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We present the design of an rf undulator at 91.392 GHz that has a period of 1.75 mm, while the
minimum beam aperture seen by the beam is 2.375 mm. To confine the fields inside the undulator a
corrugated waveguide is connected through a matching section to a linear taper and a mirror. After
the mirror, a Bragg reflector and a matching section are used to reflect back all the fields leaking
out of the mirror opening. This undulator requires approximately 1.4 MW for sub-microsecond
pulses to generate an equivalent K value of 0.1. Transferring such amounts of power at mm-wave
frequencies requires overmoded corrugated waveguides, and coupling through irises creates excessive
pulsed heating. We have designed a coupling scheme that allows coupling power from a highly
overmoded corrugated waveguide to the undulator cavity through the beam pipe without disturbing
the undulator fields. This system of the rf undulator and its coupling scheme allows for fast dynamic
control of the polarization of the emitted light.

I. INTRODUCTION

Short-period alternatives to traditional permanent
magnet undulators are: in-vacuum and supercon-
ducting magnet-based undulators [1–3], short-period
electromagnet-based undulators [4], microfabricated per-
manent magnet undulators [5], and microfabricated elec-
tromagnet undulators [6, 7]. However, obtaining a
short period using static magnetic field approaches, while
maintaining high fields, requires the beam aperture to be
smaller than the undulator period. This, in turn, limits
the amount of electron beam current that can be trans-
ported through the undulator due to wakefields; when
high-current beams go through narrow pipes they induce
electromagnetic fields that are referred to as wakefields
[8]. These wakefields can be longitudinal, which cause en-
ergy spread in the bunch, or transverse, which deflect the
bunch to the wall. Longitudinal wakefields scale approxi-
mately as the inverse square of the beam pipe radius and
transverse wakefields scale roughly as the inverse cube of
the beam pipe radius.

Another approach to produce short-period undulators
is to use oscillating Electromagnetic (EM) fields where
the electron beam is wiggled by both the electric and
magnetic fields. This approach includes inverse Comp-
ton scattering sources [9, 10], laser-driven dielectric un-
dulators [11–14], and rf or microwave undulators [15–23].
Inverse Compton scattering sources have small and non-
uniform undulator strength in the direction of propaga-
tion. Because of their extremely small period, the beam
energy required to produce Extreme Ultra Violet (EUV)
or soft x-ray radiation is only a few MeV, and handling
intense beams at these energies is impractical. Laser-
driven dielectric undulators also have very small gaps and
therefore are unsuitable for high current beams.

RF undulators have been experimentally demonstrated
by Shintake [15] and Tantawi et al. [20]. The for-
mer rf undulator operated at 2.856 GHz, the latter
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FIG. 1: Millimeter-wave undulator with coupling system
cross-section, adapted from Toufexis et al. [23].

at 11.424 GHz, with undulator periods of 5.5 cm and
1.39 cm, respectively. In this work we scaled the rf undu-
lator of Tantawi et al. [20] to 91.392 GHz, which results
in an undulator period of 1.75 mm and therefore requires
substantially lower beam energy to produce the same
wavelength. The period is almost an order of magnitude
smaller than the 15 mm of the SACLA FEL undulator
[24]. We have redesigned the end sections of this undu-
lator to maintain beam apertures on the order of a few
millimeters throughout the undulator [22]. We have also
designed a mode converter to couple power into the un-
dulator from a low-loss corrugated waveguide [23]. Fig. 1
shows the undulator cavity along with the coupling sys-
tem. This 91.392 GHz undulator requires 1.4 MW of in-
put rf power for an undulator K value of 0.1. Currently,
the only available sources of such power at these frequen-
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FIG. 2: Millimeter-wave undulator cavity.

cies are gyrotrons and gyroklystrons with a large super-
conducting magnet [25–27]. To energize the undulator,
we have developed a new concept for compact mm-wave
sources [28]. This source can produce power on the order
of tens of kilowatts at millimeter frequencies. The dimen-
sions of the interaction circuit are small enough that no
magnetic beam focusing is required, and therefore several
individual devices could be power combined to produce
even more power in a small form factor. Another method
to power the undulator is to extract rf power from the
drive electron beam [29]. We are currently designing a
proof-of-concept EUV light source [30, 31] using this ap-
proach, reusing most of the existing infrastructure of the
SLAC x-band test accelerator [32]. This approach re-
quires the frequency of the undulator to be a harmonic
of the SLAC x-band frequency of 11.424 GHz; we have
chosen the 8th harmonic that is 91.392 GHz.
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FIG. 3: Surface electric and magnetic field of one quarter of
a corrugated waveguide unit cell, adapted from Toufexis et

al. [22].

