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ABSTRACT

| review the pastperformanceof hadroncolliders andtheir limitations,
discusgheacceleratophysicschallengegacedby the Large HadronCol-
lider (LHC) now underconstructionand,finally, presentan outlook into
the future, coveringupgradeof the LHC aswell asa Very Large Hadron
Collider.



1 Intr oduction

This lectureis structuredas follows. First, pastand future hadroncolliders andthe

effectslimiting their performancerereviewed. Then,| discusgheacceleratophysics
challengesdeing confrontedby the Large HadronCollider (LHC). Lastly, an outlook

ontothefutureis given,whichincludesscenariogor anLHC upgradeandtheproposed
two stageof a Very Large HadronCollider (VLHC).

1.1 Collider Performance

Thetwo primary parametergsharacterizinghe performancef a collider areits enegy
andits luminosity. Themaximumbeamenegy of ahadroncollidergrows linearly with
thestrengthof themagnetsandwith thering circumferenceThesecondharameterthe
luminosity L, characterizethereactionrate R. Onecanwrite

R=1Lo (1)

whereo isthecrosssectionfor aparticulamreaction.Theluminosity L is corventionally
quotedin units of cm 2 s~ !. The particle physicistsdesirea large value of L and,
thus,onetaskof the acceleratophysicistis to increasel. asmuchaspossible.If one
approximateshetrans\ersebeamprofile by a Gaussiamistribution, theluminositycan
be expressedn termsof beamparameteras
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whereN, denotegshenumberof particlesperbunch,n;, thenumberof bunchegerring,

frev therevolution frequeng, ~ the particleenegy divided by the restmass.e, v the

normalized(subinde ‘ N’) horizontalemittanceandx = o, /0, thebeam-sizeaspect
ratio atthe collision point.

The emittancespecifiesthe areain phasespaceoccupiedby the beam. A verti-
cal, horizontal,andlongitudinalemittancearedefinedfor the threedegreesof motion.
Thesearedenotedy ¢, v, €, n, @ande, y (O €, ). Without diffusiondueto scattering
processesr synchrotrorradiation,the normalizedemittancesareconsered quantities
underacceleration.

More preciselytheemittanceareequalto theareaof theellipsein a 2-dimensional
phasespacewhichis encircledby a particlelaunchedat anamplitudeequalto therms



beamsize,dividedby 7w andby the particlerestenegy, e.g., in the horizontalplane,
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wherez andp, arethehorizontalpositionandmomentunof the particle,asviewedat
onelocationin thering on successie turns,andm is the particlemass.

Theunnormalized or geometric horizontalemittanceis definedase, = ¢, v/(73),
or, equialently, as

ex:]{x'dx/ﬂ, (4)

wherez’ = p,/p. is theslopeof the particletrajectory p, thelongitudinalmomentum,
andj = v/c thevelocity in unitsof the speedof light.

At ary givenlocationaroundin thering, the emittancdas proportionalo thesquare
of thermsbeamsize,e.g., for the horizontalplaneat locations we have

ol(s) = L:(S)Ex’N = S)e
2(s) . Ba(s)es (5)

where (3,.(s) is the horizontalbetafunction. Equation(2) shavs that a small beam
size correspondgo a higherluminosity, andin view of Eq. (5), this implies a small
betafunctionat the collision point, a smallemittanceanda high enegy. In particular
Eq. (2) indicatesthatfor a constanhormalizedemittanceg, y, andfor aconstanbeta
functiontheluminosityincreasedinearly with thebeameneny.

We mentionin passinghatEg. (2) is anapproximatiorbecausé ignoresvariations
in the beam-beanoverlapwhich may arisefrom (1) a crossinganglebetweerthe two
beams(2) the changeof the trans\ersebeamsize over the lengthof the two colliding
bunchesalsoknown asthe ‘hour-glasseffect’, and(3) the changen the opticsdueto
the beam-beantollision. The approximationof Eq. (2) is good,if the crossingangle
0. is smallcomparedvith the bunchdiagonalanglec, /o, if thebunchlengthis small
comparedvith the betafunctionsg; , atthecollision point, andif the additionaltune
shift inducedby thecollisionis small.

The primary luminosity limitations of presentand future hadroncollidersareim-
posedby anumberof effects,eachof which constrain®neor severalof theparameters
ontheright-handsideof Eq. (2), or eventhevalueof the luminosity, ontheleft, itself.
The mostprominentof theseeffectsinclude:

1. the beam-beaninteractionwhich refersto eitherthe nonlinearor the coherent
interactionof the two colliding particle beams,and which is importantfor all
hadroncolliders;



2. thenumberof availableparticleswhichis aconcernfor pp andion colliders;

3. the emittancegrowth dueto intrabeamscatteringj.e., scatteringof the particles
insidea bunchoff eachother;

4. theluminositylifetime;

5. the heatload insidethe cold superconductingnagnetsdueto synchrotrornradia-
tion andelectroncloud (we will discusgheelectroncloudin alatersection);

6. thenumberof eventspercrossingwhichis limited by the capacitiyof the detec-
tor; and

7. quenchegtransitionsinto the normal state)of superconductingnagnetsdueto
localizedparticlelosseseartheinteractionregion.

In the courseof this lecture,we will describeor give examplesfor all of theseeffects.

Therecould be otherparameterselevantto the collider performancefor example
the beampolarization.However, this optionis presentlynot foreseerfor the next and
next-to-next generation®of enegy-frontier machinesj.e.,, LHC andVLHC, the only
exceptionbeingthe Relatvistic Heary lon Collider (RHIC) on Long Island,andwe
will notdiscusst here.

1.2 Pastand Future

Sofar 4 hadroncollidershave beenin operationhamelythe ISR, SPS,Tevatron,and
RHIC. A 5this underconstructionthe LHC.

The CERN ISR startedoperationin 1970. A doublering ppcollider, it reached
a peakluminosity of 2.2 x 10?2 cm2s™! anda maximumbeamenegy of 31 GeV
with coastingbeamsof 38-50A currenteach. The ISR luminosity was limited by
space-chaye tune shift and spread(due to the defocusingforce of the beamfield),
coherenbeam-beaneffects,proton-electronwo-streamnstabilities,pressurdoumps,
detectorbackground,and accumulatiorefficiengy.! The ISR also provided the first
pp collisions,and,whenoperatedwvith bunchedbeams,t reacheda beam-beantune
shift of £ = 0.0035 perinteractionpoint (IP) with 8 crossings. The beam-beantune
shiftis aparametewhich characterizethe strengthof thebeam-beancollision, which
we will definefurtherbelown. The ISR first producedhe Ji) particleandthe b quark,
thoughtheseparticleswereidentifiedamongthe ISR collision productsonly aftertheir
discovery elsavhere.



The secondchadroncollider wasthe CERN SppS operatingsince1981attentimes
higherenegy thanthe ISR. The SppS discoveredthe W andZ bosons. Its luminos-
ity waslimited by beam-beaninteraction,loss of longitudinal Landaudamping(the
term‘Landaudamping’refersto the stabilizingeffect of afrequeng spreadwithin the
beam),numberof availableantiprotonshoumglasseffect, andintrabeanmscattering’ A
typical beam-beantuneshift wasé = 0.005 at eachof threeinteractionpoints.

The FNAL Tevatronis the first collider constructedrom superconductingnag-
nets. Colliding-beamoperationherestartedin 1987# Tevatronluminosity is limited
by antiprotonintensity beam-beanmteractionincluding long-rangeeffects,luminos-
ity lifetime, numberof eventsper crossing,and intrabeamscattering. The Tevatron
reachedanantiprotonbeam-beantuneshift abore ¢ = 0.009. It discoveredtheb andt
quarks.

RHIC atBNL, thefirst heary-ion collider, deliversluminositysince2000. Themain
limiting factoris intrabeamscattering.Otherfactorsagainare beam-beanmteraction,
luminosity lifetime, andthe numberof eventspercrossing.

The Large HadronCollider (LHC) is scheduledo startoperationin 2006. As for
the Tevatron, limits will be the beam-beaninteraction,luminosity lifetime, and the
numberof eventsper crossing. Possibly in addition,the electroncloud producedby
photoemissiommr beam-inducednultipacting? andlocal magnetguenchesnducedby
the collision product§ may prove important. The LHC centre-of-mas&neqy is 14
TeV andits designluminosity 10** cm=2s~!. The LHC will bethefirst machinewhere
radiationdampingis strongerthanintrabeamnscattering.The scarcityof antiprotonss
nolongera problem,asLHC andall future machineswill collide protonson protons.

If strongemagnetdecomeavailablein thefuture,theLHC enegy couldberaised,
e.g., by afactorof 2. In the following, we call this enegy increasecombinedwith a
luminosityupgradeo 103 cm—2s71, the LHC-II. Finally, thereexist designconcepts
for two stagef a Very Large HadronCollider (VLHC),” reachinganenegy of upto
175TeV centreof massandthe EloisatronProject?

Tablesl, 2, and3 list parametersor all thesecolliders,exceptfor the ISR andthe
Eloisatron. The ISR was a ratherspecialmachine,whoseparametersre not easily
comparedvith the others.The propertiesof the Eloisatronaresimilar to thoseconsid-
eredfor the VLHC.



Tablel. Exampleparameter$or heary-ion ion colliders: gold collisionsat RHIC and
leadionsin LHC.

accelerator RHIC  LHC
ion species gold lead
enegy perchage £/Z [TeV] 0.25 7
enegy pernucleont/A [TeV] 0.1 2.76
total centreof massEq,, [TeV] 39 1148
dipolefield B [T] 3.46 8.4
circumference’’ [km] 3.83 26.66
no.of bunchesy, 57 608
numberof ionsperbunch N, [10] 100 6.8
rmsbeamsizeatIP o; , [pm] 110 15
IP betafunction3; , [m] 2 0.5
tuneshift perlP ¢, , 0.0023 0.00015
rmsbunchlengthe, [cm] 18 7.5
bunchspacingLs., [M] 63.9 124.8
rmstransv emittanceye, , [1m] 1.7 1.5
rmslongit. emittance:;, /Z [eVs] 0.12 0.2
IBS emittancegrowth 75 [hr] 0.4 9.8
initial luminosity L 0.2 1.0
[10%" cm™2s71]
luminositylifetime 7 [hr] ~10 9.3




Table2. Exampleparameterfor pp or pp colliders: SppS, Tevatronrunlla (‘Tev2a’);
andLHC. T The bunchesaresplit in 3 trains, separatedy 2.62 iis; * The total LHC
dipole heatload is about0.8 W/m including the electroncloud. *Equilibrium de-
terminedby radiation dampingand intrabeamscattering. Arrows refer to dynamic
changesluringthestore.

accelerator SppS TevV2a LHC
beamenegy F [TeV] 0.32 0.98 7
dipolefield B [T] 1.4 4.34 8.39
total enegy/beamMJ] 0.05 1 334
circumference’ [km] 6.9 6.28 26.7
numberof bunchesy, 6 36 2800
bunchpopulationV, [10%!] 1.7(p) 2.7(p) 1.05
08() ~1.0(p)
no.of IPs 3 2 2(4)
rms|P beamsizeo;, , [um] 80,40 32 15.9
rms|P div. o}, , [prad] 136,272 91 31.7
IP betag; , [m] 0.6,0.15 0.35 0.5
beam-beanuneshift/ IP ¢, , 0.005 0.01 0.0034
crossingangled, [urad] 0 0 300
rmsbunchlengtho, [cm] 30 37 7.7
bunchspacingLs., [m] 1150 1191 7.48
SRpower Psg [kW] <1073 3.6
dipoleheatload dP/ds [W/m] <1073 0.2¢
betatrortune(s 26 ~20 63
rmstransv emittanceye, , [pm] 3.75 ~3 3.75
eq.horiz. emittanceyct? [um] ~ 10  2.03%
longit. emittance:;, (o) [eVS] 0.11 0.11 0.2
damp.time, g [hr] 1200 52
IBS growth time 7, 15 [hr] 10 50(?) 142
dampingdecremenperIP [1071°] 0.025 2.5
eventspercrossing ~6 18
peakluminosity L [10** cm™2s7!]  0.0006 ~0.02 1.00
lum. lifetime 7 [hr] 9 9 10




1.3 Empirical Scaling

Theempiricalparametescalingof past,presenandfuture collidersmay give anindi-
cationof thedesignoptimizationandpossiblyprovide a guidanceor the future devel-
opment.

Figures1 and 2 illustrate that both the circumferenceand the dipole field have
increasedoughly with the squareroot of the beamenepgy. This impliesthat, at least
in the past,half of theenepgy gainhasbeenrealizedby advancesn magnetechnology
andthe otherhalf by expandingthe real estate We notethat LHC-II is consistentvith
the historicaltrend,whereador the VLHC a differentscalingis assumed.
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At thesametime, theluminosityhasroughlyfollowedtheidealscaling,L « E?, as
is demonstrateth Figure3. Thiswould ensurea constantateof reactionsR = Lo, in
casethecrosssectiondecreasemverselywith thesquareof theeneny, i.e., o o« 1/E?.
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Table 3. Example parameterdor pp colliders: LHC-II, VLHC-I, and VLHC-II.

