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Abstract

| summarizehe sessiorlV of theECLOUD’02 worskhop,
which was devotedto the simulationof electron-cloudn-
stabilities.

1 INTRODUCTION
In SessionlV, 10 presentations/eregiven:

e Smulation of Emittance Growth due to Electron
Cloud in the PEP-I1 Positron Ring by Y. Cai (SLAC),

e Electron Cloud Smulations: Beam Instabilities and
Wake Fields by G. Rumolo(CERN),

e Sudy for ep Instability in JAERI-KEK Joint Project
by T. Toyama(KEK),

e Study for ep Instability in High Intensity Proton Rings
by K. Ohmi (KEK),

e Head-Tail Instability Caused by Electron Cloud by
E. Perevedentse (INP),

e \ake Field of the e-Cloud and its Effect on the Up-
grade of PEP-1I by S. Heifets(SLAC),

e Electron Cloud inthe PSR and SNSby M. Blaskiewicz
(BNL),

o Effect of Electron Cloud on the Bunch Oscillationsin
KEKB LER by S.S.Win (KEK),

e Sudy of Electron Cloud Effect in JLC Damping Ring
by K. Ohmi (KEK), and

e Effect of Bunch Length, Chromaticity, and Linear
Coupling on the Transverse Mode-Coupling Instabil-
ity due to Electron Cloud by E. Metral (CERN).

In thefollowing, | discusghesessiorhighlightsandsome
unresohedquestions.

2 TALKS

2.1 Electron Cloud Smulations for PEP-II
(Y. Cai)

Y. Cai presentedhe resultsof a micro-bunchsimulation,
which usesa modelfirst describedn Ref.[1]. He alsoin-
cludedradiationdampingfor the centroidmotion of each
bunchslice (or micro-bunch). The deflectionof the elec-
tronsis computedby assuminga constantrans\ersesize
of eachbunchpatrticle. Theinverseforceis obtainedfrom

the action-reactiorprinciple. Using PEP-II LER param-
eters,he obsened a clearthresholdin the electroncloud
density beyond which the vertical beamsize rapidly in-

creasesAbove thresholdthe beam-sizegrowth time is of

the orderof the synchrotrorperiod (40 turns). The thresh-
old coincideswith the thresholdof the trans\ersemode-
couplinginstability. This is evidencedby computingthe
Fourier spectrumof the beamdipole motion: the thresh-
old of beam-sizegrowth correspondso the meiger of the
Il = —1 and! = 0 head-tailmodes. An experimen-
tal measuremendit PEP-II shoved a similar signatureof

mode coupling as obtainedin the simulation. The sim-
ulatedthresholdfor the horizontalblow up is abouttwo

timeshighet

The measuredspectrumresembleghe spectrumsimu-
latedfor a densityof p. = 10! m—3, which is abouthalf
thesaturatediensityfoundin electronbuild-up simulations
andonly 20% of the estimatedhresholddensity Indeed,
this value correspondgo only 1% of the averageneutral-
ization density which is attributedto the effectivenessof
the solenoidwindings.

Usingtheindependentlgimulatedelectrondensityp. =
2 x 10" m~3 andabuild-uptime constanbf 50 ns,Y. Cai
studiedthe beam size increasealong a bunch train and
founda30%blow up,roughlyconsistentvith obsenations
at PEP-llandKEKB.

The effect of chromaticitywasexploredfor a densityof
pe = 8 x 101 m~3, i.e.,, well above the TMCI threshold
of 5 x 10 m~3. A positive chromaticityhad no signifi-
canteffect, while for negative chromaticitybothhorizontal
and vertical beamsizesincreasedstrongly This may be
consistentvith obsenations.However, the actualelectron
densityin PEP-l1seemgo bebelow thethreshold.

In this context it is interestingthatthe simulationshavs
asignificantgrowth of thebeamsizealsoatlower currents
(below the threshold). The reasonfor this beam-sizen-
creasds notyet explained. Sofar the effect of chromatic-
ity in this regime,i.e., belov the TMCI threshold hasnot
beeninvestigated.Sucha studywould helpin unravelling
theorigin of theblow up, andin contriving acure.

