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Abstract

I summarizethesessionIV of theECLOUD’02worskhop,
which wasdevotedto thesimulationof electron-cloudin-
stabilities.

1 INTRODUCTION

In SessionIV, 10 presentationsweregiven:

� Simulation of Emittance Growth due to Electron
Cloud in the PEP-II Positron Ring by Y. Cai (SLAC),

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

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

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

� Head-Tail Instability Caused by Electron Cloud by
E. Perevedentsev (INP),

� Wake Field of the e-Cloud and its Effect on the Up-
grade of PEP-II by S.Heifets(SLAC),

� Electron Cloud in the PSR and SNS byM. Blaskiewicz
(BNL),

� Effect of Electron Cloud on the Bunch Oscillations in
KEKB LER by S.S.Win (KEK),

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

� 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, I discussthesessionhighlightsandsome
unresolvedquestions.

2 TALKS

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

Y. Cai presentedthe resultsof a micro-bunchsimulation,
which usesa modelfirst describedin Ref. [1]. He alsoin-
cludedradiationdampingfor the centroidmotion of each
bunchslice (or micro-bunch). The deflectionof the elec-
trons is computedby assuminga constanttransversesize
of eachbunchparticle. Theinverseforce is obtainedfrom

the action-reactionprinciple. Using PEP-II LER param-
eters,he observed a clear thresholdin the electroncloud
density beyond which the vertical beamsize rapidly in-
creases.Above thresholdthe beam-sizegrowth time is of
theorderof thesynchrotronperiod(40 turns).Thethresh-
old coincideswith the thresholdof the transversemode-
coupling instability. This is evidencedby computingthe
Fourier spectrumof the beamdipole motion: the thresh-
old of beam-sizegrowth correspondsto the mergerof the�������

and
���	�

head-tailmodes. An experimen-
tal measurementat PEP-II showed a similar signatureof
modecoupling as obtainedin the simulation. The sim-
ulatedthresholdfor the horizontalblow up is abouttwo
timeshigher.

The measuredspectrumresemblesthe spectrumsimu-
latedfor a densityof 
�� �
�������

m ��� , which is abouthalf
thesaturateddensityfoundin electronbuild-upsimulations
andonly 20% of the estimatedthresholddensity. Indeed,
this valuecorrespondsto only 1% of the averageneutral-
ization density, which is attributedto the effectivenessof
thesolenoidwindings.

Usingtheindependentlysimulatedelectrondensity
 � ���� �������
m ��� andabuild-uptimeconstantof 50ns,Y. Cai

studiedthe beamsize increasealong a bunch train and
founda30%blow up,roughlyconsistentwith observations
at PEP-IIandKEKB.

Theeffect of chromaticitywasexploredfor a densityof

�� ��� � ������� m ��� , i.e., well above the TMCI threshold
of � � ������� m ��� . A positive chromaticityhadno signifi-
canteffect,while for negativechromaticitybothhorizontal
and vertical beamsizesincreasedstrongly. This may be
consistentwith observations.However, theactualelectron
densityin PEP-IIseemsto bebelow thethreshold.

In this context it is interestingthatthesimulationshows
a significantgrowth of thebeamsizealsoat lowercurrents
(below the threshold). The reasonfor this beam-sizein-
creaseis not yet explained.Sofar theeffect of chromatic-
ity in this regime, i.e., below theTMCI threshold,hasnot
beeninvestigated.Sucha studywould help in unravelling
theorigin of theblow up,andin contriving a cure.

A secondunresolved mysteryis that in the simulation
the vertical blow up is much strongerthan the horizon-
tal, whereasin reality the horizontalemittanceblow up is
larger.