Another motivation for this work is the ability to gen-
erate light with variable polarization. Conventional un-
dulators produce linearly polarized light. Achieving po-
larization control in synchrotron light sources and Free
Electron Lasers (FELs) is desirable since controlling po-
larization has applications in the study of magnetic ma-
terials [33–35] and biological molecules [36, 37], including

drugs [38]. Circularly polarized light has been generated
in synchrotron light sources using off-plane bending mag-
net radiation [39] and a variety of insertion devices [40].
Circularly polarized ultraviolet and soft x-ray light has
also been generated in FELs [41, 42]. Recently a delta
undulator [43] was installed in the Linac Coherent Light
Source (LCLS) at SLAC to produce even higher energy
polarized x-rays [44]. The time required for the LCLS
delta undulator to switch polarization between left and
right was 35 s [44]. Other methods of producing polar-
ized soft x-rays include high harmonic generation sources
[45], which are not efficient in the x-ray regime, and mag-
netized films [46, 47], which are limited to specific wave-
lengths, low intensity, and achieve only 60 % circular po-
larization.

Axisymmetric rf undulators, such as the rf undulator
of Tantawi et al. [20] and the one presented in this work,
can produce any polarization simply by the user modify-
ing the rf excitation of the undulator cavity. By control-
ling the rf source, a change of polarization between left
and right can be achieved between rf pulses, the spacing
of which is typically on the order of milliseconds. This
rate of change compares favorably with that of polar-
ization control using phase shifters or a pair of grating
polarizer miter bends with motors [48]. In this case, the
speed of polarization change is limited by the motors and
is takes on the order of a second.

In this work we report the design for an rf undulator
at 91.392 GHz. The end sections have been significantly
modified from [20] in order to present large beam aper-
tures. In these end sections, a corrugated waveguide is
connected through a matching section to a linear taper
and a mirror. After the mirror, a Bragg reflector and
a matching section are used to reflect back all the fields
leaking out of the mirror opening. Power is coupled into
this undulator cavity through the beam pipe by a cylin-

drical TE©11 mode. Power is transferred to the undulator
from a mm-wave source through an overmoded 31.75 mm

corrugated waveguide carrying HE©11 in order to minimize
the losses. We used this waveguide because the standard
rectangular waveguide WR10 has more than 3 dB m−1 at-
tenuation [49], while the 31.75 mm corrugated waveguide
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FIG. 4: Surface electric field of the Reflective End Section – side view. Inset shows the metallic boundary.
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FIG. 5: Surface electric field of the linear taper – side view, adapted from Toufexis et al. [22]. Inset shows the metallic
boundary.

has approximately 0.004 dB m−1 attenuation [50]. An-
other reason for interfacing with a 31.75 mm corrugated
waveguide is to have a standard vacuum flange. Due
to the small dimensions of WR10, it is very difficult to
implement a reliable vacuum flange for it. We further re-
port the design of the coupling scheme for the undulator,

which preserves the polarization of the input HE©11 and
has large apertures for vacuum pumping and for the elec-
tron beam to enter the undulator. The coupling system

consists of a Gaussian to cylindrical TE©11 mode converter
and a dual-moded bend. Note that in this work we use
HE©11 and Gaussian TEM00 interchangeably. The HE©11
mode has a maximum 98 % similarity with the Gaussian
TEM00 with a beam waist ratio of 0.64 [51]; the mode
converter can be slightly adjusted to achieve either mode.
In this work, because we intend to use the mode converter
directly with a quasi-optical system and not a corrugated

waveguide, we have designed it as a Gaussian TEM00 to

cylindrical TE©11. Finally we report beam dynamics and
synchrotron radiation studies in the undulator, in order
to quantify the effect of the new end sections on the ra-
diation spectrum. Parts of this work have been reported
in conference format in Toufexis et al. [22, 23, 31].

II. UNDULATOR CAVITY DESIGN

As shown in Fig. 2, the undulator cavity comprises a
corrugated waveguide and two end sections. The two
end sections form a standing wave within the corrugated
waveguide that is the interaction region for the electron
beam. The Coupling End Section couples the cavity to

a cylindrical waveguide carrying a TE©11 mode, while the
Reflecting End Section acts as a perfect short-circuit. A
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first-cut design of the end-sections and cavity with round-
ings only at the irises was obtained with a Mode Match-
ing code similar to the one reported in [52]. Then we
re-synthesized the end sections using the same procedure
in HFSS with a driven-modal simulation. The frequency,
quality factor, and coupling coefficient of a single cor-
rugation period as well as the full undulator cavity were
obtained with an eigenmode simulation with HFSS. Here
we only report the data of the final HFSS simulations.

A. Corrugated Waveguide

The corrugated waveguide dimensions of the body of
the undulator are based on scaling the rf undulator of
Tantawi et al. [20, 53]. These dimensions are optimal
for an inner corrugated waveguide radius of 3/4 of the
rf wavelength. The thickness of the irises of the corru-
gated waveguide has been doubled from that undulator.
The irises are now approximately 400 µm thick and are
fully rounded for manufacturability. Fig. 3 shows the
electric and magnetic field of the unit cell of the corru-

gated waveguide. As shown in this figure, HE©11 has the
peak electric and magnetic field on-axis, and both fields
are substantially lower at the wall. This allows operation
with very high fields in the beam interaction region, with
low fields and losses on the metallic walls. The quality
factor is 24,700, and the phase advance per unit cell is
134.3 deg. The phase advance per unit cell is reported
to give a sense of the relative length of the corrugation
period to the wavelength.

ALGORITHM 1: Mirror Fitting Algorithm, adapted from
Toufexis et al. [22].

