
high energy
tail
in the
electron
distribution
with
a maximum
energy
of
approximately
1.0 MeV, and a time
duration
on the
order
of the
laser
~~1st
risetime
(1
- 300 ps).
Exoerimental
measurements
of this
emission
aive
a
fluence
of approximately
10' electrons/keV-sr-at
an
energy of 0.5 MeV, the emission
being directed
in a 5'
cone about
the
target
normal.
A double-focusing
dipole
magnet
was used to energy
select
and inject
these
electrons
into
the
plasma
in
a direction
parallel
to the beatwave
generating
laser
beam.
With
a half-angle
acceptance
of 50 mrad for the dipole
and
an energy
resolution
of b/E
= 0.25% at the dipol$
output,
we
are
transporting
approximately
10
electrons
to the interaction
region.

demonstrated
the
With
this
system
we have
acceleration
process
in a laser
plasma beatwave,
but
the process
needs to be explored
further
and quantified.
Important
theoretical
aspects
of wave-particle
interactions
need to be verified
and experiments
need
to be devised
to study
important
accelerator
aspects
such
as transverse
beam
$,a$:,
g~fa~nve,ndco,::~P:,,,i
ng 12.
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Preliminary
measurements
indicated
that electrons
injected
at 0.6
MeV were accelerated
to 2.0 MeV.
Electron
acceleration
was observed
only when a plasma
as determined
from
density
of 10"
crnm3 was attained
the initial
gas filling
pressure
and as supported
by
the high
level
of backscattered
anti-Stokes
sideband
signal.
Furthermore,
acceleration
was observed
only
when the two laser
lines
(a = 9.6 wn and 10.6 em) were
incident
on the plasma.
Finally,
energetic
electrons
were observed
only
when lower
energy
electrons
were
injected
into the plasma,
confirming
that the accelerated electrons
observed
in these
experiments
did not
originate
from the plasma
jet
as a result
of some
non-linear
process.
Since the resonant
plasma region
approximately
1.5
mn long,
the
acceleration
is
observed
in
these
experiments
would
suggest
an
electric
field
gradient
of the order
of 1 GV/m.
In
some preliminary
shots
we have also observed
signals
up to
the
4.5
MeV channel,
when electrons
were
injected
at 1 MeV.
If confirmed,
these observations
would suggest
electric
field
gradients
of the order of
3 GV/m over a region
of approximately
1.5 ma.
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Introduction

England

quadrupoles
may be considered.
A schematic
view of the
layout
of a machine based on these ideas is shown in
but higher
enerthis
being a 100 MeV version,
fig.1,
gies are clearly
obtainable.
It is noted that this
basic idea formed part of an early
Argonne proposal
for
a double-sided
microtron2.

There is an increasing
interest
in the use of
small storage
rings
to produce
synchrotron
radiation
Clearly,
for such purposes
as lithography.
such rings
need injectors
and the provision
of these can add significantly
to the overall
cost of a storage
ring project
in terms of both hardware
and space requirements.
There is a need therefore
to consider
the most costeffective
way of providing
for injection.
It. is suggested that the recirculating
linac
(or double-sided
microtron)
design proposed
here meets this
aim at least
for injection
energies
up to about 450 MeV and maybe
higher.

In order to obtain
the high energy gain per pass,
whilst
keeping
the system compact,
standing
wave linacs
would be used, in conjunction
with commercially
available klystrons
at output
powers dependent
on the final
energy requirements.
Such klystrons
are, of course,
basic to any type of injector
and, together
with the
associated
modulator
and power supplies,
form a major
part of the cost of an injector.
It is important
therefore,
that a klystron
is used to maximum advantage.

The concept
on which the proposal
is based was
first
given by Kaiserl,
who called
it a bicyclotron.
It modifies
the race-track
microtron
by having
two
accelerators
per orbit.
of course,
means having
This,
four 90° bending
magnets instead
of two 180° magnets.
As Kaiser
pointed
out,
this
reduces
the pole-face
area
by a factor
of 2.8.
The principal
difficulty
in his
scheme lay in the fact that the pole ends presented
a
45* angle
to the beam orbit,
causing
almost
insuperable
difficulties
in focusing,
due to edge fields.
In the
present
proposal
this
is overcome by having
sufficient
energy gain per orbit
to allow the use of a stepped
pole contour
such that
electrons
can enter
and leave
the magnets at right
angles
to the pole face (or else
at some small angle determined
by the overall
focusing).
A large
orbit
separation
also allows
the insertion
of quadrupoles
in each separated
orbit.
Since the
energy on each orbit
is fixed,
compact permanent
magnet

An alternative
use for this
device,
probably
in
the lower energy range,
is as an injector
for a free
electron
laser.
The requirements
for such an injector
in a later
sechave been reviewed3
and are considered
tion
of this paper.
Energy

Gain

and r.f.

Power

Various
structures
for standing-wave
(SW) linacs
have been assessed
both theoretically
and experimantally at Los Alamos4.
Three of these,
currently
in use,
are the on-axis
coupled
structure
(slot-coupled),
the
disk and washer structure
and the side-coupled
cavity
arrangement.
whatever
the theoretiIt was found that,
cal predictions,
there
is little
to choose between them
with regard
to shunt impedance
as obtained
in practice.
A shunt impedance
of 80 MD m-1 would appear to be readily achievable
at S-band.
The choice
must depend on
which is the easiest
to make.
The achievable
energy gain in a length,
L, of
linac
is V = /ZT2L PC, where PC is the power dissipated
in the structure,
and ZT2 is the transit
time corrected
shunt impedance per unit
length,
which is taken to be
available
klystrons,
at S-band,
80 MC2 m-l. Commercially
range in power output
from 6 to 35 MW, whilst
developments at SLAC are pushing
peak powers even higher.

SW.linac

SM! linac

It is assumed that the present
design will
be more
feasible
if electrons
are already
relativistic,
say
2 MeV, before
injection.
Accordingly,
the klystron
output
must
first
provide
power for the pre-injector
before
being fed to the main accelerators.
to a given linac
section
The power,
Pin, supplied
must provide
for both copper losses
and for beam loading.
In the steady
state
Pin = PC + nV1, where n is
the number of orbits
and I is the circulating
beam current,
V is the energy gain.
Since PC = V2/ZT2L,
V=

0

1
I
Scale

L

Fig.1.

Tentative
linac.

layout

for

[-

nI + /n212

+ 4 Pin/(ZT2L)]

ZT2L/2

Fig.2
shows the values
of V for various
values
the input
power to a section,
as a function
of
two different
lengths
of structure.

2m
1

The first
the full
stored
gy gain.
With

a 100 MeV recirculating
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electrons
energy
a cavity

of Pin,
nI for

injected
see the field
due to
and so achieve
the no-load
enerwith a Q of the order of 15,000

the two 900 magnets and two quadrupole
doublets,
these
being as near as possible
to the bending
magnets.
The
principal
problem
lies with the first,
small radius,
bend.
This arises
because a radial
offset
at entry to
a 900 magnet is converted
to a divergence proportional
to the inverse
of the bending
radius.
Figure
4 illustrates
the scheme for a particular
case in which the final
energy is about
100 MeV. The
parameters
for this
are given in table
1, whilst
fig.5
shows the trajectory
of an extreme electron
between the
first
and second bending
magnets.
ALSOshown is the
third
orbit
which is even more contained.

lm 16MW
2m B M W
lm 8MW

Dipole’ D,

S

-

2m 4MW
lm 4MW

Ql

02

I

2m 2MW
lm 2MW
0,
0 00

I

,
0.04

I

1
0.08

I

I
0.12

I

I
0.16

I

1
0.20

d(A)

Fig.2.

Energy
powers

gain vs. beam loading
for structure
lengths

at
of

various
input
1 and 2 m.

to achieve
a steady
it will
take a few microseconds
state
or for the field
to be altered
by change of the
drive power.
But in this type of machine the energy
gain must be constant
under all conditions.
One must,
therefore,
overcome transient
beam loading
effects.
Bending

wI

Linac

Fig.4.

Magnets

The stepped bending
magnets (fig.31
are unconventional
in their
pole geometry and this
feature
leads to
novel problems
in their
design.
These will
be investigated using three-dimensional
field
calculations
to
ascertain
the field
distribution
in the gap and in the
fringe
field
regions.
The latter
will
almost certainly
affect
the beam orbits
unless
compensating
or limiting
such as the use of shims and/or
measures
are taken,
appropriate
pole angles.

Arrangements
of quadrupole
first
bending
magnet.
Table

Plan

view

The outline
design
gap fields
up to 1 T.
ment might be necessary

of

stepped

pole

Parameters

magnet.

the

machine.
100 MeV
2 Mev
12.5
MeV
6Mh’
2 MU
1.5 m
14 x 4 mA
0.479
T
4

An advantage
can be obtained,
on the first
orbit,
by introducing
a doublet
between the end of the first
linac
and the first
bending
magnet to reduce the radial
width
of the beam at entry to the magnet (see fig.5).

of fig.3
may be suitable
for
different
geometric
arrangeto achieve
higher
fields.

A

control
of the beam is based
the bending
arcs achromatic,

a typical

at

Extreme electron
orbits
between first
and
second linacs.
Normalised
emittance
is
50 x 10e6 m rad.
Energy spread at 2 MeV
is 25%.

Focusinq
The transverse
principle
of making

for

Final
energy
Injection
energy
Energy gain/pass
Klystron
paver
Power per linac
Linac length
Current
loading
Magnetic
flux
m

Fig.5.

Fig.3.

1.

doublets

Phase
on the
using

The energy/phase
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Stability

relationship

has been

investiga-

ted for a range of design parameters
that there will
be no problem,
even
space is contained
at least
over 8
phase angles
ranging
from 720-80°.
the phase/energy
error
for electrons
from a stable
phase angle of 800.
ble with a well designed
pre-injector
the electrons
lie well within
this
energy errors
less than f0.2 MeV.

100 A has been achieved
x 10-6 m rad (0.008

and it is clear
with m=4.
Phase
orbits
for stable
Figure
6 illustrates
injected
at f6*
It should be possito ensure that
phase range
and with

80

with a normalised
cm rad).

emittance

of

Conclusions
A clearly
defined
technology
has been demonstrated
for the achievement
of moderate
energies
suitable
for
either
injection
into
storage
rings
with an operating
energy of 0.5-1.5
GeV or for injection
into FEL devices.
The approach
outlined
is considered
to be the
most cost-effective
way of injection,
as well as allowing the possibility
of other
desirable
technical
properties.
The maximum energy obtainable
with this
device
is
probably
about
450 MeV, unless
one uses superconducting
r.f.
This is what can be achieved
with a 6-turn
orbit
and a single
high-power
klystron.
The whole arrangement is compact in terms of space requirements
which
gives a further
overall
cost saving,
e.g.
for shielding.
The desired
properties
of the electron
beam will
be mainly
determined
by the injector
design.

. A0 = -6&Q
oAO=Bdep
Fig.6.

Phase/energy
error
plots
f6O from a stable
phase
plots
are for 8 complete
Requirements

for

a Storage

for electrons
angle of 800.
orbits.
Ring
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Injector

So far only the basic principles
of the scheme
have‘been
outlined.
For a storage
ring injector
there
will
be an emphasis on the maximum energy achievable
using a single
klystron.
Although
full
energy injection makes storage
ring operation
easier,
it is an
unnecessary
luxury.
There are successful
storage
rings
with injection
at much less than the final
energy.

Requirements

1.

injected
These

an FEL Injector

The essential
requirements
for an FEL injector
are
low energy spread,
low emittance,
high peak current
and, if oscillation
is aimed at, a long macropulse
length,
ideallycw.
It has been demonstrated
that the
final
energy spread will
be determined
by the phase and
energy spread at injection.
With a carefully
designed
injector
the phase spread at 2 MeV could be kept to ?30
and the energy spread to 20.1 MeV. This leads to an
output
energy spread of within
iO.26 at 100 MeV, which
is acceptable
in most cases.

(1985).

Emittance
considerations
have been discussed
in a
number of papers3'5p6.
This is determined
by the whole
process
of injection
from the gun to the 2 MeV linac.
It will
not be made any greater
in the recirculating
machine.
With regard
to pulse
length,
this
is important
in
ensuring
oscillation
to full
saturation
even at a low
gain/pass.
Certain
manufacturers
offer
long pulse
-klystrons,
e.g.
100 ps,
at sufficient
peak powers to be
of interest.
High peak currents
arise
from sub-harmonic
bunching
of the electrons.
By this
means, peak currents
of the order of tens of amperes can be achieved
even though the circulating
current
in the machine is
say,
20 m&i.
At Boeing'
a peak current
of over
only,
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Robert C. Block
Gaerttner
LINAC Laboratory
Department of Nuclear Engineering
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the Nuclear Engineering
Department.
As a result,
in
addition
to continuing
basic research in neutron
physics,
the research program has been broadened
into the area of applications
of intense ionizing
radiation
for research and development of
industrial-related
problens.
Today the research
progrw has been expanded to include radiation
effects
in semiconductors,
production
of color
centers in crystalline
materials,
electrical
effects
of radiation
in insulating
materials
and the
simulation
of ionizing
radiation
inside of a
commercial power reactor.
Although funding was a
problem and had to be of the bootstrap
variety,
the
linac has recently
been modified to extract
an
intermediate
energy beam and to provide electron
injection
over the range of pulse widths required
for this diverse set of research needs.
MDdifications are still
being implemented to further
improve
the accelerator
and associated
laboratory
equipent.

Abstract
What does one do with s powerful accelerator
that has performed well for a quarter of a century
At Rensselaer
and is still
in excellent
condition?
in the Department of Nuclear Engineering
we have
a g-section
travelling
wave
such an accelerator:
L-band linac with maximum energy of IGO-MeV and
maximum (average) beam power of over 40 kw. In
response to the decreasing funding of neutron
physics research,
for which the laboratory
was
established,
we have modified the accelerator
to
provide intense ionizing
radiation
fields
for such
diverse applications
as coloring
topazes, measuring
transient
radiation
effects
in advanced semiconductor devices, simulating
radiation
levels in
commercial-size
reactors,
etc., while at the same
time maintaining
the capability
to carry out neutron
Radiation
fields
of over l.OE+ll
physics research.
rad/sec and integrated
doses in the Gigarads range
are new routinely
available.
I.

II.

Introduction

Three Section

Configuration

The study of radiation
effects
in semiconductors and the production
of color centers in
crystalline
materials
require intense electron
beams
of the order of 15 MeV; electrons
of this energy can
simulate the type of radiation
anticipated
in
semiconductors
in space or defense environments and
also represents
a tradeoff
between optimal
pro&ction
of color centers with minimal production
of radioactivity
in crystalline
materials.
The
originally
configured
g-section
linac could not
deliver
any appreciable
beam power below 25 MeV as a
result of losses by a low-energy beam going through
all nine sections,
and thus it was decided to
reconfigure
the accelerator
to extract
a beam after
the third accelerating
section.
The easiest and
least costly method to achieve this was to remove
section nmnber 4 and replace it with an existing
3 O-degree bending magnet.
lhis was done and now the
electron
beam can either be magnetically
extracted
from the 3-section
configuration
or, by turning off
At a
the magnet, sent forward through 8 sections.
future time the removed section number 4 will be
placed just after the original
9th section to again
provide a full-enerm
g-section
linac.

l&at should one do with an accelerator
laboratory that began over a quarter of a century ago and
for which the ‘traditional’
sources of funding have
been shrinking
away? lhis paper attempts to answer
this question within the context of transforming
the
laboratory
to pursue new areas of sponsored research
pertinent
to the educational
objectives
of a Nuclear
Engineering
Deparbnent.
The electron
linear accelerator
at Rensselaer
Polytechnic
Institute
began operation
25 years ago
and has served as a research tool for reactor
physics,‘-5
neutron physicsb-l*
and photonuclear
The accelerator
consists
physicslz-14
experiments.
of nine waveguide accelerating
sections operating
as
a travelling
wave 1300 MHz L-band linac with an
unloaded energy of 100 MeV and which can deliver
over 25 kw of average beam power at an energy of
approximately
50 MeV. lhe linac was designed in the
late 1950’s for pulsed neutron research and as a
result
the objective
was an intense pulsed beam with
little
emphasis on tight energy spread or beam
emittance.
However, the accelerator
has been
continuously
upgraded since it began operation
to
take advantage of developments in electronic
and
vacuum technology and today it is still
representative as a powerful machine in its class.