*Assuminga dipole packingfactor0.8 for HF-VLHC, and0.65for LHC-II, andignor-
ing possiblecontributionsfrom electroncloud. *Equilibrium determinedby radiation
dampingandintrabeanscattering.Arrows referto dynamicchangesluring the store.
Thesuffix ‘in’ indicatesnitial values.

accelerator LHC-Il  VLHC-l  VLHC-II
beamenegy F [TeV] 14 20 87.5
dipolefield B [T] 16.8 2 9.8
total enegy/beamMJ] 1320 3328 4200
circumference” [km] 26.7 233 233
numberof bunchesy, 5600 40000 40000
bunchpopulationN; [10''] 1.05 0.26 0.075
no.of IPs 2(4) 2 2
rms|P beamsizeo; , [um] 7.4 4.6 3.4—0.79
rms|P div. o7, , [prad] 34 15 5—1
IP betag; , [m] 0.22 0.3 0.71
beam-beantuneshift/ IP ¢, , 0.005 0.002 —0.008
crossinganglef.. [urad] 300 153 10
rmsbunchlengtho, [cm] 4.0 3 —1.5
bunchspacingLs., [M] 3.74 5.645 5.645
SRpower Psi [kKW] 114 7 1095
dipoleheatloaddP/ds [W/m] 6.6 0.03 4.7
betatrontune@s 63 220 220
rmstransv emittanceye, , [um]  3.75—1.0 1.5 1.6 —0.04
eq.horiz. emittanceyet? [um] 1.07 1.0 0.06
longit. emittance:, (o) [eVS] 0.15 0.4 0.4 —0.1
damp.time 7, gg [hr] 6.5 200 2

IBS growth time 7, 155 [hr] 345(in.) 400 4000-10
dampingdecremenperIP [1071°] 20 5 400
eventspercrossing 90 21 54
peakluminosity 10. 1.0 2.0
L[10** cm—2s71]

lum. lifetime 7 [hr] 3.2 24 8




1.4 Accelerator Fundamentals

In a storagering the beamparticlesexecutetrans\ersebetatronoscillationsas they
circulatearoundthe circumference. This is illustrated schematicallyin Fig. 4. The
betatronoscillationwith respecto anideal referenceparticle on the ‘closedorbit’ is
describedy a quasi-harmonioscillatorequation,

dx

with the quadrupoldocusingforce k [m—2]:
L @)
pa

where By denoteshe pole-tip field, a the pole-tip radiusof the quadrupolemagnet,
andp the particlemomentum.

Thebetatron tuneis definedasthenumberof betatroroscillationsexecutedoerturn.
If the betatrontuneis nearaninteger, a particletrajectorywill samplea local pertur
bationon every turn atthe samephaseof oscillation,andits amplitudemay grow until
the particleis lost to the chambemvall. Thereforethe tuneshouldnot be exactly equal
to aninteger. Similarly, deflectionsexperiencedy higherorderfields,e.g., fieldswith
trans\ersesextupoleor octupolesymmetrywill accumulatever mary turnswheneer
thehorizontalandverticaltunesfulfill theresonanceondition

kEQ, +mQ, =p (8)

wherek, m, andp areintegers. In a collider, the largestperturbationsf the particle
motion usually are the fields of the oppositebeam,which ‘excite’ resonances.The
lower the orderof a resonancehe strongeris its effect. In the CERN SppS collider
all resonancesf order(|k| + |m|) < 12 hadto be avoided,in orderto obtaina good
lifetime.

A further complicationarises sincethe differentparticlesin the beamoscillateat
slightly differenttunes. The tunesof all particleshave to be keptaway from the low-
orderresonances.The beam-beantollision itself, for example,generatesuchtune
spread.

Figure5 shavs thatthe betatrontune @ s grows with the squareroot of the circum-
ference,implying a similar scalingfor the cell lengthandthe arc betafunction!® For
a constantnormalizedemittance the trans\ersebeamsizesin the arc then decrease
weaklywith beamenegy aso, , are o 1 JEYA,



Fig. 4. Schematiof a betatronoscillationin a storagering. The betatrontune@,, , is
equalto thenumberof trans\erseoscillationperiodsperrevolution.

At this occasion,we may recall that the geometric emittance refersto the phase
spaceareaof the beamdistribution, namely

e:%x'dx/ﬂ 9)

wherez/(z) is the phasespacetrajectory of a particle at a trans\erseamplitude of
1 0 andz’ = dz/ds is the slopeof the physicaltrajectory which heresenesasthe
canonicalmomentumandthatthe beta function 5, (s) determineghelocal rmsbeam

sizevia
Oy (8) = 1/ By (8)€y- (10)

2 The LargeHadron Collider (LHC)

With 14 TeV centre-of-maseneny, the Large HadronCollider (LHC) now undercon-
structionat CERNwill bethehighest-enagy collider ever built.

In the following, | describethe acceleratophysicschallengesvhich arefacedby
the LHC project. Startingwith the choiceof machineparametersandthenaddressing
theissuesf superconductinghagnetscommissioningcheduleacceleratolayoutand
optics,| proceedo the effectsof head-onandlong-rangebeam-beantollisions,and
theirimpacton luminosity and potentiallossof Landaudamping. Next, | discussthe
dynamicaperturej.e., the particle-orbitstability, atinjection,andgive afew examples
for theongoingexperimentatestsof novel beamdiagnosticandanalysis. thenbriefly
mention several technicaldevelopments,suchas power cornverters,vacuumsystem,
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Fig. 5. Betatrontuneasa functionof thering circumference.

machineprotectionand beamdump, including the heatload inside the cold magnets
andthe requirementdgor the LHC beamcollimation. This is followed by an overview
of the LHC injectorsand pre-injectors,and the beamsthey can provide, aswell as
a brief discussionof luminosity limitations for heary-ion collisions. Finally, | will
describea new phenomenothatmay determinghe LHC commissioningstratey and
alsoconstrainthe ultimate beamparametersthatis the electron cloud. This refersto
a rapid accumulatiorof electronsnsidethe beampipe during the passagef a bunch
train andits consequences.

For moredetailedinformationson acceleratophysicsat the LHC, thereademay
consultthe LHC projectweb page!! the proceeding®f the workshopsChamonixX
and ChamonixXI,'? andthe web pageof the acceleratophysicsgroupin the CERN
SL Division.!?

2.1 LHC Parameter Choice

The circumferencef the existing LEP tunnel(26.7km) andthe highestpossiblemag-
neticfield confinethe maximumbeamenegy accordingto

E [TeV] ~ 0.84 B [T]. (11)



Foranominalfield B of 8.4 T thisyieldsabeamenepgy of 7 TeV.

The beam-beantollision inducesa betatron-tunespreadwhosesizeis character
izedby the beam-beantuneshift paramete€. Thelatteris proportionalto theratio of
bunchpopulation/N, andemittance:,, i.e, £ & N,/¢,. Themaximumtolerablevalue
for the emittanceis imposedby the apertureof the magnetsgspeciallyat injection 4
Hencethe numberof N, is limited, to about N, ~ 1.1 x 10!, in the nominalLHC
parametetable.

The desiredLHC luminosityis L ~ 103 cm 2s™L. Sincef?, the betafunctionat
the collision point, cannotbe reducedarbitrarily (in particularis shouldremainlarger
thanthebunchlength),andsincex = 1, theonly freeparametem Eq.(2) isthenumber
of bunches,. Thisis choseras2808to matchthe LHC luminositytametvalue. The
high numberof buncheampliesalarge averagebeamcurrent,anda high synchrotron
radiationpower, which hasto be absorbednsidethe cold magnets.

2.2 Superconducting Magnets

Table 4 shaws that the LHC dipolesrepresenta significantstepforward in magnet
technology Thisis in line with the scalingof Fig. 2. In orderto arrive atacompactand
cost-eficientdesignthe LHC magnetsareof anew 2-in-1typewherebothbeampipes
areplacedinsidethe samesupportstructureandcryostat.

Table4. Dipole magneticfieldsin variushadroncolliders. For the Superconducting
SuperCollider (SSC)only magnetprototypesverebuilt.

accelerator dipolefield
SPS 1.8T
Tevatron 4T
HERA 5T
SSC 6T
LHC 8.4T

The heartpiecef the magnetss a superconductingable,calledRutherfordcable,
which can supporta high currentdensityof 400 A/mm?, in caseof the LHC, to be
comparedwith currentdensitiesof order1 A/mm? for normalconductors? The ca-
ble itself is madefrom about20 strands eachof which consistsof hundredsof NbTi



filamentislandsembeddedn a coppermatrix. The cableis arrangedaroundthe beam
pipe in a geometrywhich produceghe desiredfield shapewithout introducinglarge
errorsandnonlinearities.For example,a cos ¢ arrangemenyields a puredipole field.
The cableis surroundedy aniron yoke placedinsidea non-magneticollar. Several
layersof superinsulatiomnda vacuumvesselform the outershell. Thefirst pre-series
magnetsveredeliveredto CERN by industry andhave exceededhe nominalfield.

2.3 CommissioningSchedule

Accordingto thecommissioningscheduleasof summer2001a completeoctantof the
LHC will be cooleddown andtestedin 2004. The last dipole magnetis dueto be
deliveredin March2005.Firstbeamis foreseenn February2006,anda 1-monthpilot
runin April 2006. Thefirst full physicsrun shouldstartin the fall of the sameyear
Alreadyfor 2007afew weeksof leadion collisionsareplanned.

2.4 Layout and Optics

Figure 6 illustratesthe overall layout of the LHC. Thereare 8 long straightsections.
The two largestexperiments,CMS and ATLAS, arelocatedin the North and South
straightsections,called interactionpoint 5 (IP5) and 1 (IP1), respectiely. The two
straightsectionsadjacentto ATLAS accommodatéhe experimentsLHC-B (IP8) and
theion experimentALICE (IP2). They simultaneouslysene for beaminjection. Two
of the remainingstraightsectionsare devotedto beamcleaning,anotherhousesthe
rf, andthe last oneis neededfor beamextraction and dump. The two beamspass
alternatelythoughttheinnerandouterbeampipe,interchangingheirlocationsin the4
experimentalPs. Eachbeamtravelsfor half of the circumferenceon the outerandthe
otherhalf on theinnerside,suchthatthe revolution timesareidenticalandthe beams
remainsynchronized.

Developmentof the LHC opticshasbeena challengingtask, asthe length of the
straightsectionsvaspre-definedy thegeometryof the LEP tunnel.In addition,dueto
alargenumberof magnetcommonto bothrings,new opticstoolshadto bedeveloped
which allow for a simultaneousmatching’ of bothrings.

As anillustration of thefinal achiezementFig. 7 shavs the betafunctions;, , and
the horizontaldispersionD, asa function of longitudinal positionfor beamno. 1 in
IP5. Theopticsin IP1is basicallyidentical. The opticsfor beamno. 2 is alwaysthe
mirror imageof that for beamno. 1. The minimum betafunctionsof 3,, = 0.5 m
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Fig. 6. LHC layout.

areassumedt the collision point (the centerof the picture). The dispersionfunction
D,,, which describeshe horizontalorbit offsetx for arelatve momentumerror Ap/p
via therelationz = D, (Ap/p), is almostzeroaroundthe collision point. It takeson
noticablevaluesonly atthe entrancedo thearcs,on eithersideof the picture.

Figure8 displaystheorbitin theinteractionregion. Theorbitis notflat, becaus¢he
bunchescollide with anangle,in orderto separateghemasquickly aspossiblebefore
andafterthe main collision point. Otherwise unwantedcollisionswith earlieror later
bunchesof the opposingbeamwould equally contribute to the beam-beantune shift
andtunespreadandpossiblyto thebackgroundbut notto theluminosity. Thenominal
full crossingangleis 300 irad. The orbit of eachbeammustprovide half thisangle,as
indicated.

Figure9 shows a top view of magnetsaroundthe ATLAS detector(IP1). The col-
lision pointis at the center The beamsare focusedby superconductingjuadrupole
triplets, consistingof thethreequadrupole®1, Q2 andQ3. Thefreedistancebetween
the exit faceof the lastquadrupoleandthe collision point is about23 m. Outsidethe
triplet, adipolemagneD1 separatethetwo beamssothatthey areguidedinto thetwo
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beam-pipechannel®f thearcmagnetsA secondipole D2 furtheroutwards,reverses
the deflectionimpartedby D1, suchthatthe beamsare againperfectlyalignedin the
directionof thearcmagnets.
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Fig. 9. Magnetlayout(topview) aroundP 1 (ATLAS). (CourtesyA. Faus-Golfe2001)

2.5 Head-OnBeam-BeamCollision

In themaincollision point, therepellingforceof theopposingoeamactslik e adefocus-
ing lens,asis illustratedin Fig. 10. The defocusingorce decreasethe betatrontune
of all particles.However, for large amplitudeghe beamfields decreasénverselywith
thetrans\ersedistancesothatparticlesat large amplitudesexperiencea smallereffect
thanparticlesnearthe centerof the otherbeam.Thenonlinearityof thebeamlensthus
inducesatunespread.The maximumacceptabléunespreadyivesriseto the so-called
beam-beam limit.