Input field profile

Start at a point on-axis at the end of the linear taper
while wall of the linear taper is not reached do

At the current point calculate S = 1
2
E × H

Calculate P perpendicular to S, towards positive r
Calculate point along P, fraction of wavelength away
Store calculated point in the mirror points list

end while
return list of calculated mirror points

B. End section Design

Fig. 4 shows the new design of the end sections. The
purpose of these end sections is to create an rf short-
circuit without creating field enhancement at the metal-
lic surface, while preserving apertures at least as large
as the corrugated waveguide, which are larger than cut-
off. The incident on-axis power density is too large for
a simple metallic short circuit; it would melt. To reduce
the incident power density to the same level as that at
the corrugated waveguide metallic surface, a structure
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FIG. 6: Surface profile of the mirror.

2 cm

1

0

(a) Electric field.

2 cm

1

0

(b) Magnetic field.

FIG. 7: Surface field profiles of the Coupling End Section,
adapted from Toufexis et al. [22].

that diffracts the fields away from the center is needed.
To create an effective short-circuit without a cutoff hole,
a resonant structure that perfectly reflects the incident
power density without causing field enhancement on the
metallic surface is further required.

To design such end sections, the structure of Fig. 5
is created. A cylindrical waveguide is connected to the

corrugated waveguide in order to launch HE©11 inside the
corrugated waveguide. If the corrugated waveguide were

left open at the other end, HE©11 would propagate almost
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FIG. 8: Surface field profiles of the Reflecting End Section,
adapted from Toufexis et al. [22].

like a laser beam, without substantial reduction of the in-
cident power density until very far from the opening. A
smooth-walled cylindrical waveguide section is therefore
added, as shown in Fig. 5 to cause the field pattern to
diffract away from the center. After that, a linear taper
with a smooth edge is added. The fields are now guided
by the linear taper, and the incident power density on-
axis is rapidly reduced. The length of the diffraction
section, the radius of the smooth edge, and the angle
of the taper are optimized to minimize reflected power
while keeping peak fields on the metallic surfaces lower
than those on the surface of the corrugated waveguide.
The inner radius of the last iris of the corrugated waveg-
uide before the linear taper is larger to reduce the peak
field in the final cavity. By modifying this feature, the
peak magnetic field in the undulator cavity is reduced by
approximately 30 %.

Using the field results of the simulation of Fig. 5, a
mirror is fitted at the end of the taper. The mirror is
a metallic surface that is fitted in such a way that it is
perpendicular to the Poynting vector of the field, and
therefore perfectly reflects the incident electromagnetic
wave. Algorithm 1 is used to calculate the surface of the
mirror. The collection of points obtained with this pro-
cedure, shown in Fig. 6, constitutes the surface of the
mirror. Note that this is a surface with unique geometry
that cannot be fitted in a standard shape like a circle or
an ellipse; otherwise the reflected field pattern will not

launch the HE©11 mode inside the corrugated waveguide
that is the interaction region. The position of the mirror

Transmission to TE
11

○

91.0 91.2 91.4 91.6 91.8 92.0

-17.0

-16.8

-16.6

-16.4

-16.2

-16.0

freq(GHz)

T
ra
n
s
m
is
s
io
n
C
o
e
ff
ic
ie
n
t
(d
B
)

(a) Transmission coefficient of the Coupling End Section
vs frequency.

Transmission to TE
11

○

-17.0 -16.8 -16.6 -16.4 -16.2 -16.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Transmission Coefficient (dB)

P
ro
b
a
b
ili
ty
D
e
n
s
it
y

(b) Transmission coefficient of the Coupling End Section
tolerances, obtained by varying 4 geometrical

parameters uniformly ±5 µm.

FIG. 9: Coupling End Section transmission to the beam
pipe. Note that only TE©

11 can propagate in the beam pipe
of the Coupling End Section.

is chosen so that the fields on-axis are approximately the
same as those on the surface of the corrugated waveguide.
Once the mirror surface is calculated, a hole is created
that has the same radius as the inner radius of the cor-
rugated waveguide. The point where the mirror connects
to the linear taper is further smoothed, in order to avoid
field enhancement.

After the mirror, five periods of a Bragg reflector are
used to reflect most of the rf power leaked from the mir-
ror. We implemented a Bragg reflector as a corrugated
waveguide, similar to the body of the undulator, that
has a period of exactly half a wavelength. The field in a
Bragg reflector decays exponentially. The Bragg reflec-
tor cannot be used to perfectly reflect all of the power
because for it to do so would require too many periods;
there is a trade-off between the number of of periods
and reflection coefficient. We used two more corrugated



6

Transmission to TE
11

○

Transmission to TM
11

○

91.0 91.2 91.4 91.6 91.8 92.0

-50

-40

-30

-20

-10

0

freq(GHz)

T
ra
n
s
m
is
s
io
n
C
o
e
ff
ic
ie
n
t
(d
B
)

(a) Transmission coefficient of the Reflecting End
Section vs frequency.

Transmission to TE
11

○

Transmission to TM
11

○

-52 -50 -48 -46 -44 -42 -40
0.0

0.5

1.0

1.5

2.0

Transmission Coefficient (dB)

P
ro
b
a
b
ili
ty
D
e
n
s
it
y

(b) Transmission coefficient of the Reflecting End
Section tolerances, obtained by varying 4 geometrical

parameters uniformly ±5 µm.