A planar-triode-driven
gun-pulsing
circuit
was
constructed
to drive the Arco Model 12 gridded gun
with a continuously
variable
pulse width from 100
nanoseconds to 4.5 microseconds;
another pulser is
now under development to extend the range to below
10 nanoseconds.
Since the gridded gun operates at a
potential
of -90 kv, a photo-resistor
driven by
means of a quartz (radiation
resistant)
fiber optics
light guide was used to control
the pulse width.
An
average power of just over 10 kw has been obtained
for a ly-MeV electron
beam with the 4.5-microsecond
pulse width and a repetition
rate of 300 pps.
‘Ihis
output was achieved with a low-emission
Model 12
that when a gun with a
gun, and it is anticipated
fresh cathode coating is installed
the power level
can be raised by at least 50%.

The problem faced several years ago was brought
about by ever diminishing
funding for reactor and
- neutron physics research.
Either the research
program had to be expanded into other ‘fundable’
areas or the laboratory
would have to be closed
da?n.
Many similar
laboratory
facilities
were
visited
and compared with the strengths/weaknesses
of the RPI laboratory,
and it was finally
decided
that our laboratory
was still
a viable research tool
and that new research areas could be developed that
would be compatible with the education objectives
of
560

IV.

For the production
of color centers in
crystalline
materials,
the high average power
electron
beam is transmitted
through our standard
Al-water-Al
output wlndw and impinges upon a
mechanically-moved,
water-cooled
contafner
which
holds several kilograms of crystals.
To date large
quantities
of natural
colorless
topaz (aluminum
silicate
with F and OH substitution)
have been
irradiated
to produce a deep blue color which Is
currently
favored as a semi-precious
gemstone.
A
research program has been initiated
to study the
physics of these color centers and the mechanism(s)
Optical spectroscopic;
by which they are produced.
thermoluminescent
and electron
paramagnetic studies
are now being conducted on topazes at various stages
of their irradiation
to help Identify
the responsible color mechanisns.

Although this paper does not contain much new
technical
information,
it does provide an Insight
of
how a large and expensive facility
like the RPI
linac laboratory
can be made viable in today’s tight
basic research sponsorship envlrowent.
lhe
technical
and economic problems are considerable;
for example, just obtaining
replacement parts for a
quarter century old machine is not easy.
However,
the challenges have been rewarding and the students
are seeing a ‘realworld’
class of problems which
will stand them in good stead when they graduate and
Another
when most of them go into Industry.
positive
result
is that the increased budget
obtained from the industrial
radiation
applications
has added to the overall
improvement of the
accelerator
and the availability
of more time and
equipent
which can be used for basic research.
Indeed, the basic research level In many respects IS
at a higher level now with less direct
funding than
a decade ago, thanks to the increased activity
level
at the laboratory.
kb have found that applied
research actually
complements and assists basic
research,
and the combination has been very good for
our students’ educational
objectives.

For the study of ionizing
radiation
effects
In
semiconductors,
a subject of importance to nuclear
power, space and defense electronics,
both high
instantaneous
dose rates and large integrated
doses
Instantaneous
dose rates (dose rates
are required.
during the electron
pulse, but averaged over the
pulse microstructure)
in excess of l.OE+ll tads/see
are obtained during an electron
pulse while integrated doses in excess of megarads can be obtained
in less than one second.
Research on radiation
effects
in semiconductors
is not a new field,
but
for the most part it has been carried out at either
defense or industrial
laboratories.
k have
initiated
a new analytical/experimental
research
program in this area at RPI and It is our objective
that such research which involves faculty
and
graduate sttients
can lead to a deeper insight
into
the basic interactions
in this field.
III.

Eight

Section

Conclusions
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The VIC is an accelerator comprising four sections and a
prebuncher, its distinguishing
feature being that each section
haa a feedback circuit permitting the RF energy stored during
the short-pulse operation to be increased. A schematic diagram
of the VIC is shown in Fig. 1. As an electron source a threeelectrode gun (1) is used with an impregnated cathode 20 mm
in diameter. The gun provides 5 A of current with microsecond and 50 A with nanosecond pulse lengths at a maximum
electron energy of 180 keV. A prebuncher (2) consists of two
toroidal cavities, each fed by a 100 kW pulsed power supply
via a directional coupler and two double T-bridges.

The 300 MeV electron linac was operated in conjunction
with a versatile injector complex in the a‘hort (ns) beam mode.
The operating conditions permitted a pulsed neutron source
and spectrometer
to be employed in the time-of-flight
measurements of neutron spectra.

Medium-energy
electron linacs have application in pulsed
neutron sourcea which are now in widespread use as tools of
solid state and nuclear physics research. Atomic energy programs particularly
fast reactor and nuclear plant projects require that experimental
techniques and instrumentation
employed in neutron physics and material science be essentially
improved and extended.
Electron linacs as pulsed neutron
sources have the advantage that the beam energy and current pulse length can easily be varied over a wide range. The
largest electron-linac based neutron sourcea now in existence
are ORELA
(140 MeV; USA), HELIOS
(136 MeV; Great
Britain), FAKEL (60 MeV; USSR), and GELINA (120 MeV,
Belgium).‘**

The VIC has a buncher (3) and three accelerating sections (4) with resonance rings to recuperate RF power. The
buncher has a length Lr = 83 cm, the accelerating sections
L2 = 172 cm. In order that 88 large a fraction as possible of
the beam should be accepted the wave phase velocity is reduced
to 0.96 c in the buncher by heating it to 108°C. To suppress
the transverse axially nonsymmetric waves excited by the beam
the diaphragms have radial cuts. The adjustment of each ring
is accomplished by a phase shifter. Each pair of sections is fed
via a double T-bridge by the same RF power supply. A distinguishing feature of the RF system is the use of a variable input
directional coupler (5) to provide optimum RF power supply
to the rings. ‘16 The prebuncher and accelerating sections have
solenoids to produce a magnetic field of 0.25 T.

In 1976 it was proposed to modify the 300 MeV electron
linac of the Kharkov Institute of Physics and Technology, creating an accelerator-based fast neutron source and selector.3
As part of this program a versatile injector complex (VIC) was
designed and built to produce nano and microsecond electron
beam pulses with a maximum energy of 40 MeV. Moreover,
certain modifications were made with a view to improving the
electrodynamic
properties of the accelerator sections, modulator parameters and beam guiding system. The improved electrodynamic properties of four accelerating sections out of eight
were obtained by making radial cuts on the diaphragms to reduce axially nonsymmetric oscillations excited by the beam.

The VIC was first started up in September 1983. In the
short-pulse mode of operation the output pulsed current (I)
was12Awithr=3+4ns(W=35MeV,AW/W=40%).
In
September 1984 the 300 MeV linac with the new-made injector (VIC) was put into operation. Under steady-state operating conditions, the following output parameters were obtained:
Z = 4.5 A, T = 3 + 4 na (Fig. 2: horizontal scale division
t = 2 ns, vertical one Z = 1.6 A) and W = 310 MeV, with
AWlW w 5%.
The beam current pulses were measured with a nano-second
stripline-base
beam monitors positioned at the entrance to
the last section. The maximum accelerated current recorded

m---

Fig. 1. Schematic
injector complex.

SSR Academy of

of the 300 MeV

electron

linac versatile

Fig. 2. Current
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Pulse Oscillogram.

here was 6.3 A. In thii case, however, beam blowup was observed. The detailed studies of this phenomenon revealed the
beam blowup in the last section to be of threshold nature and
to occur in the VIC-300 MeV linac structure at currents of
4.7 A.

On the whole, the operation of the accelerator-injector
complex has proved to be stable enough, making it possible
to use the complex as a basis for construction of an intense
fast neutron source.

The beam parameters obtained permitted a prototype of a
pulsed fast neutron source and spectrometer to be constructed
and to perform time-of-flight
measurements of the neutron
spectra from the Ta and Pb targets 2.6 and 1.8 rad. lengths
thick, respectively.
The measurements were made with a deflected (40’) electron beam using a secondary emission monitor.? At a distance of 37.5 m from the target two scintillation
detectors
were placed to detect neutrons and observe a gamma-flash.
To protect the detectors against the gamma radiation we used
lead-filters 4 and 8 cm thick and pulsed power supply to the
photomultipliers.*
The beam current time distribution was controlled by visual inspection of gamma-flash pulses from the
photomultiplier
operated Suppressed” mode (suppression factor 250), the gamma-flash duration being 3 to 4 ns.
The neutron spectra were measured in series for 4 to 6
hours, each series at an average beam current of 0.1 PA and
energies of 175 and 250 MeV. The time-of-flight spectrometer
was triggered by an accelerator advance pulse. Figure 3 represents the recorded time-of-flight spectrum. Figure 4 shows
the experimental neutron spectra corrected for the detector
efficiency,Q attenuation due to the filters, etc., in comparison
with the cascade-evaporation model calculations.

Fig. 4. Experimental and calculated neutron spectra. Ta Target: beam energy W = 175 MeV. Experimental spectra: a-Pb
filter 40 m m thich, &-Pb filter 80 m m thick, - - - calculations.
Beam energy W = 250 MeV. Experimental spectrum: I-Pb
filter 80 m m thick, - calculations.

Fig. 3. Time-of-flight spectrum. Pb target; Pb filter 80 m m thick. Ml: +lash
position, M2 and M4: spectrum beginning and end, respectively. Horizontal
scale: 3.8 ns/channel.
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Abstract

beam was density-modulated,
increasing in energy, and then
was accelerated in the bunching section. Figure 1 shows the
RF pulse envelopes recorded without the beam (upper one)
and with the beam (lower one) under resonance conditions for
the optimum coupling factor (p H 0.42; horizontal scale division for all the records shown At = 0.5 ps). As can be seen,
due to beam loading, the output signal decayed in amplitude
considerably. This can be explained by two factors: firstly, by
the energy transfer to the beam, and secondly, by the modified dynamics of the RF field build-up in the circuit since in
the presence of the beam the out-of-phase composition of the
generator and the section output fields occurs in the variable
input directional coupler. The circuit phase changing (Fig. 2:
upper oscillogram obtained with the beam present, lower one
without the beam) resulted in the field amplitude decreasing
without the beam and increasing with the beam, which was
accompanied by the self-excited oscillations. As the beam current decreased, the oscillation amplitude decreased too and at a
certain threshold value self-oscillations were no longer excited.
Similar phenomena were observed as the optimum /.Jvalue was
exceeded. The self-excited oscillation frequency corresponded
to the time To = T + L/v,.

The self-oscillatory mode of acceleration is studied both
theoretically and experimentally with a versatile injector cQmplex installed on a 300 MeV electron linac. It is shown that
using feedback in linacs it is possible to produce modulated
relativistic beams.

The theory of self-excited oscillations based on the mathematical principles formulated by A. Adronov has been developed extensively in recent years. It is interestihg to analyze the
behavior of both relatively simple systems with phase space dimensions n > 2 and essentially nonlinear systems with many
degrees of freedom. The development of this theory is greatly
encouraged by the experiments showing evidence for the existence of the phenomena predicted in various fields of science
and technology.
Extensive studies of self-excited oscillations led to the complex oscillatory processes being discovered in the systems traditionally regarded as simple from a dynamic standpoint - electron linacs, for example. Owing to the implementation of novel
RF systems with feedback112 it was found that the acceleration
of intense beams was accompanied by self-excited oscillations.
Theoretical and experimental
investigations carried out
with a virsatile injector complex (VIC) installed on a 300 MeV
electron linac of the Kharkov Institute of Physics and Technology indicate that the use of feedback in accelerating long-pulse
intense beams with electron linacs offers expanding possibilities. In the first place, it is possible to accelerate beams with
currents in excess of the limiting current in an accelerating
section without feedback.3 This is achieved by changing over
from the resonance to the antiresonance conditions when the
amplitude of the beam-induced field exceeds trhat of the generator field at the end of the section, and by choosing a proper
value of the coupling factor (cl) of the variable input directional coupler. Moreover, the feedback in the injector section
permits the self-oscillatory mode of acceleration to be realized,
with the beam parameters being modulated. These conditions,
however, are not favorable for solving traditional problems in
nuclear physics therefore one has to examine the above phenomena so as to find the ways of suppressing them as was in
the case of beam blowup. On the other hand, multi-frequency
modulated beams can be used in various fields of physics, in
particular, to study collective effects in matter.

Fig. 1

This paper is devoted to the theoretical and experimental
studies of the self-oscillatory mode of acceleration carried out
with the VIC.
Experimental

Procedure

The feasibility of the self-oscillatory mode of acceleration
was studied with the VIC bunching section. RF input power
P = 6 M W was delivered to the directional coupler to the
bunching section. The output RF signal from the section was
sent via the directional coupler to the detector and subsequently to the oscilloscope. The electron source provided the
current of - 2 or 3 A. On reaching the prebuncher the electron

Fig. 2
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where V is the accelerating field complex amplitude normalized
to a certain value of E, (E = VE, exp(ikz-iwt));
a = aoL, a,
is the damping factor in the section; L is the section length;
( E z/L, 7 s wt, r, z wto, w is the external source frequency;
to is the time of particle entrance to the section; q E wL/vp, vg
and vr, are the group and the phase wave velocities, respectively, at w(& E vr/c); f(ro) is the beam distribution
func-

Under the optimum conditions one can obtain self-excited
oscillations of higher amplitude (Fig. 3). Three VIC sections
were operated without feedback (~1 = l), each being supplied
with RF power of 6 MW. The recorded output current pulse
is shown in Fig. 4. It is evident that under steady-state oscillations the current pulse is completely time-modulated.

tion; I ~ lcln’voRc2 . 2*
s f (T,,)dr,, is the normalized to I0 beam
2sIo
0
current averaged over the RF structure of the beam; 0~ =
IoRJI2Eo
, R, is the series resistance; A = wt, - kz, tc(t,, z)
is the electron arrival time at the point z, tc(tO,O) = t,, k is the
wave vector at w; 7 E (1 - v~/c’)-‘/~,
o E lelLEo/mc2, p =

wL/c.
Set of Eqs. (1) is obtained on the assumption that within
the time of flight of an individual particle the field in the accelerating section is practically unchanged.’
As the beam was allowed to drift from the prebuncher cavity directly into the bunching section, we could assume the
initial beam distribution function f (rO) to be the form
Fig. 3

f (To)E 2 b(T,-

2ni)

(2)

i=l

i.e. the beam represents a series of point bunches.
bunches have similar energy W = mc2(7, - 1).
The feedback circuit with the variable
coupler can be characterized as follows

V(O;r) = /&f

V, + dm

where p is the coupling
damping coefficient and
tively; V, is the complex
nal source at /.I = 1, A+
delay time.

Simulation

of Self-Excited

Oscillations

(3)

factor, H = ~-“a(, ~2 and .t are the
the feedback circuit length, respecfield amplitude created by the exteris the circuit phase shift, and T is the

References

1 (1.6)
dr
-=
,,e-iq
, (14
4 -uRe[V(r,,
*-;

- T) ,

In conclusion, our study of the accelerator operation in
the self-oscillatory mode indicates that using feedback in the
linear accelerators it is possible to obtain modulated relativistic
beams.

The field generated in the bunching section by the beam
and external source can be determined using a general theory
of waveguide excitation.
Assuming the time of the RF field
variation in amplitude and phase to be considerably larger than
the period of the RF oscillations, one can obtain the following
set of integro-differential
equations to describe the nonsteady
dynamics of the electron beam

dA
-=p
4

He’A+V(l,r

directional

Figures 5 and 6 show the calculated beam dynamics in the
bunching sections for r0 = 1.6 and I = 1 A. Theory is in good
agreement with experimental data.

Fig. 4
Computer
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All the

’

567

G. D. Kramskoj,
(1982).

V. B. Mufel’, Zh. Tekhn.

G. D. Kramskoj,
1117 (1982).

L. A. Makhnenko,

Fiz. 52, 465

Zh. Tekhn. Fiz. 52,

N. I. Ajzatskij, S. N. Dyukov, L. A. Makhnenko, VANT,
Ser. Experimental Techniques, N 3(15), Kharkov, 1985,
p. 45.
N. S. Ginzburg, S. P. Kuznetsov, Relativistic
tronics (in Russian), Gorky, 1981, p. 101.

RF elec-

N

*

J

TIylh

(MICRCSECONC 1

Fig. 5

568

CURRENT

i

J

L

l
.

t
t
c
.