A secondunresohed mysteryis thatin the simulation
the vertical blow up is much strongerthan the horizon-
tal, whereadn reality the horizontalemittanceblow up is
larger.

2.2 BeamInstabilities and Wake Fields (G. Ru-
mol 0)
G. Rumolo describedthe HEADTAIL code developed

at CERN for the simulation of single-lunch instabilities
driven by the electroncloud. The codeincludesfully 3-



dimensionalbeammotion, a PIC module for computing
the electricfields of thebeamandthe electronsthe option
of nonzerochromaticity external magneticfields, detun-
ing with amplitude,arbitraryinitial electrondistributions
(e.g., two vertical stripes),corventionala wake field, pro-

ton spacechage, beam-beancollision, and synchrotron
oscillations.For thecomputatiorof spacechage,theinter

actionwith the electroncloud, andthe corventionalwake

field, the macroparticlesonstitutingthe bunch are tem-
porarily assignedo a numberof longitudinal slices, for

eachof which the interactionis calculatedsuccessiely.

Thelinearspace-chayeforceis modelledby anadditional
rotationin trans\ersephasespacearoundthe centerof the
associatedocal beamslice. The instability simulationis

performedover mary turns (several synchrotronperiods).
The code can also computethe transersewake field, by

displacinga single slice trans\ersely and calculatingthe
force on later partsof the bunch. The longitudinalwake

field is obtainedby identifying the longitudinalslice posi-
tion with time.

The simulationrevealsthe electronphasespaceandin
particularthe pronounceaginchingof electronsat the cen-
ter of the bunchduring its passage An additionalbroad-
band impedanceand a space-chaye tune spreadhave a
strongimpacton the dynamicsof the single-hunchinsta-
bility simulatedfor the LHC beamin the SPS.Thevertical
emittancegrowth canbe suppressedly a large chromatic-
ity @, > 10 (or &, > 0.4). Theinclusion of the pro-
ton space-chaye force qualitatively changeshe character
of the instability, corvertingan otherwisesmoothblow up
into violent oscillationsalongthe bunch.

The simulatedtrans\ersewake fields dependon the po-
sition of the displacedsourceslice. This is easilyunder
stoodfrom the electronpinchandfrom thevariationof the
electronoscillationfrequeny alonga Gaussiamunch.The
wake fields alsodiffer stronglywhetheronecomputeshe
field on axisor thefield averagedverthetrans\ersebeam
distribution. A dipolefield suppressethe horizontalwake
and also lowersthe vertical. The longitudinalwake field
wasshaown to beinsignificantfor the SPS.

Simulationswere also performedfor KEKB. A strong
dipole motion inside the bunchis visible for the vertical
planeonly. Thisis dueto theflatnessf thebunch,andit is
consistentvith obserations. A chromatcityof &, = 0.35
curesthisinstability.

A detailedcomparisorof KEKB simulationresultsusing
theHEADTAIL codeandthePICmoduleof K. Ohmi'sPEI
codehasshonvn a goodagreemenin the emittancegrowth
for severaldifferentchromaticities Theresultsalsoappear
to be consistenwith experimentalobsenations[4], both
exhibiting a similarly beneficial effect of positive chro-
maticity.

The KEKB solenoidswith a field of 30 G do not much
affect the single-hunchinstability, becausethe cyclotron
period is much longer than the bunch length. However,
simulationshave shawvn that for the longerbunchesin the
SPSa 100-G solenoidsuppressethe electronpinch and

alsocoupleshewakesexcitedin thetwo trans\erseplanes.

2.3 Electron-Cloud Build-Up and Instability
for High-Intensity Proton Rings and in par-
ticular for the JAERI-KEK Joint Project
(T. Toyama, K. Ohmi)

The JKJ projectcomprisegwo high-intensityprotonrings
acceleratingo 3 GeV andto 50 GeV, respectiely. The
electron-clouckffectsobsenedattheLANL PSRandBNL
AGShave motivateda studyof e-pinstability for JKJ.