FIG. 10: Reflecting End Section Transmission to the beam
pipe. Note that both TE©

11 and TM©
11 can propagate in the

beam pipe of the Reflecting End Section.

periods, spaced with a smooth wall waveguide from the
Bragg reflector, in order to reflect the remaining power.
The length of this smooth walled cylindrical waveguide
controls the coupling to the smooth-walled cylindrical
waveguide formed by the beam pipe. These features are
shown in Fig. 4. We found that this topology is short
enough while being able to perfectly reflect the fields. We
also found that a choke caused increased fields compared
to our implementation of a Bragg reflector.

We have designed two different end sections for the two
sides of the undulator, shown in Fig. 7 and Fig. 8. One
end section is placed on the side of the undulator that in-

terfaces with the Gaussian-to-TE©11 mode converter. This

end section, referred to as the Coupling End Section, con-
nects to the cylindrical waveguide of the mode converter
and is designed to leak approximately −16.5 dB of power
inside the cylindrical waveguide, as shown in Fig. 9a.
This amount of power corresponds to critically coupling
to the undulator cavity. Note that in the rf undulator
of Tantawi et al. [20, 53] power was coupled into the
cavity through a cut-off iris. Flowing 1.4 MW of power
at w-band through a tiny cutoff iris would create very
high fields on the iris. Here power is coupled through
evanescent fields in a cylindrical waveguide larger than
cutoff. The second end section, referred to as the Re-
flecting End Section, is connected to a beam pipe with
the same radius as the inner radius of the corrugated
waveguide and is designed to be perfectly reflecting, as
shown in Fig. 10a. By making the output beam pipe of
the second end section as large as possible, we anticipate
to reduce the parasitic modes that can be excited by the
beam.

This design of the end sections has the advantage of
having a large aperture for the beam – 2.375 mm for the
Coupling End Section and 4.92 mm for the Reflecting
End Section – while being broadband. In the final un-
dulator cavity, the resonance frequency of the mode of
interest is mainly affected by the mirrors. Manufactur-
ing imperfections in the position of the mirrors, which
would cause a shift in resonance frequency, can be com-
pensated for by using thermal tuning. To investigate the
effect of manufacturing errors on the performance, we did
a statistical analysis. We varied 4 geometrical parame-
ters uniformly within ±5 µm. The results are shown in
Fig. 9b and Fig. 10b. As shown in Fig. 9 and Fig. 10, the
transmission coefficient of both end sections varies very
little with frequency across 1 GHz and it is relatively in-
sensitive to manufacturing imperfections.

C. Undulator Cavity

The rf undulator cavity is formed by connecting the
two end sections to the ends of the corrugated waveg-
uide. The exact position of the mirrors is slightly tuned
to adjust the resonant frequency. Then the outer diffrac-
tion section of the Coupling End Section is fine-tuned to
get the cavity critically coupled to the cylindrical waveg-
uide. Fig. 11 shows the entire undulator cavity. The
intrinsic quality factor is 25,200, and the total quality
factor is 12,700. This total quality factor corresponds to
a bandwidth of approximately 7.2 MHz. At 91.392 GHz
the frequency drift with temperature is 1.6 MHz ◦C−1.
For 0.1 % amplitude variation inside the cavity, the re-
quired temperature stability is 0.1 ◦C.

Figure 11d shows the field profile on the axis of the
undulator. The field profile has constant amplitude in-
side the corrugated waveguide and smoothly tapers at
the end sections. The undulator period is 1.75 mm, and
there are approximately 56 undulator periods inside the
corrugated waveguide. The rf power required for K = 0.1
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FIG. 11: Undulator cavity, adapted from Toufexis et al. [22].

is 1.4 MW. The corresponding peak electric and mag-
netic fields on the metallic surface are 107 MV m−1 and
269 kA m−1. For 250 ns rf pulses, the peak pulsed surface
heating is 44 ◦C [54, 55], which is considered safe for cop-

per [55]. The rf power required for K = 0.15 is 3.15 MW
and the peak pulsed surface heating for 250 ns rf pulses
is 99 ◦C. Operation at this high pulsed surface heating
will require hard high-conductivity copper alloys, such
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as copper-silver [55]. To study the effect of manufactur-
ing errors on the performance, we performed a statistical
analysis. We varied 5 geometrical parameters uniformly
within ±5 µm. The results are shown in Fig. 12.
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FIG. 12: Cavity Eigenfrequency and Total Quality Factor
tolerances, obtained by varying 5 geometrical parameters

uniformly ±5 µm.