THS-51
FEEDBACKSYSTEMANALYSIS FOR BEAM BREAKUPIN A MULTIPASS MDLTISECTION ELECTRONLINAC
A. Mosnier,
Service

de 1'AccClerateur

Lineaire,

CEN Saclay,

Introduction

F-91191 Gif-sur-Yvette

which can be written

A recirculating
electron
accelerator
based upon
is envisaged
in
superconducting
cavities
technology
different
laboratories
to produce-a high
duty
cycle
beam with energy in the GeV region.
In all
the cases
the design current is in the 100 pA range. Beam break
up is a severe limitation
in this kind of accelerator
due to the positive
feedback of the returning
beams.
Therefore a careful
analysis of the phenomenonmustbe
made to determine the permissible
characteristics
of
the superconducting
cavities.
Different
analysis have
been made for recirculating
beam breakup by Volodin
b], Herminghaus p], Vetter
p], Lyneis b] and others. We present here an analysis based upon feedback
system theory which takes into account the different
the optics of the linac and of
cavities
of the linac,
the recirculating
path. The frequencies
of the cavities may be the same or distributed
in a random way.
We assume that the beam position
do not varywhentraversing a cavity,
and the bunch structure
is ignored.
A computer program has been written
whichcomputesthe
threshold
current for a given configuration.
The result can be checked with a simulation
code which computes the transverse
motion of the bunches based upon
wake fields
equations.
An example is given
for the
Saclay proposal of a 2 GeV accelerator
consisting
of
4 passes
in a 500 HeV, 100 m-long superconducting
linac.
Transverse

coupling
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I -d/2
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Feedback analysis

cougiven

= ay - % A;1 - u: Ap,

the state

matrix

= RI =

zp,)

II -d/2

A beam travelling
receives a transverse

= 'P,i

x2i

= A;

1

=
I

Wm)

p '2i-l

j
j yi

(p) - x2i-,

(O) p '2i(p)

(2)

in the walls.

Z,(w)

li

It is useful to transform the equations by using
a Laplace transformation.
We note X(p) the transform
of x(t),
x(O) being
the initial
conditions.
For the
cavity i the equation (1)is equivalent to the system :

is given by :
2

FL dz = - j f
C

second order,
For the cavi-

=y,=o

y=C

pX2i(p)

the axis

The
Ap

x

The transverse
momentum imparted to the beam in
i is given by equation (1) where we put :

correspon-

at a distance y from
kick given by :

(1)

of the vector

x2i-1

1

VIEZ e lkz dz

-Where P is the RF power dissipated

l

The matrix A is then a 2N x 2N matrix. The transverse position
of the beam in the cavityiduring
pass
j is noted y:. We assume that the beam is injected
on
axis :
1
11
cavity

2kP

the

nxn

The differential
equation (1) being of
we need two state variables
per cavity.
are :
ty i, the state variables

w

+d/2

describes

of the stability.

;( is the time derivative

2-2

Ihe impedance at resonance

r I0

.
x=Ax
A being

of the mode, Q the

R

equation
which
is then :

Yl

wr being the frequency
ding quality
factor.

l

A linac composed of N cavities
is considered as
a system of N oscillators
coupled by the beam, with a
feedback due to the recirculating
paths.
In order to
know the evolution
of this system for a small initial
perturbation,
in analogy with the linear control
system theory b], we define a system of n state variThe evolution
of the system is
ables xi(t)
. . . x,(t).
governed by the homogeneous equation :

giving the transverse
force seen by a beam of current
a cavity at a distance Afrom theaxis,
10, traversing
k being the wave number. In analogy with the analysis given by T. Suzuki F] for the longitudinal
coupling impedance, it can been shown p] thatthetransverse impedance defined above takes the resonant form:

w
r
1

Y

r+j-

c Q

The differential
beam-cavity
interaction

dz = - J ZI(w) AI0

l+jQ

fJ2

Qr

impedance of a cavity.

We start with the definition
of transverse
pling impedance for dipoles modes in a cavity
by F.J. Sacherer c5! :
v=

B. Aune

2N

-x2i(0)
equations

=-U:X2i-,(p)

w
-LX
.(p)
Q 21

+ a

C y!(p)
j

are summarized in :
(PI - A) X(p) = x(O)

IO Y

I being
defined.
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the unit

matrix,

A the statematrixpreviously

The evolution
of the system is then foundby
ing the inverse Laplace transform of :
X(p) = bI-*]-l

Application

tak-

We apply our results
to a possible scheme for a
2 GeV accelerator
composed of 4 passes in a 500 MeV
linac. We take as an example the 1 GHz, nine-cell
superconducting
cavity studied at DESY p]
and assume
an electric
field of 5 MeV/m. The linacis
composed of
72 cavities
in 18 groups of 4 units.
Thefocusinguses
a FODO scheme with a spacing
between quadrupoles of
10 m and constant gradient
(corresponding
to a focal
length of 5 m at 50 MeV). The harmonic number is 1403
the transport
matrix
and is the same for all turns,
for the return path is the unit matrix.

x(o)

The system is stable if the poles of X(p) have a
negative real part. These poles are the zeros of the
determinant
of PI-A, i.e theyare the eigenvaluesof
the
matrix A.
The problem
eigenvalues.

is then to find

the matrix

A and

its

From the system (2) it is seen that
we need to
evaluate the Laplace transform Y!(p) of the beam posiThe transfer
matrix 'from cavity i to cavtion yJ(t).
ity i&l
during the pass j is known and depends on the
energy and the focusing scheme of the linac.
The angular divergence at the exit of cavity i is given by :
Pa?
Y IJ1' = ;1
Pd+,

.

We study the effect of one of the dipole modes
given in p] wh ose frequency is 1.436 GHz. The shunt
impedance given
by the code URMEL, computed at
d = 44.5 m m from the axis is R/Q = 38.5 Cl/m. The coupling impedance used in equation (1) is given by :
Rl
-=Q

x2i-i
+ j
'ai+

y';

-R
= 436 Cl/m
2kd2 IIQ "

Rl
- = 1.75
Q

lo3

For a group

of

4

n/m

We assume that the Q of that mode has been reduced to Q = 106. As the frequency of the modesisnot
known exactly,
the BBU threshold
shown in table 1 for
2, 3 and 4 passes are the lowest
values calculated
with the feedback
theory,
the
frequency
sweeping
around 1.436 GHz.
Table

PS = jus
to a simple

L

L is the length of the cavity.
cavities
the impedance is :

pa being the longitudinal
momentum. The optical
properties
of the return
path are summarized via a
transport
matrix,
and finally
the transit
time Tj of
jth complete loop from a point in the linac.backtoitself is included in the Laplace transform y! viaaterm
1
.-PT.
J.
The computer code for stabilitystudycomputes
the
elements of the matrix A for a given configuration
of
the linac and of the return paths and for given characteristics
of the deflecting
modes in the cavities
(w,, Q, g). The eigenvalues
of A are then computed by
success.1*9e iterations
since the elements of A contain
p. The limit
for stability
corresponds to the solution
with a iiul real part :

Application

to a 2 GeVaccelerator.

Energy

(Get’)

1

1

I

1.5

2

case

We consider the case where the linac
is supposed
to be concentrated
into
one cavity
and compute the
threshold
current for two passes. In that case the matrix A is :

r

R1a
the
the
limit
The

Q

In the case of no focusing in the linac
the currents
are respectively
84 PA, 33 uA and 17 nA for 2, 3, and
4 passes.

being the coefficient
of the transfer
matrix
from
is
cavity back to itself
in TRANSPORTnotati0n.p
longitudinal
momentum at the exit of the cavit$?'he
for stability
is obtainedforaneigenvaluep=jw
S’
characteristic
equation becomes :
%
-+u2
"Q

- u*s+jw
The frequency

R 12 -j

-a-e

P

r

is

RI R,,
giving
a result
Herminghaus p].

similar

to

code.

I

:

sinw,

a tracking

When a bunch of charge Q, moves at a distance
a
from the axis, the transverse
integrated
forceseenby
a test charge following
the bunch at a distance 1, is
given by :
+ d/2
I
FI dz = e a Q, W(T)
- d/2
where T = -1 . W(T) is thetransversewakepotentialwhich
can be expsessed as a Fourier-transform
of the coupling impedance :

by :

sinws T, = 0

P 22 c/e

Is = -

-0

occurs is given

study using

A tracking
code has been written
following
the
formulations
given by R. Gliickstern
DO], but including multipass
effects.
The focusing in the linac,
and
the optics of the recirculating
paths are included.

22

at which instability

ws wr
cosws T, +
Q
and the threshold
current

us T,

Stability

-*S
T, wr
the

one

given

by

Zl(T)

I=--=-- ti(T)

j
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1

j

W(T) esJwT dT
I

I

tain

For the case of a transverse
:
R u2

W(r)="

w
r
---T
e 2Q

resonant
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Introduction
Table

Traditionally,
the energy of electron linacs can be raised
by increasing the number of accelerating sections and their RF
power supply systems, which is rather laborious and costly
procedure. Therefore, it seems important to search for simpler
and more effective methods of increasing the energy of the existing accelerators. One way of these efforts resides in further
perfection of accelerating structures and their RF sources.1-4
The potentialities
of these methods are restricted by electrical
breakdown of RF linac components. Another way is connected
with energy exchange between the beam particles during the
pulse in passive structures.‘-’
It is just the experimental studies of this method that are discussed in the present report.
Excitation

of Accelerating

Ad (4
nopt

0.5

0.7

1.0

4.85
0.72
1.06

4.0
0.88
1.02

2.9
1.15
0.95

2.3
1.69
0.92

1.75
1.66
0.8

2.9
1.22
0.77

2.65
1.21
0.76

2.15
1.78
0.73

1.75
1.75
0.7

1.45
3.41
0.64

of accelerating fields was
beam from the S-band
the axis of the chain of
cavities tuned to the setfrequency (n = 2). The
lo’, p = 0.35.

The beam-excited electric field value was determined
electron energy losses, and also, from RF measurements.

(u)

R, d are, respectively, the radius and longitudinal
cavity, A is the constant.

sin’ a
’ (d+np)(2d+v)

sin

size of the

’

y
(
q%

>

from

During the experiments we measured the field and the energy of the particles that travelled along the cavity sequence
versus the beam pulse current. First, the electron energy was
measured for detuned cavities, which were then tuned to the
2we frequency and the energy measurements were repeated.
By this way we could determine the energy losses in the cavities. Simultaneously, studies were made of the envelope of the
beam-excited RF signal. As the beam current increased up to
200 mA, there occurred break-downs which disappeared after
minor RF processing for different currents up to 400 mA.
The measured energy losses are shown in Fig. 1 together
with the results of calculations by Eq. (3) for Ad = 0 and 0.7
rad. The figure shows good agreement between the measured
and calculated data for Ad = 0.7 rad, the latter being a typical
value of the accelerator. The highest energy losses at lo = 400
mA were found to be 4.6 MeV, which corresponds to a mean
energy loss rate of 240 keV/cm and a maximum loss rate in each
cavity of N 330 keV/cm. In this case the highest field gradient
on the axis was above 400 kV/cm (the difference between these
quantities was due to the sina/a factor). Figure 2 shows the
measured energy losses ss a function of the excited RF signal
during the pulse. This function is also in agreement with the
calculations.

Taking into account that at X = 10 cm, n 5 4 the last term
in Eq. (1) is nearly unity, we obtain the following expression
for the mean accelerating gradient
1610Awoe
= ~“J:(u)c*

eEi)

0.3

The experiment on the excitation
performed as follows.
The electron
lmacs LU-40 wss transmitted
along
7 passive, loosely bound, cylindrical
ond harmonic of the bunch repetition
cavity f&factor wss measured to be

where IO is the pulse current, A# is the bunch width at the
accelerator frequency, c is the light-wave velocity, X = Ircjwo,
Q = nxd/X, Q is the quality factor of the cavity, which is knotin
for the TMcre-type oscillations to be

AE
(+d

dopt(cm)

0.2

Since n can be only an integer, then the integral n values
lying close to the ones listed in the table should be taken ss
optimum.
It is for these values that dopt and AE/(d + C)le
were calculated.
It is seen from the table that generally nopt
values lie within the range from two to five, whereas for dopt
this range is from 0.7 to 2 cm. The accelerating gradient may
reach relatively high values. For example, for fl= 0.17, Ad =
0.2, IO = 400 mA, we have Af /(d + L) u 430 keV/cm.

Fields

= ‘3~oQnwon
YWJ~

/3 = 0.35

&x

In this work a chain of TM010 cavities connected by below cutoff waveguides (b.c.w.) was used ss a passive structure.
When the electron beam of radius a travels along a cylindrical
cavity tuned to the n th harmonic of the bunch repetition frequency, it excites there an electrical field with a steady-state
value given by

0

dopt (cm)
&sJKxs)

nopt

The essence of the method under study consists in the excitation of oscillations by the linac beam in a passive cavity
structure tuned to the bunch repetition frequency we or its
harmonic. As a result, there arise such phase conditions that
some part of the particles gets entrapped into the accelerating
field and acquires an additional energy.

E

/3 = 0.17

1

(3)

where /3 = rrC/X, C being the length of each b.c.w. between
the cavities. Using this formula one can obtain the optimum
n = nopt and d = dopt values, at which the accelerating gradient
is maximum. The calculated values of d, n and the accelerating
gradient are listed in the table for two /I values: 0.17 and 0.35.
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l

MA
Fig. 3. Experimental arrangement. MA: magnetic analyzer of
particle energy; PCS: passive cavity structure; Ml, it42, M3,
and M4: deflector magnets; LUE: linear accelerator; PG: pulse
generator; PFN: pulse forming network; p: PFN wave impedance; R: loading impedance; D: discharger; W: magnet windings. 1: oscillograph;
2: Faraday cup; 3: meter of beaminduced SRF signals.

Fig. 1. Energy losses Af versus the beam current lo. The
dots show the experimental data. The dashed and solid curves
were calculated for A# = 0 and Aq5 = 0.7 rad, respectively.

0

23

5

75

t,ps

Fig. 2. Experimental time dependence of energy losses Af /AfM
(dots) and the SRF field amplitude E/E0 in cavities.
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Experiments
on Phase Shift and
Postacceleration
of the Beam
The beam-excited field in the passive cavities naturally decelerates the beam. To accelerate the beam particles, it is
necessary to have them phase shifted by 180’. This can be
achieved by extending the particle trajectory using a system of
pulsed magnets.5 The advantage of this method is its fast action and, for this reason, it can be applied in our experiments.

Fig. 4. Time-ordered
deflector magnets (a);
structure (b); particle
the passive cavities (c);
cavities (d); the particle

The experimental system is shown schematically in Fig. 3.
A chain of seven passive cavities described in the previous section was used as a passive cavity structure. The phase shift of
the particles wss accomplished by means of a short-pulse deflector system involving four ferrite magnets Mr , MS, Ma, and
M4, which were fed from the pulsed generator. The magnetic
field pulse length was 100 nsec.

(Fig. 4b), excites an electric field there (Fig. 4d) and loses its
energy (Fig. 4e). At the time tr the field in the cavities reaches
its maximum steady-state value Eo, while the particle energy
decreases to the minimu’m value of fmin. At t = t2 the magnetic field in the deflector starts to rise (Fig. 4a). During the
rise time (t2 c t < ta) the magnet Mr deflects the beam so
that it does not get into the passive cavity structure, on the
other hand, the magnetic field value is insufficient to transport the beam throughout
the deflector system. Therefore,
at t2 < t < ta the beam current in the passive cavities is zero
(Fig. 4b) and the field there somewhat decreases at the expense
of the final Q-factor. Since the duration of the rise time is much

The time-ordered diagram of the accelerating field excitation, phase shift and postacceleration
is shown in Fig. 4. At
the initial time t = 0 the deflector is in the switched-off position. To the moment when the deflector is on (t = tt), the
beam passes along the accelerator axis through the cavities
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diagram of: the magnetic field H in
beam current I in the passive cavity
phase with respect to the RF field in
electric field E amplitude in the passive
energy f (e).

I

Conclusion

shorter than the time constant of the cavities (2g/nwo), then
this falloff is insignificant. At the time t = ts the magnetic field
in the deflector reaches its maximum (Fig. 4a) and the beam
emerging from the deflector comes into the cavities (Fig. 4b)
in the accelerating phase of the RF field $ = 180’ (Fig. 4c)
and is postaccelerated (Fig. 4e).

The results obtained show the postacceleration of linac
beams through a chain of psssive cavities to be a promising
and feasible method. With a beam pulse current of 400 mA, a
maximum intensity of-the accelerating field above 400 kV/cm
was obtained. The beam particles were quickly phase shifted
by 180’ due to the extension of the beam trajectory by a deflector system, which also ensured a 100% current transfer. An
effective postacceleration of the beam has been realized.