Thetuneshift andmaximumtunespreadAqQ), ,, inducedby the collision with the
opposingbeamis characterizedy the beam-beantuneshift parameter:
_ Tpﬁ;,be

2105, (07 + 05)

ga:,y = AQx,y - (12)

Notethatthehorizontaleffect of the otherbeamis similarto thatof asingledefocusing
quadrupolef integratedstrengthk!,,..4, andthatthelatterwould producea (horizontal)
tuneshift

1
AQ:L‘,quad =~ Eﬁx,q quuad; (13)



'weak' beam protons

{ opposing 'strong' beam

A

Fig. 10. Schematiof head-orbeam-beancollision.

Table5. Comparisorof single-IPandtotal beam-beantuneshiftsfor selectechadron
colliders.

SPS TeV-lla LHC
¢NP0.005 0.01 0.0034
&ot 0.015 0.02  0.009

wherek wasdefinedin Eq.(7), [,u.q IS thequadrupoldength,ands, , thebetafunction
atthequadrupolelndeed Eq. (12) for £, canbederivedfrom Eq. (13),if onereplaces
klqgaa by —Az’ /2 where Az’ denotesthe kick impartedby the opposingbeamto a
particlewith a smallhorizontaloffsetz.

Table5 compareshebeam-beantuneshift for theLHC with thetuneshiftsachiezed
at the SPSandthe Tevatron. Both the tune shift per collision point andthe total tune
shift (addingcontritutions from all interactionpoints) are listed. The table demon-
stratesthat eithernumberis smallerfor the LHC thanwhat hasalreadybeenreached
elsavhere.In thisregard,the LHC parameterappearatherconserative.

Thehead-orbeam-beantuneshift for onelP, givenin Eq.(12),canberewrittenas

Tpr

ST (s

(14)

wherer = 0,/0, denoteghe aspecratio. Assumingthat3; /3; = ¢,/¢. = k, sothat
the beam-beamune shift is of the samevaluein both planes¢ = ¢, = &, we can
reexpresstheluminosity of Eq. (2) as

1+x £
G 727”1,

)

L= (frevnbNb) (15)



This demonstratethatthereareonly four factorswhich canbe optimizedfor high lu-
minosity: (1) theemittanceatio x, (2) thelP betafunction3; = «f3;, (3) themaximum
beam-beantneshift £, and(4) thetotal beamcurrent( f;c, 1, Ny).

For flat beamsx < 1 andonefindsthatthe luminosityis half that of the round-
beamcase,Lq.: ~ Liouna/2, unlesss; canbereducedwhich seemsmoredifficult for
pp thanfor pp colliders!®

2.6 Long-RangeBeam-BeamCollisions

Both on the incoming and outgoing side of the IP, eachbunch encountersseveral
bunchesof the opposingbeam,which are trans\erselydisplaceddueto the crossing
angle. The perturbationfrom theselong-rangeencounterdurther increaseghe tune
spreadandcandestabilizeparticlesoscillatingat amplitudesof a few o, i.e., particles
which comecloserto the otherbeamduringtheir betatronmotion.
Eachbunchexperiencesip to 15long-rangecollisionson eithersideof eachhead-
on interactionpoint. Buncheswith a smallernumberof long-rangeencounterst the
headand tail of a bunchtrain will likely have a poor lifetime. Thesebunchesare
thereforecalledPACMAN bunches” alludingto thecomputeigameof thesamename.

PACMAN bunch PACMAN bunch

head-on
collision
long-range

collisions long-range

collisions

Fig. 11. Schemati®of long-rangecollisionson eithersideof the maininteractionpoint.

Thelineartuneshift introducedby the long-rangecollisionsexactly cancelsf half
of thebeam-beansrossingsarein theverticalandthe otherhalf in thehorizontalplane.
For thisreasorthe LHC beamswill becrossecorizontallyattwo IPsandvertically at
the othertwo.

However, the higherorder effects of the long-rangecollisions do not cancel,but



insteadcancausea strongdiffusionatlargerbetatroramplitudesindeedthe LHC will
entera new regime of the beam-beanmteraction,wherethelong-rangesncounter®n
eitherside of the interactionpoint may be the dominantperturbation ratherthanthe
head-orcollisionsasin the pastcolliders.

Theselong-rangecollisionsgive riseto a well defineddiffusive aperture.!®? This
diffusive aperturez4,, is smallerthanthe beam-centroicgeparatiorat the long-range
collision points,z..,, by anamountA. In otherwords,we canwrite

Tda = Tsep — A: (16)

é X ,/&. (17)
g EN

In particular if quotedin unitsof thermsbeamsizeos, thediffusiveaperturas indepen-
dentof the IP betafunctionandthe beamenepgy.?’ For the nominalLHC parameters,

the beamsare separatedy z., ~ 9.50 andthe diffusive aperturemay be aslow as
19,20

wherée?2Y

Taa =~ 60.

Figures 12 illustratesthe head-ontune footprint, as well asthe additionaltune
spreadsdue to the long-rangeeffectsat LHC IP 1 and5, respectiely. Thesetune
footprintsshaw thetunesfor particleswith transerseamplitudesextendingbetweerD
and6 timesthermsbeamsize (6 o). Thefigure confirmsthatthe alternatingcrossings
in IP1 andIP5 resultsin a partial cancellatiorof the long-rangetuneshifts. Figure13
compareghetotal LHC tunespreaddueto all 4 collision points,for anominalbunch
andfor aPACMAN bunch,i.e., for abunchwhich only encountersalf of the nominal
numberof long-rangecollisions. The total tune spreadof the entire LHC beam,in-
cludingthe PACMAN bunchesmustfit betweerharmfulresonances thetuneplane.
This requirementwill limit the maximumachievabletune shift paramete andthus
thebunchintensity V.

Figure 14 displaysfurthertunefootprints,this time extendingup to 10 o, andcal-
culatedwith andwithoutlong-rangecollisions,head-orcollisions,or field errorsin the
final quadrupolesThefigure demonstratethatfor amplitudedargerthanafew o the
effect of thelong-rangecollisionsis dominant.

Of moreimmediateconcernthanthe tunespreads the diffusion rate of particles.
In unstablgchaotic)regionsof phasespacethe particleamplitudeincreasesandomly
until theparticleis lost. Approximatelyonecandescribehis behaior asadiffusionin
theactionvariables/, and/,, thelatterbeingdefinedasthe squareof the horizontalor



LHC collision, IP1 and IP5 only
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Fig. 12. Tunefootprintsdueto head-onandlong-rangebeam-beaneffectsin LHC
IPs1 and5. Vertical axisrefersto the verticaltune, horizontalaxis to the horizontal.
(CourtesyH. Grote)
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Fig. 13. Totaltunefootprintsin theLHC for aregularbunchandfor aPACMAN bunch.
(CourtesyH. Grote)
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Fig. 14. LHC tunefootprintswith head-orm& long-rangecollisionsandtriplet errors'?
Reddots: z, y;,, upto 50, ,; bluedots: z, y;, upto 100, ,. Topleft: head-orcollisions
only; top right: head-onand long-rangecollisions; bottom left: head-onplus long-
rangecollisions and triplet (magnet)errors; bottomright: long-rangecollisions and
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verticaloscillationamplitudedividedby (2, , ). In thesimulation thediffusioncanbe
computedby calculatingthe changein the actionvarianceof a group of particlesper
unit time ! An exampleis displayedin Fig. 15 for variousconditions. Note thatthe
verticalaxis hasa logarithmicscale.Wheneer thelong-rangecollisionsareincluded,
the diffusion increasesy mary ordersof magnitudeat amplitudeslarger thanabout
6o. We call this thresholdaperturethe diffusive aperture.lt is dueto the long-range
conditions.Outsideof thediffusive aperturgparticleswill belostwithin afew seconds.

- E

519 L e headon
>~ 1L . hotlr
~

)
O
T

o ’qo’i o h.o +lr+tr.err.
i +tunemoc

| |
0 2 4 6 3 10

amplitude x,y (o,,)

Fig. 15. Changeof actionvarianceperturn asa functionof startingamplitudein units
of the rms beamsize, for the LHC.' Comparedare differentcombinationsof head-
on collisions, long-rangecollisions, triplet-field errors,tune modulation,and even a
hypotheticalMoebiustwist’, wherethe horizontalandvertical particlecoordinatesre
exchangedn eachturn.

Figure 15 presentdurther simulationresults, illustrating the variation of the dif-
fusive aperturewith the bunchchage. Theright picture summarizeghe dataon the
left-handside. The simulationconfirmsthat A varieswith the squareroot of the bunch
populationconsistentvith Eq.(17). This scalingbehaior wasfirst notedby J. Irwin. '8
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Fig. 16. Dependencef diffusion dueto long-rangecollisionson the beamcurrent'?
Left: changeof actionvarianceperturnvs. bunchpopulation;right: approximatediffu-
siveaperturevs.bunchpopulationyverticalaxisdescribeshedistancdo theotherbeam
atthe parasiticcollision pointsin unitsof thermsbeamsize;a squareootdependence
is alsoindicatedfor comparisor(dashedine).

2.7 Minimum g*

A first limit on the IP betafunction arisesfrom the houmglasseffect. In orderto avoid
luminosityloss,the IP betafunctionshouldbelargerthanthermsbunchlength

F >0 (18)

Yy —

sinceon eithersideof thelP thebetafunctionincreasess

2

B (19)

ﬂm,y(s) - 5;,11 +

wheres denoteghedistanceo thelP.

A secondimit is setby thelong-rangecollisions.As we have justseenthedynamic
aperturecausedy parasiticcollisionsis x4, &~ (ns,0 —A) wheren,,, istheseparation
in unitsof the beamsize.For the LHC theseparations choseras

Nsep = 9.0, (20)

andthesimulationsindicatethat A ~ 3¢.



If we wantto limit theluminositylossdueto the crossingangle, we mustdemand

€ (™
0, = Y <9 X 21
(& nsep 6;7:[/ < O_Z ( )
CombiningEgs.(20) and(21), we find that
By 2 0%~ 5o, (22)

which for the LHC yields 3; , > 0.38 m to be comparedwith a designvalue 0.5
m. However, this may not be the full story. Ongoingstudiessuggesthat,if onealso
includestheconstraintgrom the head-orbeam-beantuneshift, it mightactuallyprove
advantageouso operatewith a crossingangleandanrmsbunchlengthexceedingthe
limits of Eq.(21) andacceptalossin geometriduminosity, in exchangdor adecreased
beam-beanuneshift £.2

Two schemesarepresentlybeingexploredfor compensatintheeffectsof thebeam-
beamcollision. Thefield of a pulsedelectricwire is similar to the beamfield experi-
encedat a long-rangecollision point, andsuchwire can,therefore be usedto exactly
compensatéhe effect of thelong-rangeencountersThis schemewvasproposedy J.-
P. Koutchouk?? Simulationsconfirmthata compensatingyire is highly effective. An
exampleresultis shavn in Fig. 17, wherethefield of the wire increaseshe diffusive
apertureby about2 o, evenif the betatronphaseat the wire locationdiffers by a few
degreesfrom thatatthelong-rangecollision points.

A complementargpproachs the electonlensbuilt andtestedat Fermilab?? This
lensconsistf alow-enegy electronbeamwhichis collidedwith theantiprotonbeam.
If betafunctionsandelectroncurrentare correctly adjustedthe focusingfield of the
electronscompensatethe focusing force experiencedby the antiprotonsin the two
proton-antiprotorcollision points. In orderto obtaina controllablecompensatiorin
bothtrans\erseplanesiwo lensesatlocationswith differentbetafunctionsareneeded.
If the electroncurrentis modulated the centraltune shift of eachbunchcanbe con-
trolled independentlytherebyavoiding PACMAN bunches.Trans\erseshapingof the
electronbeamprofile shouldeven allow reducingthe beam-beantune spreadinside
the bunch. The interactiontakes placein a stronglongitudinal solenoid,in orderto
suppressrans\ersetwo-streamnstabilities,which otherwisemight develop. During a
first beamtestin the springof 2001,the electronlenssuccessfullychangedhe tuneof
the Tevatronprotonbeamby about0.005,in accordancevith the prediction.
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Fig. 17. Thediffusionin actionvarianceperturnasafunctionof thestartamplitude,l-

lustratingthe effect of anelectricwire which mimicslong-rangesncountersf opposite
chage.



2.8 Strong-Strong Beam-BeamEffectsat LHC

In additionto theeffectof astrongopposingoeamonasingleparticlein theotherbeam,
whichwe have considere@bove, therealsoexist strong-strondpeam-beaneffects,i.e.,
effectswherea collective motion developsdueto the coherentinteractionof the two
beams.