D. Wakefield Analysis

Here we present an analysis of the short-range wakes
in the rf undulator cavity. The most extreme case is
using this rf undulator in compact x-ray FEL and there-
fore the bunches of interest are extremely short, much
smaller than 100 fs rms, and their bandwidth extends to
several tens of THz. Performing 3D simulations with that
bandwidth is extremely hard in structures that have di-
mensions of tens of centimeters. Additionally, the effects
of the surface resistance at that high frequencies are not
well understood. Therefore, to evaluate the wakefield ef-
fect of the rf undulator we performed simulations with
the axisymmetric code ECHOz2 [56] ignoring the resis-
tive wall for a 100 fs rms bunch (σz = 30 µm), which
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Norm. Charge Density Wake Potential Linear Fit

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
0

20

40

60

80

100

120

s(cm)

T
ra
n
s
.
W
a
k
e
P
o
te
n
ti
a
l
(k
V
/p
C
/m

)

(b) Transverse wakefield. Also shown in this figure is a
linear fit around the bunch center

FIG. 13: RF undulator cavity longitudinal and transverse
wakefields from a 100 fs bunch, calculated with ECHOz2.

has has a bandwidth on the order of 4 THz. Simulations
with shorter bunches, the effects of the resistive wall, and
beam dynamics simulations are out of the scope of this
paper; we will report on these topics in future publica-
tions.

To run ECHOz2 we need the z/r coordinates of the
cavity cross-section. We were not able to simulate the
exact HFSS geometry with ECHO. The ECHO model has
the following differences compared to the HFSS model:
a) the precise position of the mirrors and their shape
is not exactly the same, b) the fillets at the connection
of the mirror and linear taper, connection of the input
and output beam pipes, and connection of the mirror to
the Brag reflector are missing, and c) the last irises are
identical to the rest of the corrugated waveguide.

The results of the ECHOz2 simulation using 100 fs
rms bunch length are shown in Fig. 13. The loss fac-
tor is k‖ = 581 V pC−1 and the kick factor is k⊥ =

14.5 kV pC−1 m−1. Fig. 13b also shows a linear fit around
the bunch center; the slope is W ′T = 37 kV pC−1 cm−2.
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We will subsequently use this slope to slope to estimate
the effect of the transverse wake on the beam.

To quantify the effects of the short-range wakes on the
phase space of the beam we will make the following as-
sumptions: the beam energy is Eb = 1.4 GeV (energy re-
quired for 1 Å radiation with this rf undulator), the bunch
charge is Qb = 10 pC, the beam goes through Nu = 20 rf
undulators, and the beta function inside the undulators
is βu = 5 m. The longitudinal wakes will induce energy
spread on the beam. This longitudinal rms energy spread
is approximately 47 kV or 0.003 % and is considered neg-
ligible.

The transverse dipole wakes will induce transverse os-
cillations on the tail of the bunch; they will not affect
slice emittance, but if the tail slices are substantially dis-
placed transversely from the head slices the projected
emittance will grow. To quantify this effect we will use
the two-particle model of single-bunch beam breakup in
a linac [57, 58]. We will assume the the bunch charge

16.8 cm

(a) Metallic surface.

16.8 cm

(Log Scale)
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0

(b) Surface electric field profile (log scale).

FIG. 15: Gaussian-to-TE©
11 mode converter, adapted from

Toufexis et al. [23].

Qb is split between two point bunches spaced ∆z = 2σz.
According to this model, the oscillation amplitude ∆y at
the end of the undulators will have grown compared to
the initial head offset yi according to

∆y

yi
=
|qe|QbβuNu

4Eb
W ′T∆z, (1)

where qe is electron charge. Plugging in the numbers
results in ∆y/yi = 0.004 that is considered negligible.
This was expected since the bunch is really short, and
generally dipole wakes are considered to be problem in
the case of long bunches. In conclusion, the wakefields
are not an issue in this rf undulator.

III. POWER COUPLING DESIGN

In the rf undulator of Tantawi et al. [20], rf power
was coupled into the cavity from a rectangular waveg-
uide through a cutoff coupling hole. When operating at
mm-wave frequencies, power flow on the order of a MW
through cutoff holes causes very high fields on the metal-
lic surfaces, leading to excessive pulsed surface heating
and rf breakdowns. For this reason, in our new design
power is coupled into the undulator through a cylin-

drical waveguide operating at TE©11 modes, which has
a substantially larger aperture than a cutoff coupling
hole. This cylindrical waveguide is also the beam pipe,
and hence an rf structure is needed that “mixes” the rf
wave feeding the undulator and the electron beam. Addi-
tionally, at mm-wave frequencies rf power is transferred
through highly overmoded corrugated waveguides oper-

ating at HE©11 modes to reduce the rf losses, which are
excessive in a standard rectangular waveguide. Therefore

a mode converter is needed that converts the HE©11 from
the rf power line to a mode that is suitable for powering
the undulator. There is an additional requirement that

the polarization of the input HE©11 from the rf power line
is transported unaltered inside the undulator in order to
be able to control the polarization of the light from the
undulator.

In our design we assume that the rf power transport
line is perpendicular to the beam axis. An axisymmet-

ric Gaussian-to-TE©11 mode converter is used to convert

the incident rf power from the rf power line into TE©11
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preserving the incident polarization, propagating perpen-
dicular to the beam axis. We designed an rf structure,
which we refer to as the Dual-Moded Bend, that accepts

this input TE©11 mode perpendicular to the beam axis

and converts it into a TE©11 mode propagating along the
beam axis and directly feeds the rf undulator. The Dual-
Moded Bend preserves the polarization from its input to
its output. Chokes are used to create apertures for the
beam to enter the system. The sequence of mode conver-
sions in this coupling system is schematically illustrated
in Fig. 14. The Dual-Moded Bend we report here has
been modified from the one we reported in Toufexis et
al. [23]. The position of certain roundings has been
changed to allow the structure to be machined in two
halves. Additionally the chokes have been redesigned to
be elliptical and not have parallel surfaces to avoid mul-
tipacting. The data reported here were obtained from
HFSS driven-modal simulations.