Experiments on postacceleration were performed at a pulse
current of 200 mA. The developed technique of the beam transport ensured a 100% transmission of the beam through the
deflector system for 100 118, and the accelerated pulse current
was also 200 mA.
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Figure 5 shows: the measured energy spectrum of the accelerator beam with detuned resonators (curve l), the spectrum
of the beam decelerated in the passive cavities (curve 2) and
the spectrum of the postaccelerated beam that passed through
the deflector (curve 3). It is seen from the figure that the particle energy increased by w 1.8 MeV at the expense of energy
losses by other particles (- 2 MeV). The 0.2 MeV difference is
due to some field decrease in the cavities during the magnetic
field buildup in the deflector magnets. Somewhat lower energy losses in this experiment are explained by a larger bunch
width.
It is also seen from Fig. 5 that the spectrum width
remains practically the same for the beam postacceleration
regime. Thus, the deflector system changes little the phase
width of the bunch.
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Table 1. Characteristics

Summary
We report on reconstruction
design of Kharkov linac. The
planned reconstruction
envisages a serious upgrading of the
linac principal features and construction of a stretcher ring at
the linac end-line to achieve higher duty cycle, continuous C.W.
operation of the accelerator. This paper describes the base line
characteristics of the linac and its future beam parameters.

Operation
Operating
a/X (‘h-disk

hole diameter)

Accelerator

Structure

Older Section

New Section

2797.200

2797.200
x/2 quasiconstant gradient
0.11870; 0.1100;
0.1020; 0.0915
0.807
54 (average)
1.3 x 10’
0.94
16 (40)
56 (89)
70

A/2
0.14
0.3
45
10’
0.39
16 (30)
36 (50)
28

In order to facilitate the procedure associated with beam
breakup hazards four different structures with different disk
holes, but equal filling time will be prepared. To reduce the
number of different cell types the section consists of four constant impedance assemblies containing 37 identicai cell and
connected to 5 transition cells.

of Reconstruction

The beam current should be further raised to 300 mA after
replacement of 30 sections, those having quasi-constant gradient. The new sections are to increase the injection energy to
2.5 GeV. The average current is raised by operating in 300-600
Hz pulse repetition frequency range.

A 4.3meter-long
prototype section has already been
stalled (Fig. 1). Beam tests have revealed energy gain
section 56 MeV for 16 MW, which agrees well with theory.
breakdown effects have been recorded. We are planning to
those tests anew at 40 MW next December.

Parameters of new accelerating waveguides are given in
Table 1. The data in parentheses indicates power levels from
prospective klystron. One case of the older sections high reliability could be provided only at 30 MW on account of electric
breakdown hazards.

Fig. 1. Prototype

frequency, MHz
mode

Attenuation,
Np
Shunt impedance, MR/m
Quality factor
Filling time, psec
Input power, MW
Energy gain per section, MeV
Beam load per section MeV/A

Kharkov electron linac (with Em,,= = 2 GeV) was put into
operation during 1960-1964. The 20 years research programs
have seen lo5 man-hours of operation. At present linac has a
peak energy 1.8 GeV and a peak current 80 mA. Production of
high-current electron beams in linac is known to be impeded by
beam breakup initiated by interaction with a wave defocusing
oscillation EHrr in the accelerating section.1*2 The 2-GeV linac
beam intensity increase is accomplished through suppression of
the EHrr parasitic wave after introduction
of radial slits to the
waveguide disks in 20 sections, as well as upon improving beam
guide focusing and field symmetry in couplers.

310108, USSR

of Kharkov

Parameters

Introduction

Design

FOR STRETCHER

inper
No
run

To make the accelerator function in a new mode the design provided for a set of HV pulse modulators placed at each
accelerating unit and at the main line power generator.
A
considerable increase in pulse repetition rate (up to 600 Hz)

Section Output
576

from Vacuum

Furnace.

calls for placing additional safeguards on beam control system
and klystron units a thyristor voltage regulator will be used to
automate modulator controls.

Table 3. Beam Parameters in Linac
Energy, MeV
Pulse current, mA
Current pulse width, psec
Repetition frequency, Hz
Energy spread with ECS, %
Emittance, mmmrad

The modulator units are to be distilled water-cooled. All
new equipment is to be housed in existing halls, and the modulator operation is monitored both from central and sectional
control panels. Table 2 gives the parameters of HV-pulse modulators for accelerating units.
Table 2. Overall Specification
Peak beam voltage
Peak beam current
Klystron impedance
Pulse transformer ratio
Modulator pulse width
Pulse repetition rate
PFN input voltage
PFN impedance
Pulse length, flat top
Rise time
Fall time
Pulse height deviation
from flatness
Pulse amplitude drift:
long term
short term
Average power output (max)

Reduction of the in-beam energy spread will be done by
way of adjustable current pulse delay relative to RF-pulse per
section3 plus beam active monochromatization
(energy
compression).4

of Modulator
280 kV
260 A
1100 n
1:14
3.5 psec
600,3ocr, 50
5-40 kV
5n
2.6 pet
0.4 psec
0.6 psec

The linear accelerator reconstruction
erection will have been realized by 1991.

and stretcher

ring
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2

us to consider a scheme with sinultaneous
transverselongitudinal
(TL) transformation.
The total transformation ratio in this case, with account of the main excited mode only. will be equal to K=KII' KA .
A ring-shaped
driving
bunch with current-density
linear growth over Z , moving in a waveguide with
circular
cross section has been considered as an example with TL transformation:

structures
are considered.
The latters
allow to obtain
K= - Egmcrx / E;min
higher transformation
ratio
longftudi-'
where Eirnar is the maximum of the driving
nal electric
field,
Ernin
is the minimum of the fntrabunch brake field.
For simplicity,
a waveguide with
dielectric
filling
& is taken as an accelerating
structure,
which allars
to obtain analytical
expressions for the radiated fields,
avoiding numerous comatfc waveguides.
putations
in the case with dfaphra
During the movement of partfc s"es in such decelerating structure,
electravagnetic
waves of electric
type are emitted.
For a particle
with current
I the expression for
= eu,6(3C-~~6(y-5)6(E-LTtt)
Ex of radia
waves (Vavflov-CLerenkov
radfation)
has the form8

It can be shown that in a circular
bunch can excite only syrmnetrical
distribution
outside the bunch:
E&J)=

waveguide such a
waves Eon with field

-~C,J,(hnz)(l-cos~nt)
n

where
where (X , y , iL ) are the Cartesian coordinates,
t
is the time. e is the electron
charae.
UZ is its veis the tfma co&dir&e
connected
locity,
z=t-z/&
with the particle,
An , V,., (a&y) are the eigenvalues and transverse
functions
of the waveguide,
% =

Cn =

= u, A-npijF7
is the frequency of the n-th excited
mode, Nn is the normalization
factor.
At arbitrary
distribution
of current
I= QUt P,(X,y)
Pz(Z)
,

=A"
n

(x,y)~~2,(T?eDso.(r-t')dt'
-00

CztJ,(Xnt~)-z,J~(Anz,)~
JT(AnR)

&R~T~(z:-z:)A~~~

Here 216 ts %<R
, and
driven
bunch lies along the
triction
to the main excited
ratio at
T= 2flN/d0
, we
/ Jc(An2,)
'

the ex ression for
6~ can be obtained by integrating
the (1 P over all particles
of the bunch:
E,=-

8Q

the trajectory
of tit
waveguide axis. By resmode for transformation
shall obtain
K = EN

/

Fig. 1 shows the dependence of the transformation
ratio on the number of the excfttd
modes at different
radii
R of the waveguide. Here ZZ- Z,= 2 tmn, R-21 =
=lOnvo,
T=2Z/oo.
One can see from the plot that

(2)

where

KA
$0..

5 is the waveguide cross section,
9 is the total
charge of the bunch.
High transformation
ratio can be attained
in two
cases: at the separation
of the trajectories
of the
driving
and driven bunches - the transverse
transfonnation ( K+ ), and at asymmetry of the driving
bunch
distribution
- the lonaitudinal
transformation
( Ku 1.
The well-known Voss-Weiland schemeC31with rfng-shaped
driving
bunch gives only a transverse
transformation
with
K of about 10-20. The optimal ratio of the
-1ongitudfnal
transformation,
with ace nt of the main
excited mode only, reaches the value [oaf
KII =

60..

LQ..

20 .’

=GiGD
, where N is the ratio of the bunch
length to the radiated wave-length.
At linear distribution of the driving
bunch, Ku=3TN , and taking all
excited modes into account, the optimal ratio becomes
considerably
larger than XN . This naturally
induced
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A-/urn

R : dcm

the account of a great number of excited modes improves
appreciably
the transformation
ratio.
Table 1 lists
the values of the transformation
ratio and the maximum values of accelerating
field Ezmox
for the transverse,
longitudinal
and TL transformations
with account of the first
twenty excited modes.
Table

i

1

K

E&ax/4

I&Z-Z,)

9

0.9

R=Scm

Longltud.
transform.

IO %7(Z)
T

23

0.035

E = 1.005

TL
transform.

IO %(z-zt)
T

45

0.175

I(Z,T)
Transverse
transform.

-(cm-'

Notes
)

T -23r/o,

It Is evident from the Table that a considerable
increase in K and in acceleration
gradlent
really
takes place at TL transformation.
The dependence En(t)
In case of TL transformation (3), (4) Is shown in Fig. 2, where t<T
corresponds to the brake field
lnslde the bunch (Z= Zr ).
Z 7T
to the accelerating
field
on the waveguide
axis outside the bunch ( 2 = 0). The accelerating
field
peaks stand out clearly
In the plot, the maxinun
accelerating
gradlent
occurring
near the driving
bunch.

Fig.

3

Fig.

4

n
60 t

60-

40..
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Summary
rmin
e --2
where

Rll'=-lgsinkl

(3)

0-Lsinklo-kloLcosk10

R12'=vcosklU-(Llo+&)sinklB
10 - the

measurement

)2

Rl2=&inkh+Lcoskl6

effective
width
ec
dB
k2 =
(E2-Eo+
dr

A SMev medical
linac
and a 5Mev industrial
electron
linac were designed
and manufactured
In order to improve the
in our laboratory.
characteristics
of these machines,
to measure
the emittance
of the gun and to evaluate
the
contribution
of different
factors
to emittance
The experimental
appagrowth are important.
ratus and mathematical
procedure
are described. Some results
of.emittance
measurement are
given.
the

I

Rll=cosk16-kLsink10

Introduction

of

Rl2'
R11R12'-R12R1ll

(rO)2-(
R12 /\ rmin

The beam emittance
of the electron
gun
with the direct
emitting
has been measured in
our laboratory.
The experimental
apparatus
and measurement
method will
be described
and some results
of
the emittance
measurements will
be discussed.

Principle

7

Experimental

of the

quad,

apparatus

The assembly is represented
in Fig-l.
The
magnetic
quadrupole
lens is adjustable
to very
the beam size at the screen.
A fluorescent
screen and a camera are used for the beam radius measurement
(Fig.2).

method

If we assume that the beam distribution
in
the phase space is elliptical
and the quadrupole is thin lens, then the emittance
is l,L
&=

rmin(r2-rmin
L2($

or

2)+

(1)

- $)
0
(2)

wher r,- radius
of the beam at the quadrupole,
L - Distance
from the quad to the
fluorescent
screen,
f - focul
length
of the quad,
f,- focul
length which minimizes
beam
spot at the screen,
at the
'min - Minimum beam radius
screen.

Fig.1.
1
2
3
4
5
6

Sometimes we couldn't
treat
the quad as
a thin lens, for example, when the electron
enengy is very low. In that case the emittance
formula
for thick
lens will
be used instead
of
the above,

580
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Emittance

Electron
gun
Magnetic
quadrupole
Fluorescent
screen
Triangular
mirror
Camera
Vaccum chamber

measurement

lens

set-up

3

Fluorescent
screen
1 - Fluorescent
screen
2 - beam spot
3 - mesh

Fig.2.

Emittance

measurement

We measured the r0 and rmin at low energy
2-5kev and calculated
the emittances3.
Table I
shows results
of measurements performed
for
four different
electron
voltages
and currents,
where we kept the cathode current
constant.
Table I
V(kv-) I(ma)
2
3
4
5

2rO(mm) 2rmin(mm)
I
j 4.2
5.2
4.3
6.0
4.7
6.2
4.8
6.3

250
335
400
440

&(mOc-cm)
0.66.
10 -3
1.0 * 10 -3
1.31. 10 -3
1.49 * 10 -3

Conclusion
A method has heen described
to measure the
r and r,in
of the electron
gun beam at
two positions,
one is at the entrance
of the
the other is at the fluorescent
screen,
quad,
which is located
behind the beam waist.
This
experimental
device is very simple.
From measurement results
it seems that the
beam emittance
of the gun depends upon both
the beam current
and energy for a gun with a
direct
emitting
cathode.
radii
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FUTURE e+c- LINEAR COLLIDERS
I’.
Stanford Linear Accelerator
1.

Center, Stanford,

Energy
Per Linac

High Energy

Linear

5
35
loo-150
500

where 7 is the ratio of electron energy to rest energy and &
and & are the beta functions at the collision point.
If a single bunch is accelerated during each linac pulse, then
fr is also the linac repetition rate and the luminosity is the
single bunch luminosity tr. The situation is more complex if,
rather than single bunches, a train of 6 bunches is accelerated
during each linac pulse. There are then several options for producing bunch collisions. Successive bunches can be switched
to collide at different interaction points, as shown at (a) in
Fig. 1. The luminosity summed over all interaction regions is
= bfl.
A second option is to collide bunches at
then f,,,
an angle u, as shown at (b) in Fig. 1, where Q is less than
the transverse to longitudinal aspect ratio oz/oz. Only corresponding bunches in each of the two bunch train will collide.
Noncorresponding
bunches will miss each other, although if
the collisions are highly disruptive bunches at the rear of the
train will pass through debris from earlier collisions. For this
option the total luminosity at the single interaction point is
L3tot = bf 1. A third option is to collide a train of bunches head
on as shown at (c) in Fig. 1. There are 2b-1 interaction points
spaced a distance As/2 apart, where As is the bunch spacing.
If the collisions are sufficiently nondisruptive,
then the luminosity summed over all interaction point is f ,“,,, = b2 f1. The
luminosity is different at each interaction point, the luminosity
at the mth interaction point being given by

Colliders

0.1
0.7
2-3
10

0.5
3.5
10-15
50

Numerous concepts, ranging from conventional to highly
exotic, have been proposed for the acceleration of electrons and
positrons to very high energies. For any such concept to be viable, it must be possible to produce from it a set of consistent
parameters for one of these ‘benchmark” machines. In this paper our attention will be directed to the choice of parameters
for a collider in the 300 GeV energy range, operating at a gradient on the order of 200 MV/m, using X-band power sauces to
drive a conventional disk-loaded accelerating structure. These
RF power sources, while not completely conventional, represent
a reasonable extrapolation from present technology.

f,

Summary

of Beam

Beam

= f, x (1,2, . . . b- 1, b, b- 1, . . . 2, 1)

.

If the collisions are highly disruptive, then the only effective
collisions take place at the central interaction point, where
ftot = bfl.

(0)
Linac

r

Linoc
---

I

---

I
I
I

t

The choice of linac parameters is strongly coupled to various beam-beam effects which take place when the electron and
positron bunches collide. We summarize these beam-beam effects in the next section, and then return to the RF design of
a 650 GeV center-of-mass collider.
1.

94305

(2.2)

Total Length (2 linacs) in km
Luminority
G=l GV/m
(cm-* we-l ) G=20 MV/m G=ZM) MV/m

6 x 102e-so
50 GeV
350 GeV
*lo=
l-l.5 TeV
lO=
5 TeV
KC+’

California

where N is the number of particles per bunch, fr is the bunch
collision rate, Ho is the pinch enhancement factor due to
disruption (see next section) and A = u.uy ia the beam area.
The area is in turn related to the normalized emittance
c,, = c,,z = L,,~ by

Introduction

and Future

FRl-1

EFFECTS*

B. WILSON

As designers of the high energy accelerators of the future,
the first question we must ask is, ‘What-do the particle physicists want?” It is a fundamental fact of nature that the cross
sections for the production of interesting events in electronpositron collisions in the TeV energy range tend to fall-off inversely as the square of the particle energy.’ The luminosity for
two colliding beams, either in a storage ring or from a linear
collider, is defined as the event rate divided by the cross section; In order to keep the event rate at an acceptable level, the
luminosity must therefore increase approximately as the square
of the beam energy. In Table I the luminosities which follow
this scaling are shown for four collider energies. The first row
gives the energy and luminosity, at turn-on and after potential
luminosity up-grades, for the Stanford Linear Collider (SLC).
The next three rows give parameters for future and far future
linear colliders. The machines that have been suggested for
more detailed parametric studies in general fall into the three
energy and luminosity categories shown in the table.
Table I. Present

AND BEAM-BEAM

2

(b)

Effects

LUMINOSITY

The luminosity
given by

for the collision of two gaussian bunches is

(Cl
fl

= Naf,Ho

/4nA

‘Work supported by the Department
DE-AC03-76SF00515.