Simulationsof electron-cloudbuild up were performed
for variousmachinesand the saturatecelectrondensities
were comparedwith instability thresholdspredicted by
a dispersionrelation. This dispersionrelation was ob-
tained by approximatingthe single-tunch wake field by
a resonator(derived from a simulation), and then evok-
ing a coastingbeamapproximationwhich includedLan-
daudampingdueto the slippagefactorandthe beamen-
ergy spread As anindependentrosscheck,theinstability
growth ratesweredirectly simulatedoy micro-bunchtrack-
ing.

Theresultssuggesthatthe JKJrings shouldoperatebe-
low theinstability threshold.The PSRis foundto beunsta-
ble, while theISISring (UK) is predictedo bestable both
in goodagreementvith obsenations.

The secondaryemissionyield of variousmaterialswas
measuredn the laboratorybeforeand after sputteringthe
surfacewith Argonions. The sputteringreducegheyield
of all materials.Theisotropicgraphitehadthelowestyield
in eithercase.TheTiN film presumablycontainedcarbon
andoxygenimpurities.

In a dedicatedexperimentatthe KEK PSelectron-cloud
signalswere detectedon pick upswith a high-impedance
termination.Thesignalshovedaclearbaselingrift during
the passag®f a bunchtrain, which dependedtronglyon
the numberof bunches.A biasvoltageor a weaksolenoid
field stronglyaffectedthesignal,whichindicateshatelec-
tronsareat theorigin of the shift.

Simulationsof the electron-cloudbuild up are roughly
consistentwith the measuremenand also shav that the
simulation result critically changeswhen elastically re-
flectedelectronsaretakeninto account.

More studiesare planned for example,the simulations
for JKJ will be repeatedusing a more realistic model,
whichincludesthe elasticallyscatteredlectronsthe mea-
sured secondaryemissionyields, and also the electron
spacechage.

2.4 Head-Tail Instability caused by Electron
Cloud (E. Perevedentsev)

E. Pereedentse presentech comprehensie treatmentof
the combinedhead-tailand TMCI instability drivenby the
electroncloud. The wake field dueto the electroncloud
may be parametrize@itherby a broadbandesonatoor by



a Struwe function. The latter canfurther be approximated
by a J; Bessefunction.

Hethenapplieda standardnodecouplinganalysigo the
electroncloudinstability in KEKB andin the CERN SPS.
The coupling matrix was limited to 3 radial moidesand
truncatedat azimutahlmodes—5 < [ < 4. The corver
gencewas checled by extendingthe order of truncation.
Next, the tune variationalongthe bunch dueto the elec-
tron pinchwasincludedin the TMCI calculation. It was
foundthatthis pinchis stabilizing,in accordinacevith ear
lier studiesby V. Danilov for corventionalwake fields|[3].

Mostimportantly in the write-upfor theseproceedings,
E. Perevedentse generalizedhe modecouplingtheoryto
the caseof a wake field W (z, 2’), dependingon the lon-
gitudinal coordinates: and 2’ of the sourceandtestpar
ticle, respectiely. This describeghe electroncloud more
appropriatelythana corventionalwake W (z — z’), since

theelectrondistribution changesluringthebunchpassage.

The generalizedwake field can be computedby simula-
tions.

Also a simplefeedbackwith resistize andreactive com-
ponentswasintroduced. An analysisfor the corventional
wake field shavsthatalarge chromaticitycansuppresshe
instability. For achromaticphaseshift of y ~ 2 all lower-
order modesare stablein KEKB andin the SPS,which
both correspondo the caseof a‘long bunch’, definedby a
numberof oscillationsalongthe bunchwhichis equalto 1
or larger.

An optimumstabilizationmaybereachedy ajudicious
combinationof moderatechromaticityandchoiceof feed-
backphase.