(a) Metallic surface.

8 mm

1

0

(b) Surface electric field for the
parallel polarization.

8 mm

1

0

(c) Surface electric field for the
transverse polarization.

FIG. 16: TE©
11-to-TE�

10/TE�
20 mode converter, adapted from

Toufexis et al. [23].
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FIG. 17: Cylindrical TE©
11 to rectangular TE�

10/TE�
20 mode

converter s-parameters vs frequency.
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FIG. 18: Cylindrical TE©
11 to rectangular TE�

10/TE�
20 mode

converter s-parameters tolerances, obtained by varying 7
geometrical parameters uniformly ±5 µm.

A. Gaussian-to-TE11 Mode Converter Design

The Gaussian-to-TE©11 mode converter is used to con-
vert a Gaussian TEM00 mode from a corrugated cylin-
drical waveguide to a smooth-walled cylindrical waveg-

uide TE©11. The smooth cylindrical waveguide is sized

to only support TE©11. This mode converter is axisym-

metric, and therefore the two polarizations, TEM©00p and

TEM©00t, of the Gaussian mode convert to the equiva-

lent polarizations in the cylindrical waveguide TE©11p and

TE©11t. Fig. 15 shows the Gaussian-to-TE©11 mode con-
verter. The complex Gaussian coupling factor is 0.99,
the cross-polarization level is −23 dB, the Gaussian beam
waist is 0.94 cm, and the reflection coefficient from the
cylindrical waveguide is 0.0028. This mode converter was
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(a) Metallic surface.

10 mm

1

0

(b) Surface electric field for the TE�
10.

10 mm

1

0

(c) Surface electric field for the TE�
20.

FIG. 19: TE�
10/TE�

20 bend.
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(b) Surface electric field.

FIG. 20: TE©
11 double choke.
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FIG. 21: Single vs double choke reflection vs frequency.
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FIG. 22: Single vs double choke reflection tolerances,
obtained by varying 5 geometrical parameters for the single

choke and 6 geometrical parameters for the double choke
uniformly ±5 µm.

gorithm described in [59]. At the Gaussian side of this
mode converter there will be a vacuum window, to isolate
the vacuum system of the undulator from that of the rf
transport lines.

B. Dual-Moded Bend Design

To rotate 90 deg the propagation of the TE©11 com-

ing from the Gaussian-to-TE©11 mode converter, the two

polarization of the incident TE©11 are converted into the

TE�
10 and TE�

20 in a rectangular waveguide. Fig. 16 shows
this mode converter. The rectangular waveguide is sized

to only support TE�
10 and TE�

20. The cylindrical TE©11p
is converted to the rectangular TE�

10 and the cylindri-

cal TE©11t is converted to the rectangular TE�
20, where
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(a) Metallic surface.

10 mm

1

0

(b) Surface electric field for the
parallel polarization.

10 mm

1

0

(c) Surface electric field for the
transverse polarization.

FIG. 23: TE©
11 to rectangular TE�

10/TE�
20 mode converter with chokes.
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FIG. 24: Cylindrical TE©
11 to rectangular TE�

10/TE�
20 mode

converter with chokes s-parameters vs frequency.

the subscripts “p” and “t” refer to parallel and trans-
verse with respect to the symmetry plane of the mode
converter. Fig. 17 shows the s-parameters of this mode
converter versus frequency. To investigate the effect of
manufacturing errors on the performance, we performed
a statistical analysis. We varied 7 geometrical parame-
ters uniformly within ±5 µm. The results are shown in
Fig. 18. The mode converter is not significantly affected
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FIG. 25: Cylindrical TE©
11 to rectangular TE�

10/TE�
20 mode

converter with chokes s-parameters tolerances, obtained by
varying 11 geometrical parameters uniformly ±5 µm.

under these assumptions.
Subsequently, the TE�

10 and TE�
20 are transported

through an E-plane rectangular bend, as shown in
Fig. 19. If the radius of the bend is large enough com-
pared to the dimension of the cross-section of the waveg-
uide, the modes propagate unreflected. At the end of

the rectangular bend a second TE©11-to-TE�
10/TE�

20 mode
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(a) Metallic Surface.

2 cm

1

0

(b) Surface electric field for the parallel
polarization.

2 cm

1

0

(c) Surface electric field for the
transverse polarization.

FIG. 26: Dual-Moded Bend, adapted from Toufexis et al. [23].
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FIG. 27: Dual-Moded Bend s-parameters vs frequency.

converter converts the TE�
10 and TE�

20 into the two polar-

izations of TE©11. Now the axis of propagation of the out-

put TE©11 has been rotated by 90 deg. This sequence of
mode conversions is schematically illustrated in Fig. 14.