,

of Energy,

AS-j

(24

I

contract

I

Fig. 1.
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Possible collision modes for bunch trains in
a linear collider

I

DISRUPTION

*

When an electron bunch collides with a positron bunch,
the collective field from the particles in one beam acts like a
lens to focus the particles in the opposing beam toward the
axis. For particles near the the axis in a gaussian bunch, the
focal length of this lens is us/D, where ui is the bunch length
and D is the disruption parameter defined as

D = D, = -roNa,
7A

T= 6.7

10-12

(2.3)

t
10-13 1

Here A = crzuy, R = uZ/u,. 2 1 is the aspect ratio and
ro = 2.82 x lo-l3 cm is the classical electron radius. If the
disruption parameter is on the order of one the bunches pinch
substantially
as they pass through each other, reducing the
effective transverse bunch area and enhancing the luminosity.
The enhancement factor Ho has been computed from a simulation by R. Hollebeek,2p3 and is shown in Fig. 2. For a flat
beam (R >> 1) one would expect the pinch enhancement to
vary approximately as the square root of the enhancement for a
round beam, as shown by the dashed line in Fig. 2. Agreement
with simulation results is seen to be reasonable. For intermediate values of R an approximate analytic expression for HD(R)
in terms of HD (R = 1) is given in Ref. 4.

10-4

I

I

10-3

10-Z

7-86

Fig. 3.

I
I
10-l
W/WC

Classic01

I
1

I
I00

IO’
5479A4

Synchrotron radiation spectrum for a 5 TeV electron moving in a magnetic field of 30 MG. Dashed
and solid lines show the difference between classical
and quantum calculations.

the area between the solid and dashed lines. Define a scaling
parameter T by
(2.4)
where Be = 4.4 x 1013 G. In the classical regime (T C< 1)
the total radiated power is proportional to Tz - y*B’, while
for T >> 1 the power is proportional to T2i3. In the quantum
limit, the radiated power is reduced compared to the classical
radiation rate by the factor 0.556 T-‘/‘.
This reduction factor,
HT, is plotted as a function of T in Fig. 4.

IO’
0
7-86

Fig. 2.

2
4
DISRUPTION

6
PARAMETER

8
D

IO
5.79~1

Pinch enhancement factor as a function of disruption
parameter for round and flat beams. Points shown
are simulation results from Ref. 3.

BEAMSTRAHLUNG.

An electron or positron moving in the collective field of the
oncoming beam emits synchrotron radiation, in this case called
beamstrahlung.
In classical synchrotron radiation, the power
spectrum
for the emission of photons
of energy trw
increases as w1i3 for photons of low energy to a peak near
the critical energy at )w, = 3hyZeB/2mc.
Above the critical energy the spectrum falls off exponentially.
By integrating the power spectrum over all frequencies, the total rate at
-which energy is radiated is obtained as P - yzBz. As either
energy or magnetic field strength is increased, the critical energy will also increase until at some point )w, exceeds 7mc2.
One photon at the critical energy would then have to carry
away more than the entire energy of the electron. A correct
quantum calculations shows, however, that the radiation spectrum is suppressed for hw > 7mc2, as shown in Fig. 3. The
total radiated power is reduced by an amount corresponding to

10-Z

‘n-3
.10-Z
7-86

Fig. 4.

lo-’

IO0

IO’
T

I02

103
5479A3

Several useful functions of the quantum beamstrahlung
parameter T

The preceeding discussion was valid for a single electron
moving in a constant magnetic field. When two gaussian bunches collide, particles see a range of collective fields from zero on
the axis to a maximum near one sigma in the transverse direction. Using the power spectrum for classical synchrotron radiation, Bassetti and Gygi-Hanney6 have calculated the average
energy loss per particle, divided by the incident energy, to be
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6

cl

_
-

Table II.

Flr:rN2

where Fl = 0.22 is a form factor independent,
percent, of the aspect ratio R.

to within

6

Here X, = 3.86 x lo-” is the Compton electron wavelength
divided by 2x and Fs = 0.43 is a form factor determined from
the simulation.
A factor Hbl’ is included to take pinch enhancement into account. Thus the beamstrahlung parameter
for colliding gaussian bunches can be expressed ss

6 = hcH~Hr(f)

,

A (rm12

f, (Hz)

= 9.9 x lo-’

[a]

(2.9)

{W}

[(l:RR)f]

= 9.2 x 10-s

=

3.27

{ $}

fHT

=

2.6

x lo-’

T2H~

=

8.5 x lo-’

DHg2

= 1.13

x

(2.10)
(2.11a)

(2.11b)

[f$$]

{$?}

[siiq

{F}

(2.13)

N = 9.2{ H$THT}[&@ I

(2.7)

where again a factor HD is included to take pinch into account.

1O-2

{ &;#,2}

(2.14)

(2.15)

[R1’21

RMS ENERGY SPREAD

3.

For particle physics, the center-of-mass rms energy spread,
ow, is of more importance then the average energy loss per
electron calculated after the bunches have collided. The relation between 6 and m/W
for gaussian bunches depends7
only on f.
In the classical limit (‘F < 1) w/W
= 0.326,
while in the quantum limit (f Z= 1) aw/W = 0.55 61i2. These
contrasting limits on uw/W are a consequence of the strong
variation in average number of photons, Nr, emitted per electron as a function of T. In the classical limit, NP = 2.16/T,
while in the quantum limit NP = 3.96. Thus in the classical
limit, uw/W = 0.12 for 6 = 0.30. For 6 = 0.30 in the quantum
limit, however, NP = 1.1 and uw/W = 0.30 (see Ref. 8).
AND COMBINED

Structure

RELATIONS

1.6 x 1O-3 {NEobf,}

bEoLIlA112TH T
H’12
D 6

Parameters

Accelerated
Beam
Gradle”’ G

Fig. 5.

,

Conceptual

diagram of an accelerator.

A figure of merit for the accelerating structure is the ‘efficiency with which it converts average input electromagnetic
energy per unit length, uem, into average accelerating gradient
G. The dimension of G2/ucm is that of an inverse capacitance,
or elsstance, per unit length.Q A figure of merit for the driver is
the efficiency with which it converts wall plug energy into electromagnetic energy delivered to the structure. In this paper
we focus on the case of a conventional linac in which the driver
is a microwave tube (plus pulse compression) and the structure

A final beam parameter of interest is the beam power,
>b = ymc2Nfr.
In the practical units of Table II,
=

RF and

Energy in an electromagnetic field delivered to some sort
of structure is required to accelerate charged particles. The
structure can be a metallic waveguide, such as the traditional
disk-loaded accelerator structure, an open resonator, a wakefield “transformer,” or in a general sense even a plasma. Also
required is a driver to convert power from the AC line into the
electromagnetic energy delivered to the structure. The driver
can be a microwave tube, a laser, or a driving bunch as in the
wake field accelerator. A conceptual diagram of a generalized
driver and accelerating structure is shown in Fig. 5.

From Eqs. (2.1), (2.5) and (2.6) we note that f 1, 6cl and f
all depend on N2/A. This makes it possible to combine these
parameters in various useful ways. In Table II the beambeam parameters and some of these combinations are written in practical units. Of special importance are the functions THr - 6(fr/f1)1/2 - A’/’ 6/N and f2HT - Eo6/0,.
These function
are plotted in Fig. 4.
Also plotted is
PH2 T - 62/A’/2D.

= 21.7

Units

N (lOlo)

0. bd

D = 1.44 x 1O-2 { &}

(2.6)

P@fW)

in Practical

cw

f

SUMMARY

Expressions

Eo (TeV)
Ll(10s2/cm2/sec)

a few

It is expected that the radiation will be significantly reduced when single particle values for T at the position of maximum transverse field in the opposing bunch are on the order
of one. In a breamstrahlung simulation, R. Noble’ has shown
that the reduction in energy loss per particle, averaged over the
entire bunch, can be expressed by the single particle reduction
factor H-r if an effective ‘Y’, denoted by f, is defined in terms
of the bunch parameters as

CENTER-OF-MASS

Beam-Beam

(2.5)

us A

(2.16~)
(2.166)
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is a conventional disk-loaded structure.
The parameters qD
and B are, however, more generally useful for comparing the
various exotic and conventional acceleration schemes that have
been proposed for high energy colliders.

The average source power will be Fk = 2”Tff&,

pa, _

8

= 8.42 x lo-’

[t+,(m/ps)]‘/’

F

TO(PS) =

=

7.1 [f(GHi)lm3i2

Fdirr
-=-.
w
JJ#

(3.2)
.

(3.3)

TABLE

(3.6)

RF SOURCE PARAMETERS
Source Spacing N,L,
Total Number of Sources
Peak source Power &
pulse Length
Tk
Repetition Rate fr
Average Source power Pk
Pulse Compression Efficiency
vc
Structure Average Power Dissipation
Assumed RF efficiency
n,f
Wall Plug Power P.,
Net Driver Efficiency
qD

where Q is the compression efficiency given by
{[l+exp(--2aT,)]

(1 + exp (-4aT1)]

. . . [l + exp (-2”aT,)]}

RF and Structure

Q/C
Structure Efficiency
q,
Internal Elastance
s
Effective Elastance
B
Disk Hole Radius
o

RF pulse compression can be used to reduce the required peak
power using the binary power multiplication
(BPM) scheme of
Z. D. Farkas.‘O The peak power gain for an n-stage BPM is

2-”

III.

STRUCTURE PARAMETERS
Length per Linac
L
Length Each Section L,
Frequency
f,r
Filling Time
Tf
Internal Time Constant
TO
Attenuation Parameter
r
Average Group Velocity
frg

Note that structure figure of merit, as defined in Fig. 5, is
B = SQ. The peak input power to the structure is now

qc =

2s f,G2
8

for a 325 + 325 GeV Linear

1 -e-s7
27’

= 2” r,~~ ,

(W

(3.10).

As a design example, consider two X-band linacs (f =
11.4 GHz) driven by microwave tubes, each with a peak output power of 150 M W and a pulse length of 1.8~. Let each
accelerating structure be 1.0 m in length, assume four stages of
pulse compression, and let each RF source feed four accelerating sections. Thus the filling time is Tf = 1.8 w/16 = .112 ps,
and the other structure parameters given in Table III follow.
If the attenuation
of the delay lines in the pulse compression system is a = 0.10 nepers per microsecond (3 in I.D.
overmoded copper pipe), then the compression efficiency is
nc = 0.85, the peak power multiplication
factor is M = 13.6,
and the gradient G = 186 MV/m follows from Eq. (3.8). The
energy of each linac is then 325 GeV. If we assume a repetition
rate of 120 Hz and an efficiency q,/ = 0.55 for conversion of
AC power to RF power, then the total wall plug power for both
linacs is 50 MW. The RF source parameters are also summarized in Table HI.

Because of losses (and the spatial variation in the accelerating field in the case of a constant impedance structure), the
effective stored energy in the structure at the end of the filling
time is less than the input energy by the structure efficiency
factor qr. For a constant gradient structure

M

.

Here Nk = L/N,L,
is the total number of RF sources per linac,
r),f is the efficiency for the conversion of wall plug power to RF
power, qD = q,/ qc is the overall driver efficiency and B = .SQ
is the net structure elastance. It is also useful to know the average power dissipation per unit length of accelerating structure,
given by (constant gradient case)

The above relations are strictly valid only for constant impedance (constant beam aperture) structures. For a constant gradient structure, in which the beam aperture decreases along the
structure in order to maintain a constant accelerating field, the
situation is more complex. However, if the attenuation parameter (defined by r = Tf/To where Tf is the filling time) is not
too large, then an effective group velocity fi, = L./T, can be
used in the above expressions to give approximate average values for the structure. The smallest beam aperture at the end
of the structure will then be less than that given by Eq. (3.1)
by a factor emr14.

9r =

_ f&G2 _ f&G2
9rpwlrs
rlD5

(3.1)

13.24 [f(GHp)]l
1 + 0.216 [ug(m/q)]1/2

e

NkFk

?d

Consider a SLAC-type 2x/3-mode disk-loaded traveling
wave structure. As the beam aperture radius 5 is increased, we
find that the group velocity us increases approximately ss a’,
and the elsstance s E G2/u, where u is the stored energy per
unit length, decreases. The unloaded Q, on the other hand, is
approximately independent of the beam aperture radius. Thus
o/X

and the total

AC “wall plug” power per linac of length L ia

.

Here a is the delay line attenuation per unit time. If each RF
source feeds NI accelerating structures, then the peak source
power will be
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Parameters
Collider

1.75
1.0
11.4
112
184
0.61
8.9
0.0296
0.58
1050
610
3.82
4.0
438
150
1.8
120
32
0.85
4.8
0.55
25
0.47

km
m
GHz
as
ns
m/p

V/pCm
V/PC-m
mm
m
/Iinac
MW
/.LS
HI
kW
kW/m
MW/Bnac

4.

Beam-Structure

Parameters

Several important collider parameters depend upon the interaction between the beam and the accelerating structure.
The single bunch efficiency r.& is important because it is a
rough measure of the energy spread within the bunch produced
by longitudinal wake fields. Also, the bunch-t-bunch
energy
droop between bunches in a bunch train is AE/E
m )qb.
The single bunch efficiency is
t?NS
G

cNG

r)b

=

=

-=-

U

1.6 x 1O-3

N(lO’O) a(1012 V/C-m)

(4.1)

The single bunch energy spread can only be obtained exactly
by -a calculation using the longitudinal
delta-function
wake
potential for the accelerating structure in question, as is explained in Ref. 11. For a short bunch sitting on the crest of
the accelerating wave, the energy spread ls given roughly by
(AE/E),b
= )B(o,)nb, where B is an enhancement factor taking into account the effect of higher-order longitudinal modes
(see Ref. 11). For example, B = 3 for a 1 m m bunch in the
SLAC structure.
However, this energy spread can be reduced
by adjusting the relative phase of the bunch with respect to the
crest of the accelerating wave, such that the slope of the RF
wave tends to compensate for the slope of the wake potential
within the bunch. In this way the energy spread can be reduced by at least a factor of 3. A conservative estimate is then
@E/E),b

<

‘tb/2.

In order to obtain a high luminosity with a reasonable repetition rate and number of particles per bunch, a very small
transverse emittance will be required. Significant growth in
emittance as the bunch travels through the linac can lead to
an unacceptable degradation in luminosity. A number of effects
can produce such an emittance growth, but there is space here
to focus on just one representative effect. The quadrupoles in
the focusing lattice of the linac will jitter randomly in transverse position due to high frequency components in ground motion arising from both natural and man-made causes. The excursions off-axis by the head of the bunch will produce a transverse wake which wiggles the tail of the bunch. The growth in
transverse beam size is given by12

Here Wl is the transverse wake potential in cgs units (cmw3),
d,,, is the rms jitter amplitude, and ur is the bunch size
at the end of the linac. For short bunches the transverse
wake can be estimated from W, = 2u, Wi, where Wi is the
slope of the delta function transverse wake potential. For the
SLAC structure (A = 10.5 cm, a = 1.165 cm), this slope is
Wi = 2.1 cm-’ and scales as
w;-w’

(a/X)--3.5

.

A 325 GeV

6.

(4.3)

The emitance growth due to magnet jitter can be reduced
substantially
by introducing an energy spread between the
head and the tail of the bunch (Landau damping)13.
However, Eq. (4.2) provides a measure of the severity of transverse
wake field effects and is useful for scaling.