In the caseof two colliding buncheswo coherentmodesareobsened: thes or O
mode for whichtheoscillationsof thetwo bunchesarein phaseandther mode where
the bunchesoscillatein counterphase.Thesetwo modesareillustratedfor a coupled
pendulumin Fig. 18. The oscillationfrequeng of the o modeis equalto the unper
turbedbetatrontune, whereaghe frequeny of the 7 modeis shifted downwards(in
LHC) by anamountAQ = Y¢. Theamountof thedownwardtuneshift is proportional
to the tune-shiftparamete. The coeficient Y, of the order1.2-1.3,is sometimes
calledthe Yokoya factoror the Meller-Siemann-¥koya factor?42°

~—, —,

Fig. 18. SimpleModel of 7 ando modesfor a systemof two coupledoscillators.

For thefollowing we needto introducethe notion of Landau damping. This refers
to thephenomenothata spreadf oscillationfrequencie®f individual particlestends



to stabilizethe coherentbeammotion of the particle ensembleagainstexcitation fre-
quencieswithin the frequeng spread. An illustration employing three swingswith
eitherequalor differentfrequencie®n the samesupportis shovn in Fig. 19.

Fig. 19. Schematiof Landaudampingfrom A. Hofmann?2°

Mathematicallythe drivenparticlemotionis describedy
i+ wlr = Ae7™, (23)

If theeigenfrequencies of mary particlesaredistributedaccordingto adensityp(w),
thecentroidresponsef theparticleensembleo the externalperturbationA exp(—it)
iS27

A . :
<z >= —e /dw ﬂ (24)
200 w— Q) —1e

wheree — 0.

For LHC worriesomeis a predictionby Y. Alexahin?2® accordingto which the co-
herentr modein the LHC will notbe LandaudampedHis argumentis that,for bunch
intensitiesof the two beamswhich areequalto within 40%, the frequeng shift of the
coherentr modeis larger thanthe incoherentbeam-beantune spread¢. A possible
reasonwhy this lossof Landaudampingwasnot obsered in the SPSor Tevatronis
that the antiprotonintensitiesin thesemachineswere always much smallerthanthe
protonintensitiesascanbe seenin Table6.

Table6. Comparisorof bunchintensityratiosin SPS,TeV-Il andLHC.
SPS TeV-ll LHC
intensityratio N; /N, 29— 2 1




The original agument® appliedto the head-oncollision only. It was speculated
that the long-rangecollisions may act either stabilizing or de-stabilizing. Extensve
simulationstudiesby M. Zorzang”*" supportY. Alexahin’s predictions,anddo shav
thelossof Landaudamping.An examplesimulationresultis shovn in Fig. 20. These
simulationsalsoindicatethat the long-rangecollisionswill not stabilizethe 7 mode.
Furtheranalyticalwork by Y. Alexahinhassinceconfirmedthis conclusion.

0.01

0.001 n
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Fig. 20. Simulationof coherentmodesM. Zorzano):frequeng spectrunmof thebunch
centroid motion; vertical axis is on a logarithmic scalewith arbitrary units, plotted
alongthe horizontalaxisis the normalizedfrequeny w = (v — Q)/¢. Ther- ando-
oscillationmodesareclearlyvisible 2%-3

A possiblecuresuggestedby A. Hofmannis to separatehetunesin thetwo rings.
Simulationdor separatetlinessuggesthatLandaudampingmayberestoredprovided
that the betatrontune split betweenthe two rings is larger thanthe beam-beanune
shift. However, at mostor all of the alternatve asymmetricworking points higher
ordercoherentesonancemaybeencountered’

Both theoryandsimulationsrely on variousapproximationandassumptionsEx-
perimentalstudiesof the = modestability have beenperformedin LEP, wherethe =
modewasclearly obsened,andareplannedat RHIC.



2.9 Single-BunchCollective Effects

There are a numberof single-hunch collective effects. They all are driven by the
impedancef thevacuumchamberi.e., by electro-magnetifieldsexcitedby thebeam
andactingbackonit. Herewe do notdiscusgheseeffectsin detail,but merelymention
themostimportantones.

The coherentsynchrotrortune shift with intensity (the synchrotrontunedescribes
thelongitudinaloscillationfrequeng andis definedin analogyto the betatrontunefor
thetrans\erseplane)may causea lossof Landaudampingat high bunchintensity3!-32
A possiblecountermeasurs the controlledblow up of thelongitudinalemittance For
a longerbunchthe synchrotronfrequeng spreadincreasesiueto the nonlinearityof
thesinusoidalkf wavein therf cavities.

The predictedthresholdof the longitudinal microwave instability is far above the
nominalLHC parametersSimilarly, the calculatedhresholdfor transversemodecou-
pling atinjectionof N, ~ 5.9 x 10! is safelyabove the designcurrent.

The trans\erseresistve wall instability is important, however. For the nominal
LHC parameterghe growth time of the lowestmulti-bunchmodeis 7 ~ 30 ms,which
correspondgo 300 turns; for twice the numberof bunchesand the ultimate bunch
population(1.7 x 10'1) it decreaset 7 ~ 10msor 100turns.

Thetuneshift variationfor apartiallyfilled ring dueto theacmagnetidield leakage
andafinite resistive wall is a smalleffect,asshavn by J. Gargyte 33

Incoherentuneshift dueto collective fieldswasrecognizedasa potentialproblem
for the VLHC.343 It mightalsobenoticableatthe LHC. For thenominalLHC param-
etersat injectionthe incoherentuneshiftis AQ, ~ 0.02; for higherintensityit may
approachAQ, ~ 0.07. This could causepotentialproblemssuchas(1) a reductionof
dynamicaperturepr (2) resonancerossingof the coherenmulti-bunchmodes.

2.10 Dynamic Aperture at Injection

Nonlinearfield errorscandestabilizeparticlemotionafter L000sof turns. Error sources
include persistenturrents(eddycurrentsin the superconductorthe geometryof the
superconductingoil, andthe currentredistrikution duringacceleration.

The maximumstableareain phasespaceis calledthe dynamic aperture. The ap-
proachthat wastakento guarantee sufficiently large dynamicaperturefor the LHC
consistedof threeparts®: (1) computersimulationsof the particle motion underthe
influenceof nonlinearfield errorswere performedover 10° turns, (2) the computer



simulationwerecalibratedagainsimeasurementatthe SPSandHERA, which shaved
thatthe simulationandmeasurementdeviate at mostby a factorof two, and(3) al2o
dynamicaperturavasrequiredin thesimulation,soasto assurehattheactualaperture
will belargerthan6o.

2.11 PersistentCurr ents

Thepersistenturrentdecayduringinjection. Thiswill causeachangean chromaticity
@' by some300units,dueto achangen thesextupolefieldsgeneratedby thepersistent
currents. Here, the chromaticityis definedas the changein betatrontune AQ per
relative momentunerrorAp/p. At thestartof acceleratiortheeddycurrentsarerapidly
reinducedwithin 100 s, andthe chromaticityaccordinglychangesackto its initial
value. This s calledthe ‘snap-back’. A chromaticityof several hundredunits would
imply atunespreadof the orderl, clearly unacceptableln orderto maintaina good
beamlifetime andlargedynamicaperturethechromaticitymustbecontrolledto within
about5 units.

The strateyy to copewith the decayandsnap-backs twofold. First, it is important
thatthe acceleratiorstartsslonly andreproducibly Precisedigital controllersfor the
LHC main power corvertershave beendesignedand built to accomplishthis goal”
andanoptimizedexcitationcurve hasbeencomputed.

Secondnew diagnosticenablinga fastmeasuremeraf chromaticityfor immedi-
ate correctionwas developedand hasalreadybeentestedat the CERN SPS.This is
discussedhext.

2.12 Novel Diagnostics

Thecorventionalway of measuringhechromaticityis to detecthetunevariationwith
rf frequeng. Thistechniquds rathertime consuming.

A new methodinventedfor the LHC measureshe changein the phaseof the be-
tatronoscillationat the headandtail of a bunchfollowing akick excitation® asillus-
tratedin Fig. 21. If thechromaticityis zero,the headandtail alwaysoscillatein phase.
If thechromaticityis nonzeroonthe otherhand,a phaseshift builds up betweerhead
andtail dueto theintegratedenengy differencebetweerparticlespassinghesetwo lo-
cationsduringtheir slow oscillationsin thelongitudinalphasespace.The longitudinal
oscillationsare called synchrotronoscillations,and the associatedune is called the



synchrotrortune@,. Thevalueof @, is muchsmallerthanthe betatrontunes.In the
LHC atinjection,it is 0.006.

In thenew chromaticitymeasurementhe phasealifferencewhichemegesbetween
headandtail is proportionalto thechromaticity It is maximumafterhalf asynchrotron
period,anddecreaseagainto zeroafterafull period.

T=0: horizontal kick T=T,/2

A A

heed  tail
X

X Kick X  detect
V4 V4

Fig. 21. Principleof chromaticitymeasurementia head-tailphaseshift.*®

Thechromaticityinferredatturnn afterthekick is

Q. - 1 Ad(n)
B weAT(cos(2mnQs) — 1)’

(25)

whereA¢(n) is the head-tailphasedifferencemeasuredtthenth turn, At the differ-
encein arrival time betweerheadandtail, andn the slippagefactor anoptical param-
eterthatcanbe calculatecanalytically(n = a. — 1/+? is definedastherelative change
in revolution time perrelatve momentumchange anda.. is the so-calledmomentum
compactiorfactor).

In principle, this techniquemight measurehe chromaticityin about10 ms, which
is much shorterthan the time scaleof the snapback. A test measurementising a
widebandpick up atthe SPSis shavn in Fig. 22.

Anotherdiagnosticavhich hasbeendevelopedin view of LHC is the processingf
datafrom multi-turn beam-positioomonitors(BPMs) taken after deflectinga bunchto
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alarge amplitude,so asto extractinformationsaboutthe nonlinearresonanceandto
localizenonlinearfield errorsall aroundthe machine®”

Thebasicideais to identify for eachline in thepositionFourierspectrunthecorre-
spondinghigherorderresonancel-romtherelative heightof suchlines,their variation
with thekick amplitude andtheir changerom oneBPM to the next, informationscan
be obtainedwhich mayallow identifying problematiaegionsin thering andminimiza-
tion of theresidualnonlinearitiestherebymaximizingthe dynamicaperture.

2.13 Power Converters

The LHC power corverterswere newly developedto meetthe stringentdemandson
resolution stability, andaccurag. The power convertersfor the mainbendingmagnets
andquadrupolehave demonstrated resolutionof 1 ppm?” Stability over a dayis of
theorderof 5 ppm?3”

2.14 HeatLoad inside the Cold Magnets

Four primary sourcef heatload have beenidentified,andrequirespecialremedies.

Thefirst arelost beamparticles. Thesecanbe particleswhich are scattereckither
off the otherbeamat the collision point or off residualgasnuclei. Anotherpossibility
areparticleson unstabldrajectoriesdiffusingoutwards.

In orderto limit therateof particlelossesnsidethe cold magnetshalocollimation
is performedin two straightsectionswhich accommodatevarm magnets. Comple-
mentarily the cold magnetsare cooledby superfluidhelium at 1.9 K, which at this
temperaturdiasa remarkableneatcapacity

The secondsourceof heatloadis synchrotrorradiation. For a bunchintensity of
N, ~ 1.6 x 10, thesynchrotrorradiationamountgo about0.27W/m. Thisradiation
doesnotdirectly shineontothe 1.9-K cold bore,but it is interceptedy a beamscreen
atahighertemperaturearyingbetweend and20 K.

A third sourceare beamimagecurrentsin the resistve chambemwall. For the ul-
timate bunchintensity V, ~ 1.6 x 10!, this contribtutesabout0.46 W/m. Also here
thebeamscreembsorbsmostof the heat. The screernis coatedwith athin Culayerto
improve the surfaceconductvity.

A fourth sourceis the electroncloud, i.e., electrons,generatedy photoemission
from synchrotrorradiationor by secondargmissionwhich areaccelerateth thefield
of the beam. The heatdepositedon the walls by theseelectronsshouldnot exceed



the residualcooling capacity after accountingfor the image-chage effectsanddirect
synchrotronradiation. For N, ~ 1.6 x 10*!, the heatload dueto the electroncloud
muststaybelov 0.56W/m.

2.15 Thermodynamic Considerations

Heat capacitiesC' of the variousmagnetcomponenthave a stronginfluenceon the
guencHimit. Theheatcapacityrelategshetemperatureise AT totheenepgy deposition

AU permassAm via
1 AU

AT = G A (26)
For copperat 1.9 K, the heatcapacityis only Cq, ~ 0.03 J/kg/K, which could easily
give rise to prematuregquenches.To raisethe quenchlimit, in the LHC magnetghe
s.c.cableis permeatedy superfluidhelium at 1.9 K, whoseheatcapacityis much
higherthanthatof copperi.e., Cx. ~ 4000 J/kg/K 3% With a measuredheliumcontent
in the s.c.cableof ~ 4.5%, the averageheatcapacityis significantlyincreased? The
heliumabsorbglepositecenegy andtransportst avay from the magnetoils.
Anotherimportantpoint to recallis the refrigeration(Carnot)efficiency, which is
givenby

Tco
n = 1d : (27)

Twarm

and relatesthe optimum (minimum) power P,.,.., requiredat room temperaturefor
absorbinga heatinflux P,.,q atalowertemperature:

P, co Twarm
Pwarm - M - Pcold- (28)
n Tcold

It is evident that the absorptionof heatat 7,4 = 1.9 K is not efficient. For this

reasona beamscreenat highertemperaturd4—20K) is installedinsidethe magnets,
which absorbghe protonsynchrotrorradiationpower aswell asthe enegy from the

electroncloud. Two rows of pumpingslotson eitherside— i.e., horizontallyoutwards
or inwards— of the beam-screenenterconnectthe beamvacuumwith the cold bore

of themagnetswhichis heldat 1.9K. Thisarrangemenalsoenablesa highly efficient

cryopumping,where desorbedyasmoleculesdiffuse throughthe pumpingslots and

thenstick to the cold partof themagnet.