The bottom of the mode converter of Fig. 16a needs to
be physically open for the electron beam to go through.
To create an opening in the metal that behaves as an rf
short-circuit we used a pair of chokes, shown in Fig. 20.
A choke is a resonant structure that acts as an rf short
circuit. We investigated using both a single choke and a
double choke. Fig. 21 shows the s-parameters of the two
cases versus frequency. We used chokes here instead of a

mm-wave 
Source

Injector Accelerator

Electron 
Beam Path

Photon 
Beam Path

Beam Dump

Bending 
Magnet

mm-wave 
UndulatorQuadrupoles

Grating Polarizer 
Miter Bends

Corrugated 
WG

FIG. 28: Light source schematic utilizing the mm-wave
undulator with polarization control, adapted from

Toufexis et al. [23, 31].

Bragg reflector since it is easier to get perfect reflection
with two chokes than with a Bragg reflector. Addition-
ally, since this is a transmission network, field enhance-
ment is not as big of an issue as in the undulator cavity.
To study the effect of manufacturing errors on the perfor-
mance, we performed a statistical analysis. We varied 5
geometrical parameters for the single choke and 6 for the
double choke uniformly within ±5 µm. The results are
shown in Fig. 22. As shown in Fig. 21 and Fig. 22, the
double choke is much more broadband and less sensitive
to manufacturing tolerances than the single choke.

The chokes of Fig. 20 are assembled with the mode
converter of Fig. 16a. The exact position of the chokes
with respect to the mode converter is re-tuned. The re-
sult is shown in Fig. 23. Fig. 24 shows the s-parameters
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FIG. 29: RF undulator cavity on-axis field profile with the Dual-Moded Bend, adapted from Toufexis et al. [31].
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FIG. 30: Beam drift at the exit of the undulator versus rf
injection phase, adapted from Toufexis et al. [31].

of the mode converter with the chokes versus frequency.
To study the effect of manufacturing errors on the perfor-
mance, we performed a statistical analysis. We varied 11
geometrical parameters uniformly within ±5 µm. The re-
sults are shown in Fig. 25. The mode converter is affected
by the geometrical errors, however, it is still operational.
Note that varying 11 geometrical parameters simultane-
ously and uniformly is a very extreme case. Also, modern
precision CNC machines can achieve tolerances of ±3 µm.

Fig. 26 shows the complete Dual-Moded Bend. The

distance between the two cylindrical TE©11 to rectangu-

lar TE�
10/TE�

20 mode converters and the rectangular E-
plane bend is fine-tuned so that there is no phase slip-

page between the two polarizations of TE©11 at the end
of the Dual-Moded Bend. As can be seen in Fig. 26,

each polarization of TE©11 at the input cylindrical waveg-
uide is transmitted unaltered to the output cylindrical
waveguide. The use of chokes allows for two orthogo-
nally placed through holes, one for the electron beam to
enter the undulator, and one to pump the vacuum space
of the mode converter. Fig. 27 shows the s-parameters
of the Dual-Moded Bend versus frequency. For a 10 MW
power flow through this mode converter, the peak mag-
netic field on the metal surface is 282 kA m−1. From [54]
the peak pulsed surface heating for 250 ns rf pulses is
48 ◦C, which is considered safe for copper [55]. Fig. 1
shows the entire system assembly with the undulator.

C. Polarization Control

Polarization of the produced light is directly controlled
by the polarization of the Gaussian mode incident to the

undulator system of Fig. 1. TE©11 gyro traveling wave
tubes such as the one reported in [60–62] could be modi-
fied to produce variable polarization by having two input
signals separately coupled to the two polarizations of the

TE©11. A change of polarization between left and right
could be achieved between rf pulses, the spacing of which
is typically on the order of milliseconds.

Typically such a source is not readily available. An al-
ternative method to control and change the polarization
is the use of a pair of grating polarizer miter bends with
motors [48]. In this case, the speed of polarization change
is limited by the motors and is on the order of a second.
Fig. 28 shows the schematic of a light source utilizing the
mm-wave undulator with polarization control.
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(a) Electric field seen by the beam at φRF = 112 deg.
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(b) Magnetic field seen by the beam at φRF = 112 deg.
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(c) Equivalent undulator magnetic field at φRF = 112 deg.

FIG. 31: Fields seen by the electron beam when injected with φRF = 112 deg, adapted from Toufexis et al. [31].

IV. SYNCHROTRON RADIATION FROM THE
RF UNDULATOR

Since we have redesigned the end sections of the rf un-
dulator, we need to investigate their effects on the beam

dynamics and synchrotron radiation spectrum. As dis-
cussed by Shintake [15], when an electron beam interacts
with a guided co-propagating and a counter-propagating
deflecting EM wave, the equivalent undulator period λu
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FIG. 32: Single electron orbit inside the rf undulator for K = 0.1, adapted from Toufexis et al. [31]. The black curve was
obtained by solving the equations of motion using time varying electric and magnetic fields. The orange curve was obtained

from SPECTRA simulation using the equivalent undulator fields.