Collider

Example

Although

it may seem like the backward way to do it, the
for our example collider were calculated first in
Sec. 3 before the beam-beam parameters were considered. The
RF frequency was chosen (I priori, and the peak source power
and pulse length were chosen to give the gradient necessary to
reach 300+ GeV in a linac 1.75 km in length. The repetition
rate was fixed at 120 Hz to give a reasonable AC wall plug
power. The energy and repetition rate, together with a luminosity per bunch of 1032/cm2/sec and a beamstrahlung parameter 6 = 0.3, 6x T = 0.16 and a, = 0.6 m m from Eqs. (2.12)
and (2.13). The logical next step would be to fix qb at a ressonable value of l-2%, determine N through Eq. (4.1) and then
A and hence c,, from Eq. (2.14). We instead fix c,, at 3 x 10m6
m-rad (one-tenth the SLC damping ring emittance), choose p’
= 1 m m find A1f2 = 0.07 pm and show that N, D and ‘]b
are reasdnable. From Eq. (2.15) and Fig. 2 we find D = 5.4,
HD = 5.6. From Eq. (2.14) it follows that N = 9.4 x lo’, and
from Eq. (4.1) qb = 0.85%. These results are summarized in
Table IV. Following a similar procedure for a flat beam with
R = 10, we obtain the results shown in the second row of
Table IV. The last column gives w/W
obtained from data
in Ref. 7.
RF parameters

Traneverseemittance
growth was checked by inserting these
parameters in Eq. (4.2). The result is AZ/U/
= 0.06 for the
round beam case assuming d,,, = lo-* pm. The high gradient
and larger than normal disk hole radius help to keep emittance
growth tolerable.
Table IV.

Beam-Beam

&=325

GeV

6 = 0.3
R

‘T

H-r

1 0.16 0.55
10 0.49 0.30

Parameters
f, = 120 Hz

e, = 3 X lOm6 m
or

(mm)

0.61
0.12

6.

D

HD

N

5.4 5.6
2.9 2.4

Some

for Collider

Example

I21 = 10J2/cm2/sec
(17:ui)‘/~ = 0.07 pm

(10”)

0.94
1.43

%

(kw)

r)b (%)

59
89

0.84
1.3

w/W

0.14
0.18

Conclusions

For the next generation of linear collider (Eo 2 300GeV),
there is an advantage in working at a higher gradient than the
SLC gradient of 20 MV/m in order to keep the total length
of accelerating structure within reasonable bounds.
In the
preceding sections we have developed the design of a collider
with a gradient on the order of 200 MV/m using conventional
RF technology at 11 GHz (although some might argue that
X-band microwave tubes delivering 150 M W are far from
conventional).
The same technology could be extended to
build a 1 TeV collider with a luminosity of 1033cm-2sec-1,
with a wall plug power on the order of 100 MW, if we can
learn how to collide a train of 10 or 20 bunches spaced several nanoseconds apart. In the csse of a 5 TeV collider, the
machine becomes uncomfortably
long even with a gradient of
200 MV/m (see Table I), and the wall plug power would approach the G W range. A higher RF frequency with a nonconventional RF power source (e.g., two beam accelerator) may be
required, or perhaps such a machine will be based on a completely different acceleration technology derived from one of
the many exotic concepts that have been proposed.”
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FACTORS LIMITING

THE OPERATION OF STRLJCTIJRES UNDER HIGH GRADIENT*

FRl-2

S. 0. SCHRIBER, AT-DO, MS H81 I
LOS ALAMOS NATIONAL LABORATORY, LOS ALAMOS, NM 87545
Summary
Factors limiting the operation of rfstructures under high-gradient
conditions are described. Included are recent rfmeasurements at laboratories in Europe, Asia, and North America and how these measurements
relate to earlier data as exemplified by the use ofthe Kilpatrick criterion
(Kp). Operation limitations will cover mechanical, geometry, thermal,
and surface constraints and the associated impact on structure design,
fabrication, and material selection. Generally, structures operating continuous wave (100% duty factor) appear to be limited to peak surface
fields at about twice the Kilpatrick limit. whereas pulsed structures
operating with pulse lengths less than a millisecond can attain peak
surface fields five times the Kilpatrick limit.
Introduction
Interest in operating accelerating structures with high rffields has been
driven by a number ofreasons. including those listed below:
l Shorter and smaller accelerators
l Restrictions on available space
l Improved performance, in particular for injectors
l Economics, particularly when beam powers exceed structure powers
l Beam-handling improvements
l Efficient systems in terms of temporal, operation, and response
characteristics
If 500 MeV/m accelerating gradients were possible, a 50-GeV accelerator could be built in IO0 m compared to 5000 m required for typical
IO MeV/m currently available-a considerable savings but at the expense of rfpower and cooling.
An understanding ofthe mechanisms and related factors for rftield
breakdown in rfstructures could lead to improved operation, the use of
preferred materials, the selection ofoperating environments, and the
ability to operate economically (and safely) close to a well-selected choice
of system limitations. A detailed investigation ofbreakdown phenomena
could lead to a sufficient understanding ofthe surface physics, chemistry,
and metallurgy to make significant advances in the state of our technology. For these reasons, it is important that a multidisciplinary ap
preach be taken in the research and development activities. The overlap
in technology exchange between superconducting and room-temperature
structure studies is just as important for both study areas as it is for
studies ofdc and rfbreakdown.
For many years the Kilpatrick limit’ has been used to express limitations in operating rfsurfaces at very high rfflelds. Kilpatrick analyzed
data available in the mid-fiftiesand determined a limit at which there
was a high probability of field breakdown or arcing between surfaces.
Operation below this level would generally be trouble free. Since then
vacuum systems have improved and higher rfsurface fields have been.
achieved-factors of 5 or better have been observed. A significant
improvement was the introduction ofoil-free vacuum pumps, which
eliminated the need for diffusion pumps and the associated oil contamination of vacuum surfaces. Accelerator designers and operators talk
of a structure performing at “X” times the Kp as a mechanism for
comparing data between different accelerator groups and for different
frequency regimes. The following formula is a simplified reordering for
the case where the gap effect is negligible:
f(MHz) = 1.643 E’(MV/m)exp(-8.5/E)

.

Above a surface field E, the probability of breakdown is high for an rf
structure operating at frequency f. Typical values are I I.5 MV/m at
108 MHz, 15. I MV/m at 216 MHz, 20 MV/m at 432 MHz, and 50
MV/m at 3000 MHz. Ifhigh fieldsare required, as high a frequency as
possible should be chosen, subject to the constraints of fabrication
(physical limitations), available rfpower sources, and required beam
dimensions for propagation and containment ofcharged particle beams.
The rffields available for accelerating charged particle beams are
related to the rfsurface fields by geometric factors. Proper design ofthe
cavity geometry is important for attaining high fields, as is the frequency
choice. Attention should be paid to cooling the rfsurfaces ifdegradation
*Work supported by U.S. Department of Energy.
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ofperformance is to be avoided-degradation from increases in surface
temperature such as a loss of rfefficiency or a change in physical
dimensions.
Figure l’shows the regimes available for operating an rfstructure
safely. Operation would be difficult above the lines drawn for three
different effects. The breakdown limit will be the subject ofthe rest ofthis
paper. This limit is the predominant effect up to about 50 GHz-below
which is the usual operating regime for accelerators. Above this frequency two other effects become dominant: a surface phenomenon
related to melting the rfsurface from the high rfcurrents induced in
several skin depths of the cavity walls, and the formation of plasma close
to the surface.
This paper describes results obtained with room-temperature systems
since the 1984 Linac Conference. Other papers at this conference describe the status of superconducting technology. Also described is the
outcome ofdiscussions at a mini-workshop, organized by the author, on
limitations to high surface fields (SLAC, September 1985). Headings
used below refer to the institution at which most ofthe work took place.
Becauseof space limitations, work at some institutions will be mentioned briefly, other work not at all. To provide an overview ofeffects
and technology status, specific topics have been highlighted.

Fig. I. Operatinglimitations versuswavelength.
Chalk River Nuclear Laboratory
Hutcheon et al.’performed a number of experiments with a 270-MHz
RFQ “Sparker” cavity that was designed to determine cw limitations.
The four-vane geometry shown in Fig. 2 was instrumented for visual,
thermal, rf, and radiation measurements. High-power rfwas delivered to
the structure with an tfloop that was locally compensated by adding
material around the periphery ofthe coupling hole. Field uniformity
from quadrant to quadrant was within +3% as measured by standard
bead-pull techniques. The vanes and the outer walls were fabricated from
solid OFHC copper, with internal channels for flood cooling. The allbrazed (hydrogen furnace) structure attained 90% ofthe theoretical Q
value. The TE,,, quadrupole mode frequency was 266.7 MHz at 22°C
with no cooling water flow (TE,,, dipole modes at 270.5 and 264.8 MHz).
Note that the end walls in Fig. 2 were far removed from the vanes to
eliminate end-wall effects. A bakeout at 90°C limited by some of the
attached components, resulted in a background pressure of IO-’ Pa.
Initial operation resulted in vacuum excursions to IO-’ Pa with tiny
“glow points” visible on the vanes, not all at the highest field locations-some ofthem in fact at relatively low field spots. Glow points
became visible at the I- to 2-kW drive level, corresponding to about l/3
to l/2 * Kp. As rfdrive levels increased, so did the number and light
intensity from each glow point. Some disappeared, some disappeared
and reappeared, while others remained at what seemed to be the same
location. Care had been taken to ensure no contamination of the RFQ
components by employing suitable clean techniques during assembly
and initial vacuum pump down. Perhaps some ofthe glow points were
associated with impurities, dielectric inclusions, or other surface imperfections. The situation lacked some of the highquality clean-room
techniques used for assembling superconducting structures. Impurities

Fig. 3. Modulation oflight intensity (lower trace)and rffield in RFQ (upper
trace)at 29.9-kWcw operation,

Fig. 2. Schematicof RFQ sparker.
on surfaces ofeither superconducting or room-temperature devices can
lead to high field limitations-the consequences for superconducting
structures being much more severe.
Becauseof the care taken during assembly and the procedures used
during rffield conditioning, the RFQ cavity reached high field operation
relatively quickly. The criteria employed were the usual ones adopted by
most accelerator institutions: (I) vacuum excursions from surface breakdown were held to acceptable levels and (2) energy deposited on the
surfaces from a major breakdown arc was minimized by a quick shutdown ofthe high-power rfsystem. The sequence followed for first highpower operation was a combination of pulsed (I 0 pps at O.l5-ms pulse
length) and cw operation. The initial I5 hours required to attain acceg
table high field operation consisted of 2 hours pulsed to I .6 * Kp, 2-l /2
hours cw to 1.3 * Kp, l-l/2 hours cw to 1.5 * Kp, 4 hours pulsed to 2 * Kp,
and 5 hours cw to 2.2 * Kp. During the following months, operation at
3 * Kp pulsed (0.25-ms pulse length) and 2.3 * Kp cw (about 50 kW) was
routinely achieved. The shorter the pulse length, the higher the field that
could be sustained without significant breakdown. Some general
characteristics follow: I-MHz frequency shift from no rfinput to cw
operation at 2 * Kp, IO-’ Pa vacuum with rffields, VSWR I. I7 overcoupled, and 9700 unloaded quality factor.
Vanes were inspected and cleaned with acetone, trichloroethane, and
ethanol after several months ofoperation. Visual inspection showed no
signs oferosion, a significant change from what has been common with
most copper-plated surfaces. A critical inspection of the surface by
surface chemistry techniques showed no significant change. Reconditioning to high fields went much faster and it was observed that the
number ofglow points decreased by about an order ofmagnitude. Some
of the glow points appeared to be at the same location as before-to
within the accuracy ofthe visual information stored on video tapes from
the TV camera system.
Temporal characteristics of the light emitted during pulsed operation
were measured with a low-gain photomultiplier tube that was calibrated
off-line to have an 0.3-ms rise-time. At various rfpower levels, the light
rise time (IO to 90% level) was 1.3 ms, independent ofduty factor or pulse
length. The intensity remained constant to the end of the rfpulse, at
which time the light decay time (90 to 10% level) was 0.8 ms. These times
are much longer than the 8ys rise time (IO to 90% level) for the tffields
and are probably associated with thermal effects. Figure 3 shows modulation of the light output from a large frequency modulation excursion used
-for this measurement only, by the automatic frequency control circuit
(IOO-Hz modulation about the resonant frequency). Emitted light isa
sensitive measure ofcavity conditions-compare the light to the cavity
quadrant probe of Fig. 3. Figure 4 shows the relative light intensity
measured as a function of the t-ffields in the cavity. Note the steep
functional dependence and the onset at about I* Kp.
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Fig. 4. X-ray and light intensity (measuredoutsideofquartz window) versus
squareroot of input power.
Light output can be used to determine a threshold for cavity breakdown. For any particular operation. a specific light intensity could ix
determined that, ifexceeded, would result in cavity arcing, independent
of pulse length. For pulse lengths greater than the I .3-ms light rise time,
no rfpulse-length effects were observed-operation was essentially
limited to that for cw operation. For pulse lengths shorter than 1.3 ms,
the peak rffield attained was related to the light threshold. Becauseofa
fixed light rise time, shorter rfpulses would require higher peak rffields
to reach the light threshold level. This effect agreeswith measurements
showing that higher peak surface fields can be sustained with shorter rf
pulse lengths.
Spectrometric measurements showed the emitted light had a continuous blackbody radiation pattern (T - 1200 K). Measurements of
absolute light intensity and an estimate of the number ofglow points
indicated that the points were about I to IO microns in diameter,
supporting the thesis that the points could be surface impurities, whiskers, discontinuities, or small imperfections. Heating could be from rf
displacement or electron emission currents.
Figure 4 shows x-ray dose rate (measured by a Baldwin-Farmer probe)
versus rftield level. A striking similarity to that of the light emission was
observed, indicating that both emissions must be related to the same
surface effects. X rays were generated by electrons accelerated from vane
to vane during the rfcycle. Electron transit time is short, leading to a
determination ofthe intervane voltage by measuring the end point ofthe
x-ray spectrum. Rise and fall times ofthe x rays were measured to be I .2
and 0.2 ms, respectively. Similar to light emission, x-ray intensity was
independent ofduty factor and pulse length when the pulse length
exceeded I .2 ms.
The end point ofthe x-ray spectrum was measured by a germanium xray spectrometer, an accurate method for determining vane-to-vane
voltages. Becauseof the intense radiation field generated, care had to be
taken to ensure that the detector and its electronics were not being
overloaded and that scattered radiation was minimized at the detector.

1 I
This method of measuring vane voltages has been adopted by most
institutions operating RFQ accelerators. An average 20-mA electron
current between vanes was estimated for operation at l-3/4 l Kp by
calibrating the germanium detector system off-line with a similar
geometry and a 70-keV dc electron beam of known beam characteristics.
A microdischarge (small flash of light between adjacent vanes) resulted
in a 2ys collapse (90 to 10%) ofthe rffields, followed immediately by the
usual 8ys field rise time. Each microdischarge had an approximate IO-ps
loss of field (about 2500 rfcycles), which may be of significance to some
accelerator scenarios.
Microdischarges occurred randomly in time and randomly over the
length of the vane. Over long (S- to 6-h) cw runs. the following microdischarge rates were observed for the fully conditioned cavity-600/h at
2.3 l Kp, 25/h at 2 * Kp and, 4/h at l-3/4 * Kp. Detailed examination of
the video tapes indicated that many ofthe microdischarges occurred in
the region ofthe peak rftields and were either at or in the vicinity of the
glow points. Breakdown. sparking or arcing. was associated with a large
number ofthe microdischarges moving about the vane tips in a sustained
manner.
Other observations and measurements included
l No noticeable change in high-power operation, as determined by
diagnostic devices, when 0.3 mA of 750-keV cw proton beam was
transmitted directly through the bore ofthe device or was directly
steered onto the vanes (effective beam impingement or beam loss
greater than 3 mA/m).
l Increases in background pressure to IO-’ Pa produced no noticeable
change in operation for background gasesofN,, Ar, H,, or air. At
pressuresabove IO-* Pa, microdischarges and breakdown rates increased dramatically. As the pressure increased from IO-’Pa to
IO-* Pa, x-ray field levels increased by about 20% except for the case
of nitrogen gas, for which a 25% decreasewas observed.
University of Frankfurt
Most of the workc6 at the University of Frankfurt has been done at
I08 MHz using a coaxial k/4 resonator, shown in Fig. 5, that employed
two frequency tuners and two coaxial electrodes, one fixed and one
adjustable under vacuum. Electrodes were mechanically polished and
ultrasonically cleaned in methanol. The rffield coupling loops were
calibrated by x-ray end-point energy from a germanium x-ray spectrometer. Visual observation was by means of a TV camera. A quadrupole mass spectrometer was attached to the vacuum system to measure
background gas concentrations during high-power operation.