E. Pereredentse finally consideredhe coastingbeam
limit. Treatingthe casesof low-order modesand modes
neartheresonanfrequeng hederivedsomavhatdifferent
stability conditions. In positronrings, high-orderinstabil-
ity modesarerapidly dampedy adiffusionprocessrising
from the synchrotron-radiatioquantunfluctuation.

Assumingsaturationthethresholdcurrentscalesn pro-
portion to the bunch spacing. On the other hand,in the
shortbunchlimit, thethresholdcurrentscalesasthesquare
root of thebunchspacing.

The generalizedvake conceptprovides us with an ex-
tremely powerful tool for more accuratelyanalysingthe
electron-clouchead-tailinstability.

25 Electron Cloud at High Beam Current:
PEP-11 Upgrade (S. Heifets)

The presentatiorby S. Heifets discussedhe prospectof
obtainingevenhigherbeamcurrentsat PEP-II,withoutag-
gravatingtheelectron-clouceffects. This is motivatedby a
proposedupgradewhich shouldincreasehe PEP-II lumi-

nosity by morethanan orderof magnitude with a stored
beamcurrentup to 18 A. S. Heifetsintroducedtwo para-
materscharacterizinghe electron-cloudbuild up: x and(¢,

definedby oN
T'eS
h= g (1)
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The formerdescribeghe distanceraversedby anelectron
whichis nearthewall whena bunchpasse$y until thear
rival of the next bunchin unitsof thebeam-pipeadius.lt is
2 timesthemultipactingparameteconsideredy O. Grob-
ner[2]. Thesecondoarametedescribeghe distancetrav-
elledby asecondarglectronemittedwith enegy E, overa
time correspondingdo the bunchspacings;, againin units
of the beam-piperadius. The expectationis that for high
valuesof x andlow ¢ the centerof thebeampipeis almost
freeof electronsandtherewill beno electron-cloudnsta-
bility. S. Heifetsconfirmedthis by a simplified simulation
study This parameteregime exactly correspondgo that
of anupgradedEP-Il,ervsioningcloselyspacedunches
(smallsp) andhighbunchchages(large V).

In theseconditions the cloud densityis nolongersetby
the condition of neutrality but by an equality of the elec-
tron space-chaye potentialandtheinitial enegy Ey. This
meansthat the electrondensitywill be muchlower than
naively expected. However, inside dipole fields the elec-
tron densitymight grow to largervalues.

For certainintermediatebeamcurrents,the simulation
shavedanincreaseof the electron-clouddensityfor every
otherbunch,which may explain why the PEP-II luminos-
ity was obsened to alternateperiodically from bunchto
bunch.

At low current, the wake field is determinedby elec-
trons in the vicinity of the beam. An additional effect
is the asymmetryintroducedby the jet of primary photo-
electronsor by an ante-chamberThe estimatecchangein
equilibrium beamenengy dueto the staticdipolar force is
small. At high currentthebunch-to-tunchwake field arises
from the asymmetryof the secondanelectronscausedoy
atranswersebunchoffset. An explicit formulafor ¢ < 1
wasgiven. The azimuthalharmonicm = 2 of the elec-
tron cloud generates contribution to the tune shift which
is equalandof oppositesignin the two trans\erseplanes.
Theprimaryjetsof photoelectronsauseavariationof tune
shift andorbit distortionalongthe bunch. The head-tailin-
stability canbetreatedusingthe Satoh-Chirformalism,by
a properchoiceof the rang of the coupling matrix. The
instability may be stabilizedif the numberof head-tailos-
cillationsalongthe bunchis large.

2.6 Electron Clouds in the PSR and SNS (M.
Blaskiewicz)

M. Blaskiewicz discussee@lectron-clouckffectsin thePSR
and SNS, first consideringthe electroncloud generation
andthenthe beamstabiilty. A remarkableplot from the
PSR(Fig. 1 in thetalk) shaws the thresholdrf voltageas
a function of beamchage. Two curvesfor 30% different
bunchlengthswerealmostidentical. It appearglifficult to
explain this independencef bunchlengthby commonin-
stability models.