2.16 QuenchLimits and Collimation

If too mary protonsarelostin asuperconductinghnagnetjt will quench, which means
it will becomenormalconducting. Thenthe machineprotectionsystemacts,andthe
beamwill be dumped. Recorery from a quenchis time consuming,andthe number
of quencheshouldthereforebe minimized,ideally avoided. Taking into accountthe
contributionsto the heatcapacityfrom the superfluidhelium, the quenchlimit of an
LHC magnetcorrespond$o alocal temperaturéncreaseof 7 K atinjectionand1 K at
top enepy.

A quenchcan be generateddy local protonlosses. Protonloss mechanismsn-
clude! (1) injection errors, where the lossesoccur within a few turns, (2) protons
outsideof the rf bucket which are lost at the start of the rampin a ‘flash’, and (3)
continuoudossedn collision.

Table7 compareshe expectedosseswith the quenchlimit. In view of thesenum-
bers,adedicatecbeamcleaningsystemis consideredsindispensiblgor the LHC.

Table7. Expectedotal lossesandquenchlimit. !
process  exp.totallosses guenchimit

injection AN =1.25 x 102 AN, =10 m™*
ramping AN =9x102 AN, =25x10*m™!
collision N =3x10°s' N,=6x10°m's!

The chosendesignis a 2-stagesystem consistingof primary andsecondarycolli-
mators?!

Theprimarycollimationcomprises3 betatrorcollimatorsatanamplitudeof 60 and
1 enegy collimator. Eachof theseis followed by a setof threesecondarycollimators
at an amplitudeof 70. The collimation inefficiencgy sensitvely dependson the ring
apertured,ig;

If Aing = 80, the efficiency is aboutn.,n =~ 10~*, which meansthat from 10*
protonsin the beamhalo, all but oneareinterceptedy a collimator, beforehitting the
beampipe.

At the LHC the collimation mustbe in the working position alreadyat injection,
andall throughthe accelerationThetoleranceon the dynamicclosedorbit stability is
ratherstringentnhamely< 30 um (1/100), andmustbemetatall times. This condition
assureshatthe secondargollimatorsarein the shadav of the primary collimators.



2.17 Machine Protection

Thetotal enegy storedin the LHC magnetss aboutl1 GJ,andthe LHC beamenegy
is 0.7 GJ*2 Theseamountsof enegy, if liberatedin anuncontrolledway, could cause
a considerablelamagdo the machinecomponentsTherefore areliablemachinepro-
tectionsystemis crucial*?

Therearemary aspectdo the protectionsystem.We mentiononly two.

In caseof amagnetquenchthe ensuingesistive heatingfurtherincreaseshetem-
peratureandtherapid heatingcould destry the magnet.In orderto avoid this, quench
heaterswill be fired, which induceadditionalquenchesn the adjacentmagnetsand
distribute the enegy dissipationover a larger region. At the sametime, switchesare
activated,sothatthe maincurrentbypassesheregion of the quench.

However, the heartpiecef themachineprotectionis thebeamdump. Sincetherise
time of the extractionkickersis finite andlong, an adequatelyfong gapin the stored
LHC beamis needed.The kickerscanonly be fired during this gap, sinceotherwise
severalbunchesvould bedeflectedy therising edgeof thekicker pulseto intermedate
amplitudeswithout being extracted,andthesebuncheswould damagehe collimators
or somemagnets.

Theprotectionphilosophyis thatwhene/eranerroris detectede.g., thebeamdevi-
atestoo muchfrom its nominalorbit, the beamis extractedfrom thering andsentonto
thedump,beforeit candestry any machinecomponents.

Thedesignof thebeamextractionsystemis itself notsimple,sincethebeamdensity
is sohighthatit canalsodestry thebeamdump.To preventthis, the extractionsystem
compriseseveraldilution kickerswhich deflectthebeamin bothtrans\erseplanesand
areactivatedatthesametime astheextractionkickers*® Differentbunchesaredeflectd
by differentamountssuchthatthe bunchimpactpointontheentrancdaceof thebeam
dumptracesa nearlycircular pathover the lengthof the bunchtrain. The diameterof
the sweepprofile is about15 cm, which providesfor sufficient dilution of the beam
density*?

The extractionkickersconsistof mary units. The mostseriousconcevablefailure
modein the LHC is theaccidentakpontaneouBring of oneof thesekicker units. The
protectionsystemwill thenalsofire all otherkicker modulesjn orderto sentthebeam
to thedump.However, in this casethekick is notsynchronizedvith the positionof the
beamgap,andcomponentiamagelueto theimpactof severalbuncheson collimators
or septumcannotbe excludedin the presentdesign.



Table8 compareshe meltingtemperaturethe maximumtemperaturegise 7, €x-
pectedin caseof a singlebunchimpact,aswell asthe front temperatureise 1}, of
the dump,if hit by thefull LHC beamwithout dilution, for differentcandidatemate-
rials. The only materialfor which both 7;,..,. andT%.... aresmallerthanthe melting
temperaturés carbon.Thus,carbonhasbeenselectedcasthe LHC dumpmaterial??

Table8. Candidatematerialsfor the LHC beamdump??

material T}, Tiax Ttront
[°C] [°C/bunch] [°C/beam]
Be 1280 75 3520
C 4500 320 3520
Al 660 360 3390
Ti 1670 1800 3250
Fe 1540 2300 3120
Cu 1080 4000 2980

2.18 LHC Filling Pattern

The filling patternof bunchesaroundthe machinedeterminegshe time structureof
eventsseenby theexperiments.ThenominalLHC bunchspacings 25 ns,andthetotal
revolution time is 88.924.s. The 25-nsspacingis interruptedby variousgaps,which
areneededor injectionandextractionbetweerthe differentinjector storageringsand
theLHC itself. A gapof 111 missingbunchess requiredfor extractionfrom the LHC,
gapsof 30 or 31 missingbunchescorrespondo the rise time of the LHC injection
kickers,andvariousgapsof 8 missingbunchesarerelatedto theinjectioninto the SPS.

The final nominal bunch patternis complicateddue to all thesegaps. It canbe
expressedn mathematicahotationas™

(T2 xb+8xe)x3) + 30xe)x2)

+((7T2xb+8xe)x4) + 3lxe)x3)

+H(T2xb+8xe)x3) + 30xe)x3)
+81 x e),

wheree refersto anemptyplaceandb to abunch.



Becausef the mary gapsdifferentbunchesn LHC experiencedifferentnumbers
of long-rangecollisionsaroundthe primaryPs. Eventhe numberof head-orcollisions
in IP 2 andIP 8 is notthesamefor all thebuncheslndeed Jessthanhalf of thebunches
arenominalones,andall the othersbelongto oneor anothertype of PACMAN bunch.
Thismeanghatall thesebuncheswill have differentbetatrortunesanddifferentorbits.

Accordingto thenumberandtypesof opposingounchesencounteredyunchequi-
alenceclassesanbedefined:* Theirnumberis almostcomparablédo thetotal number
of bunches!!

Fortunately careful analysisand simulationssuggesthat althoughdifferent, the
bunch orbits and tunesare still sufficiently similar that the lifetime and luminosity
shouldnot be muchdegraded?

2.19 LHC Injectors

Beforethe beamis injectedinto the LHC it mustbe producedandacceleratedn the
injectorsandpre-injectors.

Thesecomprisejn orderof decreasingneny, the SuperProtonSynchrotron(SPS)
the Proton Synchrotron(PS),and 4 PS Boosterrings. In orderto provide the high-
guality beamdemandedy the LHC a humberof upgradesvere necessaryand new
operationaproceduresandtechnique®f beammanipulatiorwereintroduced.

Historically, multiple buncheswveregeneratedn the PSby dehunching(switching
off therf) andrecapturingn a higherharmonicrf system.A schematiof phasespace
evolution duringslow delunchingis shovn in Fig. 23.

Theproblemwith this schemas thatduringthe detunchingprocesghe microwave
instability thresholds reached Namely while a bunchdehunchesthe densityd N/ds
andthe local enegy spreads,,,, decreasdoy the samefactor The local instability

thresholdscalesas N
(—) o 62, (29)
dS thr

whichfollowsfrom theso-calledBoussardtriterion. Then,thebeambecomesinstable
assoonasits enegy spread,,,,; is smallenoughhatthisthresholdconditionis reached.
The unwantedresultsarean unequalfilling patternandthe non-reproducibilityof the
bunchintensities.

Thenew methoddevelopedfor the LHC is acontrolledbunchsplitting without ever
turning off therf.“ Insteadthe relative amplitudesof variousrf systemsoperatingat
differentfrequenciesare varied asa function of time in suchway that eachbunchis
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Fig. 23. Schemati®of phasespaceavolution during slow dekbunching.

Table9. Statusof the PSfor the LHC nominalbeam?’

achi’ed  nominal
protonsperbunch 1.1 x 101 1.1 x 10
hor. emittanceyel® [um] 2.5 3
vert. emittanceye,” [um] 2.5 3
long. emittance:? [eVs] 0.35 0.35
total bunchlengthl, [ns] <4 4
momentunspread 2.2 2.2
20,/p [107°]

smoothlydividedinto 2 or 3 bunches. The nominalschemefor producingthe LHC

beamnow startswith six high-intensitybunchesinjectedinto the PS. Eachof these
bunchess splitinto three ,whichis laterfollowedby two furtherdoublesplittings. The
entireprocesghustransformghe original 6 into 72 bunches.

As anillustration,Fig. 24 shovs a simulationof triple bunchsplitting in thePS.The
entireprocedurehasbeensuccessfullydemonstrateéxperimentally andsince2000is
routinely usedto producethe LHC beamfor machinestudiesin the SPS.

Table9 demonstratethatthe PSalreadydeliversanLHC beamwhichmeetsall the
designparameters’

Work is alsoprogressingn the SPS.In thewinter shutdown 2000/2001a few thou-
sandpumpingportswereshieldedn anattemptto reducethe longitudinalimpedance.
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Fig. 24. Simulationof bunchsplitting in the CERNPSin preparatiorfor injectioninto
the LHC.*® Theverticalaxisis thetime. Theleft pictureshavs the amplitudesof three
rf systemsperatingat differentfrequenciegharmonicnumberh), which areusedfor
this process(CourtesyR. Garoby 1999)

As aresultof this effort, in 2001, bunchlengtheningandstrongimpedancesignalsat
400MHz arenolongerobsened*®

Theevolutionof thetrans\erseimpedancés alsomonitoredoy measurementsf the
coherenbetatrontuneshift with currentandof the head-tailgrowth ratesasa function
of chromaticity?

2.20 LHC asHeavy lon Collider

Parametergor the LHC ion operationhave beencomparedvith the only existing ion
collider, RHIC, in Table1. The main limitation for ion operationvarieswith the ion
mass’

Heavy ion operationis limited by the electromagnetiprocessesccurringin the
collision,namelyby e*e~ pair productionandsubsequend capture.

Thecrosssectionof this processs abouto, ~ 100 barnfor PG+ -PP* collisions,
which corresponddo a rate of N, ~ 10° ionss ! persideof IP at a luminosity of
L~ 10" cm™32s7!,

The crosssectionincreasestronglywith the atomicnumbers, oc Z7, whereaghe
enepgy depositionn amaterialonly increaseéinearly with 7.

From the beam-opticgoint of view, for Pbions a changein theion chage by 1
unit is equivalentto a changein the relatve momentumerror of A6 = 1.2%. lons



with amomentunerrorof this magnitudearelostin aregion of aboutl m lengthatthe
entranceo theLHC arcs,wheres.c.dipolemagnetsarelocated.Thepredictedossrate
for thenominalLHC ion parameterss closeto thequencHhimit, thussettingalimit for
the maximumluminosity.

Potentialremediesmight be a dynamicsqueezeof the IP S function during the
store,soasto optimizetheintegrateduminosity, or theinstallationof local collimators,
which couldreducethelossratein the magnetsf the dispersiorsuppressor

For light ions,the crosssectionfor the above electromagnetiprocesss negligibe,
and, for theseions, the main limitation for luminosity operationis the growth of the
longitudinalemittancedueto intrabeamscattering(IBS). For nominalparametershe

IBS growth time is 10 hours.It scalesas
1 N, 73

—
TIBS A

(30)

where A is the ion massin units of the proton mass. Taking into accountthe two
limiting factorsfrom above, the projectedinitial luminositiesare1.0 x 10?7 cm=2s™!
for P, ions,6.6 x 10%® cm™2s™* for Krg$ ions,and3.1 x 10** cm™2s~* for Of; ions.