Fig. 5. Schematicofcoaxial h/4 resonator,d = IO cm, D = 35 cm, and
L = 70cm.
Under pulsed operation, field levels to 4 * Kp were achieved without
sparking for pulse lengths up to 1 ms (duty factor to 5%). Under cw
conditions, field levels were limited to 2.4 * Kp. Breakdown voltage was
dependent on gap width when the gap was small enough to consider gap
effects.’
Figure 6 shows the 7cmdiam plane electrode measurements. As pulse
length decreased,higher breakdown voltages (U in kV based on a rate of
an arc/m) could be sustained. Operation at pulse lengths longer than
several ms had an equilibrium level similar to that ofcw operation.
Smaller gaps supported lower fields. The larger the gap, the closer the
operation to Kp. Background vacuum pressure had little effect to
6X IO-‘Pa.
A comparision of electrode operation demonstrated that a
20-mmdiam cylindrical electrode sustained a voltage (0.5 cm gap) twice
that ofthe plane electrode. A smaller IO-mmdiam electrode displayed a
tirther 10% improvement. Up to 6 * Kp (105 kV versus I7 kV)
breakdown voltage was measured with the 20-mmdiam electrode for a
0. l-cm gap. This performance reduced to about 3 * Kp (440 kV versus
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Fig. 6. Breakdownvoltageversuspulselength for plane electrodes(7cmdiam
disk) with Kilpatrick limit shown for eachgap distance.
I47 kV) for a 1.25-cm gap. Geometry plays an important part in voltages
sustained in an accelerator. Cavity geometry must be carefully selected to
design a system that will support high rffields. A compromise between rf
efficiency, beam loading effects, and rfvoltage stand-off must be made.
Some accelerator applications have considered the use ofCs ions
(heavy ion fusion) or the use of negative ions, the latter resulting in a
small background Cs gas from the ion source for certain source types.
Figure 7 displays sparking rate as a function of voltage for operation with
and without Cs background gas. A factor of2 reduction in voltage standoff capability was noted for pulse lengths from 0. I to 0.8 ms. This
reduction was presumably from the absorption of low work function Cs
vapor on the metal surfaces. Sensitivity of this effect to different partial
pressuresofCs vapor is still to be investigated. Surfaces returned to their
original operating characteristics without Cs after several hours of
vacuum pumping.
Electrodes for measurements listed above were made ofsolid OFHC
copper. Machining would be easier if an alloy such as Cr Cu (99.7% Cu,
0.75% Cr, 0.08% Zr) were selected. Material hardness following temperature cycling (associated with fabrication) would also be better than
OFHC copper. Unfortunately, breakdown measurements showed that Cr
Cu alloy had a 10% lower voltage stand-off capability over a wide range
of duty factors and pulse lengths. If a particular application can tolerate a
10% loss in attainable field level, this alloy might be a reasonable choice.
Mass spectrometric measurements showed the typical water components (H and OH), hydrocarbon lines, nitrogen, and carbon dioxide.
Hydrogen was the only spectral component that changed noticeably as a

Fig. 7. Sparkingrate versuselectrodevoltage,0.5%duty cycle,6 to 45 pps,0.7
cm gap, 10-l Pa pressure,83 kV Kilpatrick limit.
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function of field. Following cavity conditioning (0.5cm gap with Kp of
60 kV), the hydrogen partial pressure increases (factors of 5), seen from
the l/3 to 1 * Kp levels, essentially disappeared. A fully conditioned
cavity displayed an increase of the hydrogen partial pressure by up to a
factor of 5 between the I and I .5 * Kp levels and a significant increase
again above 4 * Kp-a lot ofthe latter associated with arcs.
Preliminary surface examinations following breakdown tests showed
that arcing between surfaces resulted in an erosion of the surface with the
production of about 0. I-mmdiam craters.
University of Mninz
Staff at the University of Mainz have been working on a three-stage
microtron to obtain 840-MeV cw electron beams for research purposes.
The accelerating structures in each of the microtons ( I4- and 180-MeV
intermediate stages) and the injector are based on a 2450-MHz on-axis
coupled linac developed’ at the University of Mainz on the basis ofwork’
at CRNL. The cw linac had to be designed carefully with considerations
ofrfefftciency, geometry, higher order mode excitation, cooling, intercavity coupling and fabrication methods. An associated experiment in
collaboration with CRNL was undertaken to determine the limits to
operating the linac under high-power rfconditions.
Although the linac (three accelerating cells, two coupling cells) was
operated at maximum surface fields less the l/3 * Kp, glow points were
visible on the noses of the shaped accelerating cells as viewed along the
structure axis. A l/3 * Kp limit was determined,9 based on thermal effects
described below. This operating level corresponded to
3.5 MeV/m average accelerating gradient with a related power level of
210 kW/m-heat that had to be removed from the structure (see Fig. 8).
Best operation of such a biperiodic structure will occur if the stopband
gap between the two bands of the frequency dispersion spectra remains
relatively small (< 0.02% of operating frequency) over all operating
conditions.

Fig. 9. Stopband frequencygap versusinput power
for two cooling situations.
and relatively high breakdown levels. Cross-sectional views ofsurfaces
before and after polishing showed significant surface-roughness reductions. Polishing to depths of 25 to 50 pm seemed to be optimum. DC tests
of OFHC copper RFQ vane simulation pieces showed that about 2.4 *
Kp was attainable for no electropolishing, a 25ym polish, a 50-pm
polish, and a IOO-pm polish.
Different materials (metals and dielectrics) are being investigated” for
performance, with attention to dissolved gases,surface structure, local
heating, multipactoring, grain sizes, voids, and polishing techniques.
Lawrence Berkeley Laboratory
The Bevatron 200-MHz Alvarez linac injector has been operating
(I ms, about 2 pps) at about I l Kp for more than IO years. Recently” it
was opened for a rebuild. A noticeable amount of copper was lying at the
bottom of the tank in the location of the first IO drift tubes. These drift
tube surfaces showed a significant amount of pitting or erosion. In
addition, multipactor patterns were seen on the outer wall. The solidcopper drift tubes were soft soldered and Ag plated. The Ag plate peeled
off within 2 weeks of initial operation, and the soft solder was eroded out
of the joints, especially from the first few drift tubes.
Kennedy” has investigated RFQ electrode surfaces by placing cylindrical samples 0.25 mm from an electropolished stainless steel electrode
with a I .3cm radius ofcurvature, the system energized in vacuum by a
60-Hz power source. Electroless Ni surfaces held off voltage about 30%
better than bare steel, which itselfwas about 20% better than a 0.005-mm
Cu-plated (cyanide copper electroplate) surface. After about I80 sparks,
the 0.005-mm Cu plate eroded so severely that bare steel was exposed-determined by a scanning electron microscope examination. A
thicker, 0.05-mm Cu-plated surface showed the same general traits, with
more sparks required to reach the bare-steel backing.
The better performance of the electroless Ni surface has been attributed to a small amount ofcontained P that increased the material
mechanical strength. The increase in strength may prevent tearing out of
whiskers and subsequent sparking.
A joint LBL/LLNL two-beam accelerator program“ involving a
seven-cell 35-GHz structure (see Fig. IO, based on the SLAC 2x/3 mode

Fig 8. Schematicofon-axis coupled cavity showing cooling circuits.
Because of unequal heating of the webs (heat from accelerating cell
side, very little from coupling cell side), web movement can lead to a
significant stopband gap. This frequency shift is related to the high
relative sensitivity of the coupling cell to on-axis gap changes. Figure 9
shows the stopband gap as a function of input power for circumferential
cooling only (maximum web stress) and for web plus circumferential
cooling. For the latter case, operation to 2 IO kW/m was acceptable.
Measurements of the stopband gap (by measuring all passband
modes) as a function of power for circumferential cooling only showed
that for powers less than 70 kW/m the stopband gap returned to its zero
power value after each cycle. At higher power levels, a permanent
distortion was introduced. For example, a measured, permanent, 0.5MHz stopband gap was introduced after operation to 100 kW/m (corresponding 2.5-MHz stopband gap). This distortion (thermal limit) was
caused by taking some of the web past the copper yield stress and
i.ntroducing a permanent deformation. Web cooling allowed one to reach
-2 IO kW/m before these effects became important.
KEK, Japan High Energy Physics Laboratory
In studies” of a 201 -MHz RFQ for accelerating H- from 50 keV to
750 keV, electropolishing of solid copper resulted in good rfconductivity

Fig. 10. Schematicoftwo-beam high-gradient test structure.
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design) has attained l400-MV/m surface fields (about 8 * Kp) for 80 M W
ofpulsed input power (IO ns, I pps). Surface finish ofthe 6.7-mmdiam
structure formed from Cu electroforming and etch removal ofAl rings is
excellent at several microinches.
Stanford Linnc Accelerator Cenbe
RF breakdown studies have been performed on a seven-cell
2856-MHz structure similar to that of Fig. IO, except that the cavity has
an 8.2-cm diam and operates in a n standing wave mode. Surface fields of
300 MV/m (6 * Kp) were reached” for operation at 37-MW peak (2.5-ms
pulse, 120 pps). Associated with this opcratiorrwere high radiation fields
on-axis from about 25-mA peak, I O-MeV electrons. Becauseof the
intense and energetic electrons, structure end plates or windows must be
designed carefully. Fowler-Nordheim plotst6 were used to display rf
processing. Surface electron emission under the influence ofstrong
electric fields can be plotted, I (electron emission current)/E’ (Electric
field across surfaces), as a function of l/E to determine a surface
enhancement factor p that should improve with conditioning.

Fig. 12. Cross-sectionalview of test cavity system.
Q enhancement by a factor of 2.7 from room temperature to -197°C
observed for low power operation was lost for high power operation.
Further studies on this effect are planned.
Breakdown level was not enhanced from diamond polishing nor from
electropolishing ofsurfaces, was independent ofpulse repetition rate (70
to 300 pps) and cooling temperature (- 180”to 4o”C), was the same for
surfaces of stainless steel, aluminum, titanium, solid OFHC copper and
Cu-plated steel, was not enhanced by Ti coatings, and actually decreased
with Ni plating.

A
In(I/E’) = - sE + ln(Bp*o,)
where A and B are constants and 0, is the surface area. The factor p can be
determined from the slope or intercept of this straight line. Figure I 1
shows typical Faraday cup results for the 2856-MHz cavity. Lines I to 4
showing p improvements from 140 to 102 were based on (I) initial
conditions after a 250°C bakeout, (2) several weeks ofrfconditioning, (3)
argon processing at IO-’Pa, and (4) conditioning after argon processing.

Snmmary and Conclusions
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Fig. 11. Modified Fowler-Nordheimplots for the SLAC disk-loadedstructure.

Varian
Figure I2 shows Tanabe’s” setup for testing different materials under
controlled conditions with a half-cell coupled-cavity. One ofthe 3-GHz
cavity results (4.~ps pulse at 200 pps) showed attainment of 250-MV/m
(5 * Kp) surface fields for three cavity nose lengths. Peak surface field was
the same for the three geometries but the beam accelerating field changed
by more than a factor of Z-demonstrating the importance of a design
optimization that trades rfef&iency for available accelerating field.
Recent measurements in conjunction with SLAC for a 5-GHz cavity
showed 450 MV/m surface fields (7 * Kp). Anomalous effects were
observed ‘*for high-power operation of 3-GHz structures at -197’C. The

Significant amounts ofinformation are available on the limitations to
operating rfsystems at high fields. A better understanding ofwhat is
happening on the surface, in detail, and what improvements are possible
is the impetus for future activities. The observables, such as x-ray and
light emission, have proved to be important diagnostic tools.
A numbel’of ideas explain surface phenomena that limit high field
operation. These include surface heating from ion bombardment, electron emission from surface imperfections and vaporization effects, and
the clump hypothesis leading to transfer of significant amounts of
material. Clean surfaces, free of impurities and defects, are preferred.
Limitations seem to be related to adsorbates, oxides, dust, inclusions,
surface defects, dielectric clumps, and eroded trouble spots. Material
choice, and subsequent cleaning techniques during processing and fabrication are important considerations.
To reduce the problems from eroded locations, one should employ
conditioning procedures that minimize the production oferoded spots
and subsequent enlargement or degrading of the eroded areas. A procedure that surveys gas evolution and field emission during operation
should be adopted. Attention should be paid to details of the vacuum
system, possible baking, and cleaning with an inert background gas such
as argon. It is an absolute necessity to minimize arcing or sparking on the
surfaces. A conditioning technique using both pulsed and cw operation is
especially effective, as long as the microdischarge rate is kept reasonable.
Thermal characteristics and limitations caused by taking material
beyond yield stressesshould be considered in the design ofrfsystems. An
important aspect is the selection of the cavity geometry and the means of
cooling the rfsurfaces.
Design of rfsytems should minimize the production of x rays and
ultraviolet radiation-if not totally possible, then minimize the impingement of these radiations on surfaces experiencing high stressesand
surfaces prone to damage from these radiations.
Future activities will include studies of surface coatings such as thin
dielectrics or composites, shorter pulses to attain higher surface fields,
imbedded impurities to study local surface effects, microscopic surface
investigations under high power rfopemtion and a detailed study ofthe
anamalous cryogenic (liquid nitrogen) effect at 3000 MHz.
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SUMMARY
During the last few years many suggestions have been
made for novel accelerating
schemes,-with
the aim of
making centre of mass energies of 1 TeV and above
+at a socially
acceptable
available
for e e collisions
cost.
A wavelength range from microns to centimetres,
and field gradients
from tens to thousands of MeV per
metre have been considered.
It is now evident that
the need for high luminosity
with acceptable power
cost in the face of destructive
collider
constraints
imposes severe restrictions
on the choices available.
An attempt is made to examine these in general way,
but with emphasis on wavelength and gradient
scaling.
Non-harmonic schemes, where an equivalent
wavelength
must be assigned, will be Included in the survey, and
the use of multiple
bunches considered.
The need for
essentially
new inventive
suggestions will be
emphasized.
INTRODUCTION
The essential
features
of a large accelerator
installation
can be conveyed by a ‘parameter list’.
This is a list of numbers quantifying
its properties,
such as final energy, power consumption.
length and
One can divide this list into ‘key parameters’,
cost.
and a vast number of ‘secondary parameters’,
which
include all the information
on detailed
drawings.
The
for
division
Is not sharp, and a useful description
most purposes might contain between 10 and 100
These parameters are interdependent,
and
numbers.
subject to overall
constraints,
dictated
by the
availability
of various commodities such as money,
manpower, specialized
equipment, and space.
A common
situation
is that some particular
design is known to
be technically
feasible,
but not optimized;
the
suppose we alter one parameter,
question then arises,
To answer this
what does this imply for the others?
requires
a knowledge of how the constraints
are
easing some problems makes others worse, and
related;
the art of juggling
the ‘trade-offs’
is quite familiar
to anyone who has built
a machine.
Another common situation,
illustrated
by a tokamak
fusion reactor for example, is that the relation
between the constraints
is not yet understood.
Indeed
it is not even-known that an acceptable parameter list
for a power station
based on a tokamak can be found.
The functional
relations
between these parameters may
any
be termed ‘scaling
laws’, and in undertaking
radically
new venture an important
task is to
elucidate
the underlying
structure
of these scaling
laws as clearly
as possible.
Commonly we find fairly
transparent
connections between some groups of
parameters, but how these groups are linked with one
another cannot be ascertained
without
the acquisition
of new knowledge.
In the field of linear colliders
with energies in the
-TeV range some of the connections
that are needed to
arrive at a credible
design are missing, and I should
like to emphasize the importance of concentrating
attention
on these unclear links,
rather than refining
understanding
of the connections within a particular
group.
One approach to a high luminosity
1 TeV collider
might
be to extrapolate
directly
through SLAC and SLC, and
build accelerators
of essentially
the same type using

the same power sources.
This has obvious problems, and
new schemes have been proposed to circumvent them.
When this is done, all the complications
must be
investigated,
and any possible weaknesses exposed for
examination,
not glossed over!
Only in this way can
one really
seehere
inventive
suggestions
are needed.
One must either work within the constraints,
or invent
something essentially
rather than trivially
new that
circumvents
them.
LINEAR COLLIDER CONSTRAINTS
General
In this section some groups of constraints
that at
present seem to be inevitable
in linear colliders
will
be discussed.
Later, the way these groups interact
will be explored.
The central problem is that,
contrary
to the case with storage rings,
it seems
possible only to use the beams for one collision,
or at
least a very limited
number.
For acceptable beam power
and high luminosity
this Immediately implies a very
dense beam. Producing dense bunches is difficult,
but
that is not all.
Destructive
side-effects
emerge that
introduce
features hitherto
unfamiliar
to accelerator
designers.
While details
may still
be obscure, the
main features are by now understood,
and have often
been described.
References la - Id are reviews which
contain references
to earlier
original
work.
Here we quote some well known relations
between the
Since the object is to exhibit
principal
parameters.
the structure
of the constraints,
some approximations
and simplifications,
discussed later,
are made. The
usual symbols are used, L denotes luminosity,
and
equal cylindrical
bunches of r.m.s. radius o r and
length

or are assumed.

bunch and pulse

The number of particles

frequency

per

are N and f respectively,

and Ymoc2 is the energy of the particles

in each beam.