Primaryelectronsaareassumedo be generatedby losses
andgasionization. Secondanelectronsare parametrized
in the usualway, i.e., usingthe Seilerformula. A rough
estimatds ageneratiomateof 200electrongerlostproton
and0.1%loss, resultingin 2 x 108 primary electronsper
meterandturn.

In asimplecoastingpeammodel,wherespacechageis
assumedo be the dominantcontribution to the tuneshift,
thethresholdounchcurrentshouldscaleasthethird power
of the bunchlength (notethe striking differenceto the ob-
sened independence!).The focus of the simulationshas
thusbeenthe scalingwith the bunchlengthandthe mod-
elling of arealisticelectroncloud.

Thesimulationmodelusedis essentiallyl-dimensional,
describingonly the vertical motion of protonsand elec-
trons. The forcesbetweenprotonbeamandelectronsare
approximatedsothatthey arecorrectin thelimits of small
and large amplitudes. The electroncloud is represented
by a small number(20-200)of macroparticlesthe beam
by 2 x 106 macroparticlesandspace-chayekicks areap-
plied aboutl0Otimesperbetatronoscillation.Many param-
eterswerevariedin the simulations.Electrondensitiesof
1 nC/mled to a rapidinstability with beamloss. Smaller
densitiexcouldgiveriseto persistenbscillationsat a finite
amplitude.Thesimulatedhresholddensitiesandthreshold
rf voltagediffer from theobsenationin thePSRby factors
of about0.2and1.5. Theorigin of the additionaldamping
is unclear

Complementaryo the simulation,an eigenmodenaly-
siswasperformedwheretherf voltagewasapproximated
by a squarepotential. Again the thresholdrf voltagevaries
stronglywith bunchlength. The eigenmodeanalysiswas
benchmarkdagainsta coastingpeamcalculation.There-
sultsaresensitve to tailsin the momentundistribution.

The sameeigenmodeanalysiswasappliedto the 2-MW
SNSandan electrondensityof 2 nC/m, correspondindo
fairly large valuesof secondaryemissionyield and elec-
tronreflectvity. Thethresholdpredictedfor the SNSlooks
acceptable.

A corvergencetestof the eigenmodeanalysisrequired
mary modesin order to reproducethe known beam
breakuplimit, andshowved thatthe coastingbeamdisper
sionrelationgivesa goodestimatefor thethreshold.

2.7 Coupled Bunch Instability in KEKB LER
(5SS Win)

S.S.Win presentedneasurementand simulationresults
for the spectrumandgrowth ratesof multi-bunchinstabili-
tiesdrivenby theelectroncloudin KEKB.

Multibunch mode spectraand instability growth rates
weremeasuredvith solenoidonandoff. At beamcurrents
approachind. A, theinstability growth ratesmeasureaf-
ter deactvatingthetrans\ersefeedbackareof the orderof
500 ps. With solenoidsoff the spectrashav a strongpeak
nearmodenumber800(outof aboutl300)andtwo smaller
peaksaroundl100and150(andafourth peakat350in the

horizontalplane). On the otherhand,whenthe solenoids
areturnedon, only low-ordermodesnearQ areexcited.

Good agreemenbetweensimulatedmode spectraand
measurementa/as achiezed, by assuming— in the case
without solenoids— thatthe photoelectronaregenerated
uniformly aroundthe chambermwall and not concentrated
atthe primaryillumination point. The casewith solenoids
alsoshovsagoodagreementhut is insensitve to detailsof
theinitial electrondistribution. If oneassumes solenoid
field of about10 G, the simulatedhorizontalgrowth rate
agreeswith the measurementand the simulatedvertical
growth rateis about50% highet

2.8 Electron Cloud in the JLC Damping Ring
(K. Ohmi)

K. Ohmi studiedthe electroncloud phenomenorin two
versionsof the JLC dampingring, which differ by the
bunchspacing(1.4 nsand2.8 ns,respectiely).