2.21 Electron Cloud

In 1999,thebuild up of anelectroncloudwasobseredwith theLHC beamin the SPS,
andin 2000alsoin thePSandin the PS-SPSransferline.

Obsenationsin the SPSareillustratedin Fig. 25, which shavs beamlossin thelast
4 bunchesof a 72-bunch LHC batch,occuringabout5 ms after injection. The beam
lossonly occursabove thethresholdcurrentof multipacting,which manifeststself by
alarge vacuumpressureise andby electronsignalsseenon dedicatecelectron-cloud
monitors.

The electroncloudin the SPSis generatedsfollows. A smallnumberof primary
electrondgs generatede.g., by gasionizationor beamloss. For thenarrav LHC bunch
spacingof 25 nsandtypical vacuum-chambenalf apertureof 2—3cm, the numberof
electronsexponentiallyamplifiesduring the single passagef a 72-bunchtrain, by a
proces<alledbeam-inducednultipacting,alreadyobsenedin the CERN ISR almost
30yearsago?!

In this section,we discussbuild up, saturation,and decayof the electroncloud,
thenthe wake fields and instabilitiesinducedby the electrons finally the heatload
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from theelectronswhichis thelargestconcerrfor the LHC, andthepresentlyforeseen
countermeasures.

We usethe variable A to denotethe electronline density; ¢ is the time and s the
positionalongthebeamline. For abeamcurrentof 0.5-1A, the processesontrikbuting
to the generationof electronsare (1) residualgasionization, with a typical rate of
d?\./(ds dt) = 5 x 10! e~ m~is7!; (2) synchrotronradiationand photo-emission,
with atypical rated?)./(ds dt) ~ 5 x 10'¥ e~ m~!s™!; and(3) secondaryemission,
consistingof true secondarieandalso of elasticallyreflectedor rediffusedelectrons.
If the averagesecondaryemissionyield is largerthanl, the secondaryemissionleads
to anexponentialgrowth.

Indeedthekey proces®f theelectron-cloudormationin theLHC is thesecondary
emission,andthe mostimportantparametethe secondaryemissionyield. The latter
depend®ntheenegy of theprimaryelectron.A parametrizatiorior the LHC vacuum
chambet” is shawvn in Fig. 26. The secondanelectronsconsistof two components.
Thetrue secondarieareemittedat low enegies,of the orderof afew eV. Theiryield
reachesa maximumvalued,,,., at a certainimpactenengy e,..., andthe yield curve
is well approximatedy a universalfunction with only thesetwo free parametersA
certainfraction of theincidentelectronss elasticallyreflected. The lower the enegy
of the incidentelectron,the larger is the proportionof the reflectedelectrons. These
reflectedelectronsareresponsibldor the factthatthe total secondaryemissionyield
doesnot approaclzeroif the enepgy of the primariesapproachegero, but remainsat
a finite value. The contribution from elasticallyreflectedelectronsto the total yield
is alsoillustratedin Fig. 26. The nonzeroyield valuefor low enegiesimplies thata
certainnumberof low-enegeticelectronswill survivefor alongtimeinsidethevacuum
chamberevenif thereis alargegapin the bunchtrain.

The build up of the electroncloud dueto beam-inducednultipactingdoesnot con-
tinue indefinitely, but it saturatesroughly at the momentwhen the averagenumber
of electronsper unit lengthis equalto the averageline density of beamprotonsor
positrons.In otherwords,the orderof magnitudeof the saturatealectronline density

canbeestimatedis
Ny

Lsep7
where N, is the bunch population,and L, the bunch spacing. The corresponding
volumedensityis obtainedby dividing with the beam-pipecrosssection.

In the SPSthe small numberof primary electronsproducedvia gasionizationis

(31)

/\sat ~
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Fig. 26. Secondargmissionyield for perpendiculamcidencevs. the primaryelectron
enegy with andwithout elasticallyscatterecelectrons. The parametrizations based
on measurement®r coppersurfaces’?



amplifiedby multipactingso stronglythat saturationis reachedalreadyafter about30
bunches.In the LHC the numberof primary photoelectronsvill be muchlargerthan
that of ionizationelectronsin the SPS.Figure 27 shavs a schematioof the electron-
cloudbuild up in the LHC beampipe.

20 ns 5ns 20 ns 5ns

Fig. 27. Schematiof electron-clouduild upin theLHC beampipe. (CourtesyF. Rug-
giero)

The conditionfor propermultipactingis®

h2
min = . - 17 32
" NbTeLsep ( )

whichdescribeshesituationthatthetravel time of electronsacrosshechambeexactly

equalsthe time betweentwo bunchesandincludesthe assumptiorthat the electrons
are closeto the chamberwall whenthe buncharrives. However, it shouldbe noted
thatthe condition(32) is neithernecessamyor sufficientto obsene electronamplifica-
tion. If the parameten,,;, is smallerthanone,low-enegetic secondaryelectronsare
producedbeforethe next buncharrives. They will move slowly throughthe chamber
andareacceleratednly whena bunchpassedy. On the otherhand,if n,,, is larger
thanl, anelectronwill interactwith morethanl1 bunch. In eithersituationelectron
amplificationcanstill occur This s illustratedin Table 10 which lists parametersor

several acceleratorsvhereelectroncloudshave beenobsened or arepredictedto oc-

cur. Thevaluesof n,,;, arealsolistedfor eachring. They extendover severalordersof

magnitudes.

Thusn,,;, is not areliable parameteto assesshe possibility of multipacting. In
orderto predictthe occurrenceandmagnitudeof multipacting,detailedcomputersim-
ulationsarerequired.Figure 28 illustratesthe ingredientsof suchsimulations?® Both
bunchesandinterbunchgapsare split into slices. For eachslice, the motion of elec-



Table 10. Comparisonof parametergelatedto the electron-cloudbuild up for the
LHC beamin the CERNPS,SPS andthe LHC with thoseof several otherprotonand
positronstoragerings,in which anelectroncloudis obseredor expected>*

accelerator PEP-II | KEKB | PS | SPS| LHC | PSR | SNS
species et e p p p p p
populationV;, [101] 10 33 | 10 | 10 | 10 | 5000 | 10000
spacingLse, [M] 2.5 2.4 7.5 7.5 7.5 | (108) | (248)

bunchlengtho, [m] 0.013| 0.004| 0.3 | 0.3 |0.077| 25 30
h. beamsizeo, [mm] | 1.4 042 | 24 3 0.3 25 0.6
v. beamsizeo, [mm] 0.2 0.06 1.3 2.3 0.3 7.5 0.6

ch.  sizeh, [mm] 25 47 70 70 22 50 100
ch.1 sizeh, [mm] 25 47 35 | 225 | 18 50 100
synchrotrortune@, 0.03 | 0.015 | 0.004| 0.006| 0.002| 0.0004| 0.0007
circumf. C [km] 2.2 3.0 | 0.63| 6.9 27 0.09 | 0.22
betafunction 3 18 15 15 40 80 5 6

parametery, 1 10 0.58 | 0.24 | 0.15 | 0.0002| 0.0001




tronsis computedundertheinfluenceof the beamfield, externalmagnetidields, elec-
tron space-chayefield, andtheimageforcesinducedby both beamandelectrons For
eachpassingounchslice, a certainnumberof primary electronds created.Wheneer
an electronis lost to the wall, its chage stateis changedaccordingto the secondary
emissionyield computedor its enegy andimpactangle,andtheelectronis re-emitted
representingitheratrue secondaryr anelasticallyscatterealectron.
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Fig. 28. Schematidllustrating variousingredientsof the electron-cloudsimulations.

In the actualacceleratqrvariousindicatorscansignalthe electron-cloudbuild up,
suchas(1) a nonlinearpressureise with beamcurrent,(2) currentdatafrom electro-
static pick ups or dedicatedelectronmonitors, (3) the measuredune shift alongthe
train, (4) the beam-sizeéblow up alongthe train, andwhereapplicable,(5) a dropin
luminosity. All theseitemsentaildirectinformationsaboutthe electrondensity

As anexample we mentiontwo estimate®f the electron-cloudiensityin the SPS.
Thefirstis basedbn the pressureise,andis dueto O. Grobner?® The equatiorfor the

pressuréalancereads
Sett P/ (kpT) = Q (33)

whereS ¢ denoteghe pumpingspeedn volumepermeterpersecond() = ad)\t,e/ds
thetotal flux of moleculesper unit length(« is the desorptionyield per electron,and



At thenumberof electronshittng thechambemall perunit lengthandperbunchtrain
passagepnd P = kT N/V, where N/V is the numberof gasmoleculesper unit
volume,and P thepressureWe inserttheexpressiorfor ) into Eq. (33), andsolve for

Ao/ ds & Trey (A /ds)
d>\e ~ Trev

ds akgT
whereT,., is therevolution period.
With anenhancegressuref P = 100 nTorr, a ~ 0.1 andS.g ~ 201 s7' m~! one
estimates

S.q P, (34)

d\e 1010 electrons

ds bunch — train meter -
Thesecondestimatds directly relatedto the signalseenon thetrans\ersedampeipick

upin the SPSwhichindicateshatafew 10® electrongperbunchpassagearedeposited
on the pick-up®” This numberamountsto 10° — 10'° pertrain, or, for an effective
pick-uplengthof about10cm, to®”

d)\, ~ 1010
ds bunch — train meter

(35)

electrons

(36)

Thetwo estimates(35) and(36), areconsistent.

Figure29shavstwo differencesignalaneasuretetweertheplatesof two identical
electro-statigpick upsin the SPS.Without perturbationfrom the electroncloud, the
differencesignalshouldbe proportionatto the beamoffsetin the chamber Oneof the
two signalsin Fig. 29 is processedt low frequenciesthe otherin a higherfrequeng
bandaround120 MHz. The shift in the baselineof the low-frequeng signal, which
is seennearthe centerof the 1.8-us bunchtrain andpersistsan the 20-us gapwithout
beamjndicatesanetchagetransfetbetweerthepick-upplatesdueto themultipacting
electrons.The samedistortionis not visible in the high-frequenyg signal, which may
suggesthatthefrequeng spectrunof the electroncloud currentbetweenrthe platesof
the pick up doesnot extendupto 120 MHz.

Figure30 displaysa simulationof the electron-cloudbuild up for the SPSparame-
ters. The simulationcanreproducehe obsened saturationof the electron-cloudbuild
up at the centerof the bunchtrain, providedthat the elasticallyreflectedelectronsare
includedin additionto thetrue secondaries.

In the SPSalsoa positive tuneshift is obsened which startsbetweerthe 10th and
20thbunchof thetrain andis of orderAQ = 0.01. Thetuneshift permitsanindepen-
dentestimateof the electrondensity which is consistentith the othertwo estimates
from above.
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The electroncloud, oncegeneratedcan givesrise to wake fields and instability.
Namely theelectronouplethemotionof subsequertunchesandcantherebycouple
the motion of successie bunches.They alsointroducecoherentandincoherentune
shifts. However, in the SPSthe mostharmfuleffectis a single-tunchinstability, which
presumablys of a similar natureasthoseobsenedin the positronrings of the PEP-II
andKEKB B factories.This instability appeargo be the analogueof the stronghead-
tail instability causedby a corventionalwake field. (The stronghead-tailinstability
is alsocalledthe trans\erse-mode&ouplinginstability, abbreviatedas TMCI.) In addi-
tion, the electroncloud might excite the regular head-tailinstability, andalsoinduce
longitudinalelectricfields,albeitrecentanalysissuggestshatthelattertwo effectsare
small.

We limit the following discussiorto the TMCI-lik e instability. Several dedicated
computerprogrammeswvere written, at KEK and CERN, which modelthis instabil-
ity. In the simulationboth the electronsanda bunch of the beamare representedby
macroparticles.On eachturn the bunchinteractswith a freshuniform cloud of elec-
trons,assumedo be generatedy the precedingounches.The electroncloud canact
like awake field andenhanceaninitial head-tailperturbationin thebeam.

During the bunchpassagethe electronsoscillatein the beampotential. Figure 31
showvs a snapshobf the simulatedelectronphasespaceat the endof abunchpassage.

If theelectrongerformseveraltrans\erseoscillationsover thelengthof the bunch,
they maybe adiabaticallytrappedn the beampotentialandremainat the centerof the
chambeffor alongtime .’

Usingthe WKB approximatiorthe adiabaticityconditionfor this trappingprocess
canbewrittenas

A=o.we,V8efe> 1, (37)

wherew. , is the vertical electronangularoscillationfregeng, ande = 2.718... In-
sertingthe acceleratoparameterinto Eq. (37), we obtain A ~ 10 for KEKB, PEP-II,
PS,SPS,andLHC. Hence,n all theseacceleratorsglectronsanaybetrapped.