Numerical factors and fundamental constants are grouped
The classical
electron
radius is
together in brackets.
denoted by rc.
The luminosity
2
N f
,2
r

H(D)

where H(D) Is the pinch
total power per beam

(1)

enhancement factor

la

.

The

pb = $nTPo = NfYmoc2
where PO is the total
the total

conversion

The two constraining
parameter

and the beamstrahlung

power to the accelerator
efficiency,
factors

and nT

to be discussed

later.

are the disruption

parameter

N2y/0 2O
r z

(classical

regime)

(4a)

6 a (1O-3)

(N20Z/yor 2 ) 1'3 (9 uantum regime)

quality

(4b)

There are recent studies by Yokuya’ and Noble3.
Moderate values of D improve L by a factor of several,
but if D Is too large, the beams blow-up before the
collision
is completed, and L is reduced.
If 6 is too
large an excessive amount of electron
energy is
converted Into radiation;
besides complicating
the
experiments this introduces
an energy loss of order.6y
and energy spread, 6Y/Y of about 6/3.

Table of secondary
1)

o

parameters

beam quality

after

transverse
emittance
energy spread AE/E

Efficiency

of energy

acceleration

E

transfer

Consideration
of these again requires
of the following
tertiary
parameters

Pb’ D and 6 must not be too large, and for
simplicity
we assume that upper limits
can be assigned.
The limit
on Pb, through PO is economic, D must be less

Table of some tertiary

than about 2 if luminosity
is to be maintained,
and 6,
partly
for experimental
and partly
for economic reasons
can hardly exceed about 0.3.
N, f, ur, us are ‘technical’
3)
value is determined by the design

parameters,

to beams

parameters

a) classical

beamstrahlung

= 5MW
=2
= 0.3
z 10-4mm
a 2mlrJ
a 1.5 x 1010
-1
= 2000 set

Regime Parameters,

L-10331

Acceptable

Energy spread associated with longitudinal
wakefields
Emittance growth associated with transverse
wakefields
The form of transverse wakefields
associated
with transverse
alignment errors
etc etc

Es

Already the complexity of the relationships
is becoming
We do not yet know enough to specify a
evident.
Every effort
must be made to
credible
design.
elucidate
these relationships
before going into too
Later, we discuss
much detail
on any one aspect!
connections between gradient,
efficiency,
energy
We note the important questions
spread,and wavelength.
1) Within the constraints
discussed,
already raised.
how short in wavelength can we go while preserving
sufficiently
small energy and emittance to enable the
2) What methods may there be of
beam to be focused?
Some of these constraints
are
evading the constraints?
eased, but others made more severe when we enter the
quantum beamstrahlung
regime, considered next.
Typical

parameters

The form of equation
quantum regime

regime.

b) quantum beamstrahlung
(4b)

indicates

6 is proportional

that
to us l/3

regime

in the
rather

than

It is
l/Oz* so that a very short bunch is indicated.
interesting
to display 6 as a function
of y, L, P and
the bunch dimensions

In this short review there is no room for detailed
discussion
of acceptable
limits
on P, D and 6. These
have been discussed in the quoted references.
Here we
merely quote some order of magnitude figures,
first
for
a 1 + 1 TeV machine with L = 10 33 cm-2 set -1 working in
the classical
regime. 4
Classical

Accelerating

5)

In the next sections we note some typical
parameters in
both regimes implied by the constraints,
and then to
examine their implications.
We also enquire whether we
can Invent some way round them that will increase the
technical
choices available.
Typical

parameters

1)

4)

of the accelerator.

gradient,

some knowledge

2)
3)

and their

Parameters in the first
group are fixed,
and if those
in the second are set at their upper limits,
then the
four,technical
parameters are completely determined by
equations
(1) to (4)!
At first
sight this appears a
highly restrictive
state of affairs.
Before commenting
further
it is necessary,
first,
to see how the numbers
work out and second, to decide whether one Is in the
classical
or quantum regime.
This has been considered
by various authors,
(see references
la - Id) and it is
generally
thought that below 4 TeV (per beam) it is
easiest to work in the classical
regime.
By 1 TeV
quantum effects
would be evident but not dominant,
whereas at 5 TeV it would be necessary to accept the
demanding constraints
of the quantum regime.

f

Third,

L and Y are specified.

2)

‘b
D
s_
u
r
u
N=

Intrinsic
a)
b)

These
2)

1)

techniques.

z
looks very reasonable for an accelerator
with A z lOcm,
but there will clearly
be problems with energy spread
Fourth, a power level of 5MW per
if x is much reduced.
beam requires at least a few per cent efficiency.
From
these observations
It is evident that we need to be
clear about constraints
and connections
associated with
the following
quantities.

The general effect
of these phenomena is by now fairly
clear, though many details
remain to be sorted out.

So far, nine parameters have been introduced.
may be divided into three groups

beam, and good alignment

(5a)

Y=2x106

(5b)

upper

limits
For given y and L, both require

large

Pb and small

but the role
given

Derived from
constraints

with

L=1034.

5

The power used is very much less than in the first
example; if this is sufficiently
increased it may
be possible
to work in the quantum regime even at
1 TeV.

The following
comments can be made. First,
both N and
f look reasonable.
Second, the small or demands a high
600

or,

of CJ changes.
Typical parameters are
z
appropriate
to a 5+5 TeV machine
in the table,

Quantum Regime Parameters,
6 = 0.3
D -0.1
Pb I 0.5 M W3

L=lO

34

For an accelerating
field which, in the absence of the
bunch, decreases with z, (for example in the region in
front of the crest of a sinusoidal
field,)
good
compensation for this energy spread can in principle
be
6
Furthermore,
when b>l compensation can in
obtained.
principle
be obtained by sending earlier
bunches before
In addition,
energy
the accelerator
is filled.
recycling
might greatly
Improve efficiency
for given

, y=107

Acceptable upper limit
No longer at
upper limits.

0 r = 2.5-56
clz f 0.5u
N z lo8
-1
f z 5000 set
In this

7

energy spread.

case D and Pb are not at the upper limits,

so

that there is more choice.
Nevertheless
at this energy
it is not possible to avoid the extremely small bunch
sizes.
These ease the wavelength constraints,
but make
demands on beam quality
and alignment that are far
beyond present experience.

We return later to the question of energy spread, and
consider the scaling implied by equation (8).
We make
a guess of 10% for n e; at present It is not known what
compensation can be achieved in practice,
nor what
energy spread is tolerable
if final focusing is not to
be upset by chromatic aberrations,
this is thought to
be of order

The construction
of a machine with such parameters,
ever realized,
is evidently
in the distant
future.
the remainder to this paper the emphasis- is placed
the classical
regime, though some of the discussion
applies to either.

if
In
on

Equation

1%.

(8) then becomes

bN c lo7 EZa2, (volts,
In the classical

SCALING OF GRADIENT, WAVELENGTH,AND EFFICIENCY
We continue
relationships

X=O.lm implies

with examination of some quite
between accelerating
gradient

general
E
2'
wavelength,
and efficiency.
In order to include pulsed
schemes, with non-harmonic accelerating
fields,
we
introduce
the concept of 'equivalent
radius'
a of the
accelerating
device.
In a Stanford type waveguide a is
about A/3.
If W is the energy stored per unit length
and Es is the accelerating
gradient,
assumed

2

E
z

2

(In terms of the shunt

impedance per unit

Q, a2 = 2Q/n~~wZ~.)

electrons
per unit

through

'b

passing
length

length,
gains

= aNeEr

No of bunches
b

where a is a coefficient
less than unity.
For a group
of b bunches passing In a time small compared to the
decay time of the field
the efficiency
with which
energy is extracted,
denoted by ne is, therefore,

less because, by the time they arrive to where the
first
electron was slightly
earlier,
the field
is
depleted.
The trailing
electron
gets least energy; for
a field initially
uniform with z the mean energy
deficit
is (I-a)eEs,
and it Is conventional
to describe

(l-a)

of

Wavelength

Equiv. radius
a metres

x ,m

1

0.02

1

1

0.1
0.08
0.02

20
2000

0.03
0.03
0.01
0.01

100
100

3x1o-3

10

33
33

1.3x1o-3
3x10

4

-4

1
0.1

3x1o-5

We might conclude from this table that an 'optimum'
wavelength,
giving a gradient
of about 1 GeV/metre,
in the table are for a
might be about 4mm. The figures
= x/3, but for schemes making use of external
guiding
8
a might be much larger,
and the field,
structures
Similarly,
for plasma
therefore,
smaller.
accelerators,
a a c/u .
P
Within the context of the constraints
so far assumed
for the classical
regime, it Is not possible
to go as
low as a = 0.0013m @=4mm) because a bunch with or-2mm

obviously
ne is very small and o=l.
As N
increases,
the first
electron
in the bunch always
acquires energy eEe, but subsequent electrons
acquire

+=

0.02

1

(8)

wake field.
(l-a),
and it

Gradient
Er,GeV/m

12
300
5
1

1

For bN=l,

this as due to a longitudinal
fractional
energy spread is
difficult
to show that

; a wavelength

Ee=ZO MeV/m we find

energy
(7)

Qe
=t=-(q a($

a2=10-3m2 and for

Zs

A bunch of

the accelerator

regime Nz1.5~10

10

Table showing rough values of b, Ez- and a 10
satisfy
equation 8 with n,=O.l and N=1.5xlO

that

and the structure

(10)

metres)

For a pulsed linear accelerator
this implies 12
bx12.
If the gradient were increased
bunches per r.f.
pulse.
to 100 MeV/m at the same wavelength this would require
300 bunches per pulse, which is much more difficult
Of course for a superconducting
technically.
accelerator
continuous operation
becomes possible,
and
the bunches can be spread out uniformly
rather than
At shorter
concentrated
into a series of short bursts.
wavelengths b is decreased, but cannot go below unity.
Values of parameters satisfying
equation 10 are
tabulated.

constant over a distance equal to the length of the
bunch, then the equivalent
radius a is defined by
&cora

4

would occupy a phase range of more than i?r! The
question of dividing
the bunch into bunchlets
is
If we allow (optimistically)
5%
considered later.
energy spread at f l%a from the peak of the wave,

The
is not

hoping to find some way of compensating
the minimum wavelength is

2 +ne

x

601

min

=

l.5moz/cos-l~l-o.05)

for

this,

then

I
Optimistically,

squeezing

o

down to 1 mm, this is
z
1.5 cm. This is already less than we are entitled
to
assume from the assumptions made earlier.
It is
extremely Important,
therefore,
to see whether It is
possible to break out of the suffocating
constraints
assumed so far.
Before attempting
to find an escape
route we look at a further
constraint,
not yet
considered.

the most radical
suggestion,
already eight years old,
is to use two pairs of beams, each pair consisting
of
+
an e and e- at a very small angle.
The four beams
would interact
in the collision
region, greatly
reducing the effects
of disruption
and beamstrahlung.
This would still
require the production
of extremely
high quality
beams, but would allow a much greater
freedom in the choice of bunch length,
and hence of
r.f.
frequency,
N, and repetition
rate.
This scheme
would seem to need four rather than two accelerators,
though outline
suggestions
of how one might merge
+
e and e- beams accelerated
in the same machine have
10
been made by Schnell
.

In the quantum beamstrahlung
regime N can be reduced by
a factor of about 100. This has the effect
of reducing
by 100 the fields
Es In the table.
This implies
.
wavelengths below 1 mm if lGeV/metre can be achieved.
The problem of energy spread due to finite
us
disappears because of the extreme shortness of the
bunch.crz:0.5u
<< 1 mm. and furthermore,
the reduced
beam power requirement means that the efficiency
not be so high.
This allows the use of higher

The beamstrahlung constraint
is also eased if flat
rather than round beams are used.
A further
variable
that could have been introduced
earlier
is R, the
aspect ratio of the beams. Producing a flat beam of
the same area as a circular
one requires
reduced
emittance in one plane, however, and the implications
of this must be faced.
Merely increasing
one dimension
by a factor R does not help, since this increases the
beam area and reduces L. Detailed
argument shows that
the gain from a lower 6 is lost.

need
fields.

CONSTRAINTS IMPOSED BY THE REQUIREMENTSOF
FINAL FOCUSING
The constraints
on beam quality
imposed by the
requirements
of final
focusing have been examined by
several authors;
see especially
ref lb.
Very roughly,
a waist of radial extent o over a length os requires
r
beam with emittance

E < Coflu,
where C (=o,/8*

A further
suggestion
that at first
sight looks helpful
is to split
up the bunches into a succession of
bunchlets.
In this way it might be possible
to have
these separated by one r.f.
wavelength,
and therefore
to use a shorter accelerating
wavelength.
As an
extreme example one could keep the overall
length of
the bunch train the same, (a,), but enhance the density

a

(12)
where 8* is the 'beta

function')

9

is a

constant of order unity.
The requirements
on energy
spread are not known at this time, but a value ?$X is
4
often quoted
. For a 1 TeV machine the parameters
-11
quoted earlier
require a value less than 10
1 metre
-12
4
radians,
and a value 2vxlO
was quoted.
This is
difficult
to achieve in the first
place, and to
maintain during acceleration.
The problem of obtaining
low emittance by the use of storage rings has been
studied,
and the limitations
are reasonably well
lb
understood.
Mechanisms for emittance growth in the
accelerator
are also understood,
and scaling laws for
wavelength,
gradient
and charge taking into account
known wakefield
scaling can be quite simply found from
dimensional
arguments.
There are many factors
to be
taken into consideration,
however, if bunch size and
technically
achievable
tolerances
are to be included.
which is
One of these is the focusing wavelength,
dependent on the-configuration
of the accelerating
system.
It is too early to obtain a clear picture
of
the interrelation
of all these factors,
and how they
influence
the choices
of those already discussed.
Nevertheless,
some further
systematic
exploration
in
this direction
would be profitable.

of each bunchlet by S, the space-to-mark
Assuming that the energy spread is kept

ratio.
to

21X, this implies a bunch length of +cos -l 0.99 =a",
so that S=780"/8°=22.5.
Unfortunately,
since the
beamstrahlung radiation
is proportional
to the square
of the self-field
of the bunch, this increases 6 by S,
which is unacceptable.
An alternative
is to lengthen the train of bunches by a
factor S, so that the longitudinal
density remains the
but now D, If defined in
same. This keeps 6 constant,
the conventional
way, increases by a factor S.
Furthermore,
a bunch train of length Sax does not
satisfy
the inequality
(12) required for the final
These arguments are discouraging
but perhaps
focus.
Further examination
of this problem,
oversimplified.
in conjunction
with studies of the experimental
11
utilization
of the machine are clearly
needed .
CONCLUDINGREMARKS
The apparent constraints
on electron
collider
To acquire the knowledge
operations
are severe.
necessary to produce a design within
them clearly
is a
major task.
The complications
are such that
At the same
systematic
thought and action Is needed.
time one must vigorously
challenge the very simplified
Are the constraints
arguments set down in this paper.
properly understood?
What is the range of validity
of
What can we gain from pinch effect
the formulae?
Can we really
enhancement, neglected in the analysis?
do better by splitting
the bunch into bunchlets?
What
are the possibilities
for inventive
suggestions
such
10
The
as 'Super Disruption'
and 'Grand Disruption?'
only firm conclusion
at this time is that much needs to
in the
be done before the feasibility
of a collider
energy
range 1 TeV or above can be established.
We
need not only inventions,
but also a clearer perception
of the underlying
framework of constraints,
extending

HOW CAN WE ESCAPE FROM THE CONSTRAINTS?
To operate within
the constraints
assumed for the
classical
beamstrahlung regime seems to require
wavelengths greater than 1 cm, though in the quantum
regime it may be possible to go much lower.
If high
accelerating
fields
are to be used, then short wavelengths are very desirable
to avoid too many bunches
per r.f.
pulse.
We ask first
how it may be possible
to
avoid the constraints
discussed earlier.
First,
how
well established
are the formulae for disruption
and
beamstrahlung?
There is room for further
calculation
which may modify present understanding,
though this is
unlikely
to transform the apparent prospects.
Perhaps
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I
to areas not discussed here, such as the specifics
of
linac design, factors affecting
beam quality
and
especially
the strategy
for utilizing
the beams for
We must not neglect the grind in favour
experiments.
of the glamour of 'new ideas' that do not address the
central problems.
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