He first studiedthe electroncloud build up. The pho-
tonabsorptiorefficiengy of theantechambewasestimated
at 80% basedon an experimentat KEKB. The simulated
cloud densitiesin saturationat the centerof the chamber
thenare8 x 102 m—3 and3 x 102 m—3,

Thesimulatedgrowth rateof the coupledbunchinstabil-
ity wasfoundto be 26 us (20 turns)or 130 us (100turns),
for thetwo bunchspacings.

The single-tunchwake field wascomputedanalytically
andby a macroparticlesimulation. The coastingbeamin-
stability thresholdwasthenusedto estimatethe threshold
electrondensity For a synchrotrontuneof v, = 0.01, it
is abouthalf the densitysimulatedfor the 1.4-nsspacing.
Someambiguityremainsin the choiceof the wake quality
factor, (), andthe enhancemerfiactordueto the electron
pinch, K.

K. Ohmi concludedhata further reductionin the elec-
tron densityby a factor5-10will be needed.Clearly, the
electroncloudwouldfavor thelargerbunchspacingwhere
the conditionsappeaiconsiderablynorerelaxed.

Finally, resultswerealsopresentedor DAFNE. Theav-
erageelectrondensityfor presentboeamconditionsis es-
timatedat 6 x 10'* m~3, which is 3 timeslessthanthe
predictedsingle-hunchinstability threshold.Sincethe de-
sign currentof DAFNE is 5 timeshigherthanthe present
value,theinstability might be obsenedin thefuture.

2.9 Effect of Bunch Length, Chromaticity and
Linear Coupling (E. Metral)

E. Metral analysedhe electroncloud instability by adapt-
ing thetransversemode-couplingheory He approximated
the wake field by a resonatar The strongdependencef
the electron-cloudvake-field parameter®n bunchlength,
trans\ersebeamsize, and bunch currentwere taken into
account.

The modelwas appliedto the CERN SPS,andit was
shavn thatfor the2001beamparametersa strongsensitv-



ity to chromaticityandbunchlengthis expectedin agree-
mentwith theobsenations.For shortbunchego < 15 cm)
or highchromaticitieg¢, > 0.8) theLHC beamin theSPS
is expectedo be stableup to nominalintensity

In the SPS,mostof the electrongresidein dipolefields,
wherethehorizontalsingle-lunchwake vanishessincethe
electronshereonly move vertically. ThereforeJinearcou-
pling can sharethe growth rate betweenthe two planes,
andincreasehe instability rise time by a factorof two. It
is foreseerto testthis stabilizationschemén 2002.

3 OPEN QUESTIONSAND FUTURE
STUDIES

Oneburning questionconcerngshe missingphysicsinput
thatcouldexplainwhy theblow upin PEP-IIpreferentially
occursin thehorizontalplaneandnotin theverticalassim-
ulated. Anotherquestionis the charactewof the PEP-Ilin-

stability below the simulatedTMCI threshold.

It is not enirely clearif the obsened electroncloud ef-
fectsin PEP-Ilareconsistenwith simulationsor not, given
theinstallationof antechamberandextensive TiN surface
coating.A comprehensiecomparisorwould bemostvalu-
ablefor theacceleratophysicscommunity

Experimentaland simulation studiesshould further be
adwancedjn orderto explorethe high-intensity'blow-out’
regime contemplatedor the PEP-1lupgrade.

The striking fact that the measuredhresholdrf voltage
in the PSRis nearlyindependenbf the bunchlengthstill
callsfor anexplanation.

A highlight of this sessionis the generalizedTMCI
theory including pinch effect and time-dependentvake
field. Thenew theoryshouldbe appliedandbenchmarkd
againstsimulationsandexperiments.

A smallmysteryis why the (photo?)-electrons KEKB
seemto be generatedso uniformly aroundthe chamber
wall.

Additional refined studiesmay be necessaryfor a re-
liable predictionof electroncloud effectsin future high-
intensityprotonringsandin futurelinearcolliders,though
apromisingstarthasbeenmadeandthepreliminaryresults
areencouraging.

The stabilizationof the electron-cloudnstability by lin-
earcouplingshouldbetestedexperimentally
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