If simulationsare performedwith the electroncloud asthe only perturbationthe
beamsizeincreasesmoothlybut signficantlywith time. If theposition-dependernitine
shift dueto the protonspace-chaye forcein the SPSat 26 GeV/cis alsoincluded,the
simulatednstability becomesnoreviolent® Thisis illustratedin Fig. 32.

Figure33 compareshe simulatedemitancegrowth in bothtrans\erseplanescom-
putedusingtwo differentmodelsof the beamfield, namelya soft-Gaussiarapprox-
imation and a particle-in-cell(PIC) code®® The two resultsare comparable.Either
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simulationpredictsa rapid emittancegrowth within afew ms,whichis consistentvith
thetime scaleof the obsenedbeamloss.

The effective trans\ersewake field of the electroncloud canbe obtainedfrom the
simulation,by displacinga slice of the bunchtrans\ersely andcomputingtheresulting
forceon the subsequerntbunchslices. A typical resultis shovn in Fig. 34. Becausef
the electronaccumulationnsidethe bunchduringits passaganddueto thenonlinear
ities of theforcesactingbetweerbeamandelectronsthecomputedvake fieldsdepend
onthepositionof thedisplacedslice,asillustratedin this example.

Eitherusinga two-particlemodel?? or approximatinghe simulatedwake field by
a broadbandesonatof;} one can estimatethe TMCI threshold. Table 11 compares
the estimatedhresholdcloud densitywith the expectedsaturationdensityfor various
acceleratorsThetabledemonstratethatalmostall theacceleratortisted may operate
above theelectron-cloudnstability threshold.

At the SPSdirect evidencefor the head-tailinstability comesfrom a wideband
pickup which measureghe trans\erseposition every 0.5 ns, comparedwith a total
bunchlengthof 4 ns. In the vertical plane,significantmotion is detectednside the
bunch. The oscillationsof subsequenbunchesare uncorrelated.The wave length of
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Table11. The numberof electronoscillationsduring a bunch passagethe estimated
electron-cloudrMCI threshold andtheratio of electronequilibriumdensityto thresh-
old density for variousaccelerators?

accelerator PEP-Il KEKB PS SPS LHC PSR SNS
e~ osc./lunch 0.8 1.0 1 075 3 34 970
Nose = We0, /()

TMCI threshold 1 0.5 5 025 3 (0.6) (0.5
pe [102 m~]

densityratio 19 4 0.35 11 4 (92) (27)

Pe,sat /)Oe,thrcsh




thewake field wasfitted from the databy K. Cornelis,andit agreeswith the calculated
wavelengthof electronoscillations?

Simulationsincludingboththeelectroncloudand,in addition,aregularbroadband
impedanceshawv that the instability canbe suppressethy a large positive chromatic-
ity,% in accordancevith obsenations.

The heatdepositedby electronson the beamscreenis a major concernfor the
LHC. Simulatecelectronimpactenegiesextendupto several100sof eV. Thisis much
largerthanthetypical emissiorenegy of secondariesf only afew eV. In otherwords,
the electroncloud extractsa significantenegy from the beam,andtransfersit to the
chambemwall.

Theimportanceof this issuefor the LHC is illustratedin Fig. 35, which shavs the
simulatedarc heatload, averagedover dipoles,field-freeregionsandquadrupolesas
afunctionof bunchpopulationfor variousvaluesof the maximumsecondargemission
yield d,.. Also indicatedis the maximumcooling capacityavailablefor the electron
cloud. The figure demonstrateshat in orderto reachthe designbunch intensity of
N, = 1.1 x 10! thesecondaremissionyield mustnotbe muchlargerthani.1.
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Figure36 shavstheelectrondistribution simulatedfor anLHC dipole. Thevertical
stripeswith enhancecatlectrondensitycorrespondo the regionswith maximummul-
tipacting. If suchelectronstripeswould lie on top of the beam-screepumpingslots,
electronscould passdirectly to the 1.9-K cold bore,insteadof beingabsorbedy the
beamscreen. The cooling capacityfor the cold boreis much smaller anda quench
would bealikely consequence.
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Fig. 36. Snapshobf thetrans\erseelectrondistributionin anLHC dipolechamberfor
amaximumsecondaremissionyield of §,,,, = 1.3.9

Threemaincountermeasuresgainsthe electroncloudareforeseeni.e.,

¢ toinstalla‘sawtoothchamber’(with a heightof about35 ,m anda periodof 200
1m), whichreduceghe photonreflectionin thearcdipoles;

¢ tocoatall warmsectionswvith agettermaterialTiZr, thatexhibitsalow secondary
emissionyield;

¢ andto rely on surfaceconditioningduring the commissioningwhich shouldre-
ducethe maximumsecondaryemissionyield to a valueof 1.1; anelectrondose
of about10 C/mn? is neededo reachthis targetvalue’”

In 2001 severalnovel electroncloud detectorsvereinstalledin the SPSby G. Ar-
duini, J.M. Jimenezegetal., whosepurposds to serne asa benchmarkor the simulation
andto directly provide measurementander conditionsvery similar to thosein the
LHC.



The newly installed SPSelectron-clouddetectorsinclude’®: (1) pick-upswhich
measurethe electroncharacteristicsin particular the e~ cloud build up andthe e~
enegy distribution; they also allow for triggering on the batch; (2) monitorswhich
characterizehe behaior of theelectronsn adipolemagnetidield; 2 differentdesigns
were developedfor this purpose the first is a ‘strip detector’,the seconda so-called
‘triangle detector’;(3) anin-situ measuremendf secondargemissionyield, which can
verify the effect of surfaceprocessing(4) ion detectorgo excludeion-stimulateddes-
orptionasa sourceof the pressureise; and(5) a so-calledWAM _PAC Cu calorimeter
which directly measureghe heatload from the electroncloud.

First obsenationswith thesedetectorsarepromising. The strip monitor clearlyre-
vealsthe horizontalpositionandwidth of the multipactingelectrons.Above a bunch
intensityof IV, ~ 5 x 10'° protonsthesinglestrip splitsinto two, which for furtherin-
creasindounchcurrentmove towardsthe outsideof the chamberThis behaior agrees
well with thesimulations Preliminarymeasurementssingabiasinggrid andthetrian-
gulardetectorsuggestverageelectronenepiesof theorderof 75 eV. The calorimeter
measures power deposition,which, scaledto the LHC, might correspondo a heat
loadof theorderof 1 W/m, comparableo typical predictions.

Thein-situ changen the secondargmissionyield wasalsomeasuredAfter about
24-hoursof effective conditioningtime with an LHC beam,the maximumsecondary
emissionyield ¢,,.. haddecreasedrom 2.3 to 1.8, which demonstrateshat surface
scrubbings actingasforeseen.

3 Beyond LHC: LHC-II and VLHC

Oncethe LHC is operatingthe particlephysicistswill pushfor higherluminosityand
higherenepy. A feasibility studyfor an‘LHC-II' hasbeenlaunchedat CERN%

The LHC luminosity can be raisedby increasingthe numberof bunches,which
mightimply alargercrossingangle.As anext step,onemightcontemplatenoreexotic
schemesyhere,e.g., ‘crab’ cavities oneithersideof thecollision pointdeflectthehead
andtail of thebunchedrans\erselyin oppositedirectionssuchthatthe bunchescollide
effectively headon.

The availability of strongeror cheapemagnetswill facilitate the path towards
higherenegy andindicatethedirectionto follow.

Synchrotrorradiationandemittancecontrolwill becomeanimportantissue asthe
higherenegy machineswill operatan a new regime,wherethe effectsof synchrotron
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Fig. 37. Schematiof SupeBunchesdn aHigh-LuminosityCollider.™

radiationbecomemoreandmorenoticable,andwherethe radiationequilibrium emit-

tanceis muchsmallerthanthe injectedemittance.The shrinkingof the emittancedur-

ing the storecould be a nuisancesincethe beam-beantune shift increasesith time

andthebeam-beanimit maybereachedsoonafterinjection,potentiallyleadingto an
unstablesituation. On the otherhand,intrabeamscatterings still significantfor these
enegiesandemittancesandmaybalanceheradiationdamping.Thus,a carefulstudy
of emittancecontrolis clearlyanimportanttopic for the future hadronmachines?

Somecollective effectscanalsoprove moresevere. If the circumferences large,
the coupled-linchresistive wall instability may requireseverallocal feedbacksMore
worriesomestill is the electroncloud, which mightintroducean ultimatelimitation.

Also thedebrisfrom thelP, the quencHimits andthe questionof a safebeamabort
will bemajorchallenges.

Lastly, thereis anoptionto collide continuousbeamsasin theISR. In reality these
would be rather‘quasi-continuousveams’or ‘superlunches’,occugying only a small
fraction of the total circumferenceand being confinedby barrier rf buckets™ asil-
lustratedin Fig. 37. The barrierbuckets may be generatedy inductionacceleration
modules’!

Suchcontinuousheamsor superlinchesarebasedon the successfuexperienceof
theISR andhold variouspromises:

e in conjunctionwith alternatingcrossingat two IPs supertinchescanprovide a
higherluminositywith acceptabldeam-beantuneshift;

¢ PACMAN bunchesareabsentandthe beamparticlesalmostidenticalto onean-



other eachsamplingall longitudinalpositionswith respecto theopposingoeam;

e theelectron-clouduild up shouldbe stronglysuppressedinceelectronsannot
gainary enegy in the constanbeampotential,

e superlinchesnightallow for stochasticooling,whichis notanoptionfor bunched
beams’?

A primaryreasorwhy coastingpeamswvereabandonedjespiteof the ISR success,
wasthescarcityof antiprotons.Thisis nolongera problemfor proton-protorcolliders.

A large numberof questionseedto be answeredhowever, beforea superlinch
schemecould be envisionedfor a future LHC upgrade. Ongoingwork at CERN in-
cludesthe optimizationof the beamparameterssuchaslength,line density andtotal
numberof superluincheswhich would maximizethe luminosity, while maintaininga
tolerablebeam-beamune shift and an acceptabléheatload, and obeying the timing
constraintdmposedby the (induction)rf systemthe capacityof the injectors,thefill-
ing time, andthe beamabortsystem.

3.1 Prospectdor Luminosity and Beam-BeamTune Shifts

Consideringoundbeamsj.e, 3; = 3; ande, ~ ¢,, andincludingthe houiglasseffect
anda horizontalcrossinganglef.., the luminosity for both normaland superlinches
canbeexpresseds

Feon A1 Ao*  flae/(28%) 1 320?02 u?
L =" —_— — ¢ d 38
2708 -ty L+u2 T 1 T /W (39
where
f(U) - lbunch (39)

for a superlunchwhoselength i, is muchlarger thanthe effective length of the
detectorl,.:, and

,B*Quzl . (40)

f(u) = /7o, exp [— o

z

for aregularGaussiarbunchof rmslengtho.. Thecoeficients\; and )\, denotefor a
normalbunch,the maximumline density\ = N,/(v/27c.), and,for asuperhinch,the
constantine densityA = N, /lyunch-

Consideringa singlecollision point with horizontalcrossing the maximumbeam-
beamtuneshifts, experiencedy a particleat the centerof thebunch,are

Ar, (U2 [ s 1 1
A = = L (5 +@> K(ﬁ*+82/5*)6+9252>
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s 5

252
02 2
exp ( 205 + 5257 ] (41)
where 5
g(s) = exp (—2%) (42)

for aregularbunch,andg(s) = 1 for asuperluinch,and) is the (maximum)line density
of the opposing,equalto either\; or \, in the luminosity formula. Here,the electro-
staticinteractionbetweerthe two buncheds assumedo occurbetween—[/2 andl/2.

Outsideof this rangethe beamsareeitherseparatedy a bendingmagnet,or shielded
from eachother The distancel canbe muchlargerthanthe effective detectorlength
Ldet -

Figure38 shawvs the luminosityandbeam-beanthe shiftsasa function of crossing
angleascomputedfrom EQgs.(38) and(41) for the so-calledultimate LHC bunchin-
tensityof N, ~ 1.7 x 10'* with regular Gaussiarbunchesof 7.7-cmrmslength,and
consideringcollision-pointbetafunctionswhich arereducedrom the nominalvalueof
0.5mto 0.25m. Thenumberof bunchess unchangedomparedvith thenominalsce-
nario. Assumingtwo interactionpointswith alternatingcrossing,the maximumtotal
beam-beantuneshiftis givenby thesumAQ;: = (AQ., + AQ,). Thistotaltuneshift
is alsoshown in thefigure. For crossinganglesof 300—-400urad, it is quite moderate,
andmuchbelow the highestvaluesachieved elsevhere(compareTableb).

Figure39 shows the correspondingurvesfor a coastingopeamor for a superlinch
schemelf theentirering is filled, with 40 A dc current,theluminosityis of the order
of 5 x 103 ecm~2s L. If only a 1/40thof thering is occupiedthe luminosity could still
10% cm~2s~! with anaveragecurrentof 1 A. Theseparametertave notyetbeenfully
optimized.