is given by

λu =
λ0

1± λ0

λG

, (2)

where λ0 is the free space wavelength, and λG is the
waveguide wavelength. The plus sign corresponds to the
EM wave counter-propagating with the electrons, and the
minus sign corresponds to the EM wave co-propagating
with the electrons. These two cases are referred to as
short-period and long-period undulation, respectively.
In the rf undulator presented here, the short-period is
1.75 mm and the long-period is 2.66 cm. In the rf undu-
lator cavity, the standing wave can be decomposed into
a co-propagating and a counter-propagating EM wave,
hence both short and long-period undulation mechanisms
are present. Depending on the rf phase of the cavity fields
when the beam is injected, the long-period undulation
may cause the beam to drift. The oscillating EM fields
in the rf undulator can be described by an equivalent
static magnetic field [21] Bx,eq given by

Bx,eq (z, φRF ) = <
{[

Bx +
Ey
c

]
ej(

zωRF
βc +φRF )

}
, (3)

where Bx = Bx (z) and Ey = Ey (z) are the on-axis
complex magnetic and electric field obtained from eigen-
mode simulation of the cavity, c is the speed of light,
ωRF = 2πfRF , fRF is the resonant frequency of the un-
dulator, β is the ratio of the electron velocity to the speed
of light, and φRF is the rf injection phase.

To evaluate the electron beam drift due to the long-
period undulation, we performed beam dynamics simu-
lations for different rf phases. For these simulations we
combined the field profile of the undulator cavity and the
Dual-Moded Bend, as shown in Fig. 29. The results of the
beam dynamics simulations are shown in Fig. 30. This
figure was obtained by solving the equations of motion
using the complex on-axis fields of Fig. 29, which corre-
spond to K = 0.1. The maximum drift is small compared
to the beam apertures of the undulator and could be cor-
rected by linac beam optics. Figure 31 shows the electric,
magnetic, and equivalent undulator magnetic field seen
by a particle having a beam energy of 129 MeV. The
beam is injected at an rf phase of 112 deg, which corre-
sponds to near-zero beam drift.

For synchrotron radiation calculation we used SPEC-
TRA [63–65]. SPECTRA has built-in models for per-
manent magnet undulators, as well as user-defined static
magnetic field undulators. To simulate the rf undula-
tor, we used the user-defined undulator model with the
equivalent undulator magnetic field profile of Fig. 31c.
To validate the correctness of the electron orbit calcu-
lated by SPECTRA, we performed single electron beam
dynamics simulation with SPECTRA and we also solved
the equations of motion in Mathematica using the on-axis
rf electric and magnetic field. The results are shown in
Fig. 32. The two methods indeed produce the same orbit.
Figure 32 shows both the short- and long-period undu-
lation, as well as the effects of the newly designed end
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FIG. 33: Comparison of near field spectrum 2 m downstream
of the undulator between a permanent magnet undulator of
56 periods, a permanent magnet undulator of 62 periods,

and the rf undulator for K = 0.1, adapted from Toufexis et
al. [31].

sections, which cause a substantial local displacement of
the beam.

We performed a near-field, energy dependent, spatial
flux density calculation, 2 m from the undulator using
SPECTRA. We used the bunch parameters of [31]. We
further assumed 171,360 bunches per second (250 ns rf
pulses, 60 Hz repetition rate). We performed the same
calculation using the equivalent undulator magnetic field
of the rf undulator and using a 56-period permanent mag-
net undulator (the same undulator periods as that of the
rf undulator). The results are shown in Fig. 33. The
56-period permanent magnet undulator produces lower
flux density than the rf undulator. We also performed
a simulation using a 62-period permanent magnet un-
dulator. The results are also shown in Fig. 33. The rf
undulator and the 62-period permanent magnet undu-
lator produce near identical spectrum around the peak
flux density. Each end section behaves as if it had 3 ad-

ditional periods, but we see a small shift in the spectrum
peak upwards in photon energy. We speculate that this
shift is because the amplitude and K of these additional
periods are lower than those inside the corrugated waveg-
uide. We can conclude that the rf undulator behaves as
a static undulator with 6 additional periods.

V. SUMMARY

In this work we reported the design of a short-period
rf undulator at 91.392 GHz. The undulator period is
1.75 mm and the beam aperture diameter is 2.375 mm.
The required power for K = 0.1 is 1.4 MW, and the un-
dulator can operate at that power level for 250 ns for cop-
per. Power is coupled to the undulator through the beam

pipe carrying TE©11. We investigated the beam dynamics
inside the rf undulator and the produced radiation spec-
trum and found that the end sections have a small effect
on the output spectrum.

We further reported the design of a coupling scheme
for the undulator at 91.392 GHz. Power is transferred
from the mm-wave source through a 31.75 mm corru-

gated waveguide. The HE©11 in the corrugated waveguide

is converted into cylindrical TE©11, and then bent 90 deg
to feed the undulator while preserving polarization. This
coupling scheme allows fast change of polarization be-
tween left and right on the order of a second using grat-
ing polarizers, and on the order of milliseconds through
the mm-wave source. By comparison, the time to switch
polarization between left and right for the LCLS delta
undulator was 35 s [44].
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J. Stöhr, A. Tsukamoto, H.-D. Nuhn, A. H. Reid, H. A.
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