3.2 Crab Cavities

As shavn in Fig. 38 theluminosity decrease®or largercrossingangles.This luminos-
ity losscanbeavoidedby meansf ‘crab crossing’,a schemewvhich wasfirst proposed
for linear colliders™ andwill betestedatthe KEK B factory Thebasicideaof crab
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Fig. 40. Applying adeflectionof oppositesignto theheadandtail of eachbunchavoids
luminositylossdueto thecrossingangle.

crossings illustratedin Fig. 40. Thedifferentialdeflectionrecevedin thedipole cav-
ities alignsthe bunchesat the collision point, sothatthe luminosity is the sameasfor
head-orcollisions.

The crab cavities would be mostusefulif they would allow separatinghe beams
afterthe collision into two disjoint quadrupoles Assumingthat the distancebetween
thelastquadrupolendthelP remainsabout20 m, andconsideringanouterquadrupole
radiusof 25 cm, a schemewith two separatdinal quadrupolesequiresa minimum
crossingangleof 6. > 25 mrad. The correspondingrans\ersecrabdeflectingvoltage
is

v, = cEtan0,./2 43)

ewey/ BB
whereF is thebeameneny, w,; theangulanf frequeng, and3<** the betafunctionat
the cavity.

Table12 compareshe crab-caity parametersequiredfor suchtype LHC upgrade
with thosedesignedor the KEK B factory The LHC requiresabout100timesmore
deflectingvoltage, primarily dueto the increasedbeamenegy. Note alsothatthe rf
frequeny of 1.3 GHz chosenwould be too high for the presentnominal LHC bunch
length.



Table12. Comparisorof crabcavities parameterfor KEKB with thosefor anadvanced
LHC upgrade.

variable symbol KEKB HER LHC
beamenegy E 8.0GeV 7TeV
RF frequeng fet 508.9MHz 1.3GHz
half crossingangle 0./2 11lmrad 12.5mrad
IP betafunction Bz 0.33m 0.25m
cavity betafunction 3P 100m 2000m
requiredkick voltage V| 1.44MV 144MV

3.3 Stronger Magnets

In orderto reacha higherenegy in the LEP/LHC tunnel,strongemagnetsare abso-
lutely needed.Thesestrongermagnetsivould alsobein line with the historial trend,

evidencedin Fig. 2. Thereexist s.c.magnetmaterialswhich cansustainmuchhigher

fieldsandcurrentdensititiegshanNbTi, the materialusedsofar for all acceleratomag-

nets.A candidatenaterialwhich couldapproximatelydoublethe maximumfield of the

magnetds Nbs;Sn. Table 13 summarizeshe historicalevolution of thefield strengths
achievedin NbsSnmagnets.Nbs;Snis more brittle thanNbTi, which complicateghe

cablefabricationandthe processingrocedureshut recentprogresodeswell for the

future.

3.4 Emittance Evolution

Thesynchrotrorradiationamplitudedampingtime is™

7 3(my?)P\ 1 C'\ _  16644hr c\ A (44)
7\ e, 22 ) B2E \2rnp) © E[TeV|B[T]2 \27p) Z*

The dampingdecremenis definedas

3
1o 57x 1071 E[TeV]QB[T]Z

0= f—
nNipTe,y At

(45)

wherewe have assumed;p = 2 interactionpoints.
Radiationdampingcouldimprove thebeam-beanimit, ahypothesisvhichis sup-
portedby the muchhighertune shifts achieved in electron-positrorcollidersascom-



Table13. Evolution of Nb;SnMagnets™

year group type field/gradient
1982 CERN quad 71T/m
1983 CERN/Saclay dipole 53T
1985 LBL dipoleD10 8T
1986 KEK dipole 45T
1988 BNL dipole 76T
1991 CERN-ELIN dipole 95T
1995 LBNL hybrid dipole D19H 85T
1995 UT-CERN dipoleMSUT 11.2T
1996 LBNL dipole D20 13.3T
2001 LBNL commoncoil dipole 1447

paredwith hadroncolliders. Measurementandsimulationshave beenfitted by™
Emax o< 0.009 + 0.021 (6/1074)0, (46)

Figure4lillustratesthisdependenceSuperimposednthecurverepresentindq. (46)
aredatafrom hadroncollidersandfrom LEP. The pointsfor thefuturehadroncolliders
were chosenon top of the predictedcurve. The figure demonstratethat evenfor the
next and the next-to-next generationof hadroncolliders, the dampingdecremenis
still too smallto noticablyenhancghe maximumbeam-beantuneshift.

A more importantconsequencef synchrotronradiationis the shrinkageof the
emittanceduring the store. As mentionedearlier the situationis still differentfrom
electronstorageings,asthedampingtimeis of theorderof hoursandnotmilliseconds.

Theequilibriumemittancedueto synchrotrorradiationis™

55 Aa (Y[ CY

SR Al

N—— = =] . a7
=g () (29) @
For bothLHC-II andVLHC, this 2—-3 orderssmallerthanthe designemittancejmply-
ing thepossibility of excessve beam-beanforces,andthegeneratiorof beamhaloand
background.

However, anequilibriumemittanceof muchlargervaluewill bereachednuchear
lier, namelyatthetime whentheradiationdampings balancedy intrabeanscattering.
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mann;LEP wasnotbeam-beantimited)

Thebeamsizegrowth ratefrom intrabeanscatterings’”
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whereL. ~ 20. Asymptotically for v > ()3, oneexpectsthat1 /75155 ~ 1/7, 185 and
o5 & QZ/ % /e /p.”" Equatingthe intrabeam-scatteringrowth rate andthe radiation
dampingyieldsthefollowing expressiorfor the equilibriumemittancé®:

(BS _ PN, (2 feVig e o e (37"ch)1/3 (49)
oN Qa6 \ eBk(k + 1) 27mp 16 ’

where f,; denotegherf frequeng, V;s thetotal rf voltage,x = ¢,/¢, the asymptotic
emittanceratio asdeterminedy linearcouplingandspuriousverticaldispersion.

To give a concreteexample,we take the LHC-1I parametersf Table3. Note that
theseassume: = 1, which canbeachievedby skew qudrupolesand/ora properchoice
of betatrontunes. Figure 42 shows the predictedemittancevariationasa function of
time, andFigs.43, 44, and45 the bunchpopulation,beam-beantune shift, andlumi-
nosity, respectrely. Theresultis encouragingthe luminosityinitially stayshigh and
almostconstantwhile thebeam-beantuneshift only slowly andmoderatelyincreases.

(48)
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Fig. 42. Evolution of trans\erseemittancevs.timein LHC-1l at28 TeV centre-of-mass
enegy, for the parameter®f Table3. The simulationincludessynchrotrornradiation
damping,ntrabeanscatteringandparticleconsumptiorin the collision.
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Fig.43. Evolution of beamcurrentvs.timein LHC-1l at28 TeV centre-of-masesneny,
for the parametersf Table3.
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Fig. 44. Evolution of beam-beantune shift vs. time in LHC-II at 28 TeV centre-of-
massenenqy, for the parametersf Table3.
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Fig. 45. Evolution of luminosityvs. timein LHC-1I at 28 TeV centre-of-masgneny,
for the parametersf Table3.



3.5 Collective Effects

Oneof the mostharmful collective effectsis the lossof Landaudampingfor higher
orderlongitudinalmodes.If the bunchbecomegoo shortthefrequeng spreaddueto
the nonlinearityof the rf decreasesandLandaudampingmay be lost. The condition
for stability is

5 1/5
C’l” A“ﬂweln1<§£) ] . (50)
eff

=9 |6 WV n
Figure 46 shavsthatin thecontemplatedgcenaridor LHC-11 Landaudampingwould
belost afterabout3 hours.Longitudinalnoiseexcitation™ could maintaina minimum
bunchlengthandtherebystabilizethebeam asis illustratedin Fig. 47.
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Fig. 46. Evolution of thermsbunchlengthduringa storein LHC-II, andtheinstability
thresholdgor Im(Z; /n).s =~ 0.1 Q2 (asestimatedor LHC), for 28 TeV centre-of-mass
enegy, andthe parametersf Table3.

As for the LHC, other collective effects that may occur are the longitudinal mi-
crowaveinstability, thetrans\ersecoupled-linchresistive-wall instability, andtheelec-
tron cloud.

Figure48displaysthe simulatedarcheatloadin the LHC dueto theelectroncloud
asa function of bunchspacing.For bunchspacingsshorterthanthe nominal,the heat
load caneasilyincreaseby an orderof magnitude. Only whenthe spacingbecomes
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comparableo thebunchlength,andwe approactthelimit of acoastingopeam doesthe
heatloadagaindecrease.
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Fig. 48. AverageLHC arc heatload asa function of bunchspacing.for a maximum
secondaryemissionyield of ¢,,., = 1.1, abeamenegy of 7 TeV, andtwo different
bunchpopulationsV,.

3.6 Total Curr entand Synchrotron Radiation

Thetotalbeamcurrentcouldbelimited eitherby magneguencheslueto gasscattering,
or by the maximumtolerablesynchrotrorradiationpower,
C’7E4anbc

Psgp =
SR Co

= UOfrevnbNb7 (51)

wherel, denoteshe enepy lossperturn,andC., = 47/3 r,/(m,c*)® =~ 0.778 x
10717 m/GeV? (m, is the protonmass,andr, the classicalprotonradius). Using the
expressiongor the luminosityandthe beam-beantuneshift, Eq. (51) canberewritten
as®

Psr =

8 3/2 E3/2L *

V3cEL) 1+ K2 &/, \ 27p



This implies the following scaling®® If the magneticfield is held constantthen
J.7. < 1/E andtheradiationpowerincreasess Psg « E*L. Ontheotherhand,if the
magnetidfield follows the historicalevolution, B « E'/2, we obtain.J.7. o 1/E? and
thepowergrowsasPsr o< E°/2L. In thenext generatiorof hadroncolliders,the power
perunit lengthdepositedy synchrotrorradiationis alreadyof theorderof 1 W/m, and
this scalingindicatesmuchhigherpower levelsfor the machineswvhich follow.

It is not easyand ratherinefficient to absorbthis enegy inside the magnetsat a
temperatureof a few Kelvin, even usinga beamscreen. For the VLHC, P. Baueret
al. have proposeda more efficient schemewhich is basedon discretewarm photon-
stopsinsertedinto the beampipe® Suchphotonstopswould considerablyimprove
theefficiency andcouldreducethewall plug power requiredfor coolingby anorderof
magnitude.However, the stopshave to be retractedat injection andthey contribute to
thebeam-pipampedance.

3.7 TheVLHC

TheVLHC designstudyhasmadegreatprogressecentlys? anda completereporthas
beenpublishedbeforeSnovmass20017 TheVLHC circumferences almost10times
that of LHC, andthe costsarekeptlow, by stagingthe project,and by economizing
the magnets.Thefirst stageuses2-T magnetswhosedesigncomprisesa small 100-
kA superconductingransmissiorine surroundedy the beampipe andby warmiron

yokes, which determinethe shapeof the field. The operatingmagin of several such
designshasbeenverifiedin a100-kAtestloop at Fermilab

A singletunnelcanhousethe stage-Imagnetsandat a later time the higherfield
stage-2nagnetsyhich will increasehe centre-of-masgnepy to valuescloseto 200-
TeV.

A completesite layouthasbeenproposedadjacento the Tevatron,the latter serv-
ing asaninjector. Thelayoutforeseeswo collision points,both closeto the Fermilab
site,andit includesabypasdine for thelower-enepgy stage-Iing aroundthedetectors,
whichis neededpncethe stage-4s operational.

4 Conclusions

Hadroncolliders have performedexceedinglywell in the past. The LHC will break
new territory. With 14 TeV centre-of-masenegy, andaluminosityof 10** cm=2s71, it



will surpassll previouscolliders. The LHC designis basedon the experiencegained
at the ISR, SPS,the Tevatron, HERA, RHIC, and other machines. The underlying
assumptionsreratherconserative.

Yet, theacceleratophysicistsfacevariousexciting challengese.g., relatedto mag-
net design, cryogenics,long-rangebeam-beantollisions, strong-strongoeam-beam
collisions, radiationdamping— which for the first time is strongerthan intrabeam
scattering—, andthe electroncloud.

Beyondthe nominalLHC, studieshave startedon LHC luminosityandenegy up-
grades A moreambitious2-stageVery LargeHadronCollider hasbeenproposedn the
US. The secondstageof the VLHC couldreachanenegy of 175TeV in the centreof
mass.Theproblemsconfrontedby thesdutureprojectsincludethedevelopmenof new
magnetswith eitherhigherfield or muchreducedproductioncosts,the possiblylarge
circumferencethe increasedsynchrotronradiation,and againthe electroncloud. A
furthernew developmentare‘quasi-continuousbeamsor supertinches.Thesemight
provide a pathtowardssignificantly higherluminosity. They may alsoallow for are-
ducedbeam-beantuneshift, suppressheelectron-clouduild up andavoid PACMAN
bunchesj.e., buncheswith unfavorablelong-rangecollisions.

In conclusion,profiting from enhancedynchrotronradiation,the LHC upgrades
andthe VLHC hold the promiseof further substantialadvancementsn enegy and
luminosity at sustainablgower levelsandcosts.
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