2.2 Beam Instabilities and Wake Fields (G. Ru-
molo)

G. Rumolo describedthe HEADTAIL code developed
at CERN for the simulationof single-bunch instabilities
driven by the electroncloud. The codeincludesfully 3-



dimensionalbeammotion, a PIC module for computing
theelectricfieldsof thebeamandtheelectrons,theoption
of nonzerochromaticity, external magneticfields, detun-
ing with amplitude,arbitrary initial electrondistributions
(e.g., two verticalstripes),conventionala wake field, pro-
ton spacecharge, beam-beamcollision, and synchrotron
oscillations.For thecomputationof spacecharge,theinter-
actionwith the electroncloud,andthe conventionalwake
field, the macroparticlesconstitutingthe bunch are tem-
porarily assignedto a numberof longitudinal slices, for
eachof which the interactionis calculatedsuccessively.
Thelinearspace-chargeforceis modelledby anadditional
rotationin transversephasespacearoundthecenterof the
associatedlocal beamslice. The instability simulationis
performedover many turns(several synchrotronperiods).
The codecanalsocomputethe transversewake field, by
displacinga single slice transversely, and calculatingthe
force on later partsof the bunch. The longitudinalwake
field is obtainedby identifying the longitudinalsliceposi-
tion with time.

The simulationrevealsthe electronphasespace,andin
particularthepronouncedpinchingof electronsat thecen-
ter of the bunchduring its passage.An additionalbroad-
band impedanceand a space-charge tune spreadhave a
strongimpacton the dynamicsof the single-bunchinsta-
bility simulatedfor theLHC beamin theSPS.Thevertical
emittancegrowth canbesuppressedby a largechromatic-
ity � �!#" ���

(or $ ! " �&% '
). The inclusion of the pro-

ton space-chargeforce qualitatively changesthe character
of the instability, convertinganotherwisesmoothblow up
into violent oscillationsalongthebunch.

Thesimulatedtransversewake fieldsdependon thepo-
sition of the displacedsourceslice. This is easilyunder-
stoodfrom theelectronpinchandfrom thevariationof the
electronoscillationfrequency alongaGaussianbunch.The
wake fieldsalsodiffer stronglywhetheronecomputesthe
field on axisor thefield averagedover thetransversebeam
distribution. A dipolefield suppressesthehorizontalwake
andalso lowers the vertical. The longitudinalwake field
wasshown to beinsignificantfor theSPS.

Simulationswere also performedfor KEKB. A strong
dipole motion inside the bunch is visible for the vertical
planeonly. This is dueto theflatnessof thebunch,andit is
consistentwith observations.A chromatcityof $ ! �(�)% * �
curesthis instability.

A detailedcomparisonof KEKB simulationresultsusing
theHEADTAIL codeandthePICmoduleof K. Ohmi’sPEI
codehasshown a goodagreementin theemittancegrowth
for severaldifferentchromaticities.Theresultsalsoappear
to be consistentwith experimentalobservations[4], both
exhibiting a similarly beneficialeffect of positive chro-
maticity.

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

alsocouplesthewakesexcitedin thetwo transverseplanes.

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)

TheJKJprojectcomprisestwo high-intensityprotonrings
acceleratingto 3 GeV and to 50 GeV, respectively. The
electron-cloudeffectsobservedattheLANL PSRandBNL
AGShavemotivateda studyof e-pinstability for JKJ.

Simulationsof electron-cloudbuild up wereperformed
for variousmachinesand the saturatedelectrondensities
were comparedwith instability thresholdspredictedby
a dispersionrelation. This dispersionrelation was ob-
tained by approximatingthe single-bunch wake field by
a resonator(derived from a simulation), and then evok-
ing a coastingbeamapproximation,which includedLan-
daudampingdueto the slippagefactorandthe beamen-
ergy spread.As anindependentcrosscheck,theinstability
growth ratesweredirectlysimulatedby micro-bunchtrack-
ing.

TheresultssuggestthattheJKJringsshouldoperatebe-
low theinstability threshold.ThePSRis foundto beunsta-
ble,while theISISring (UK) is predictedto bestable,both
in goodagreementwith observations.

The secondaryemissionyield of variousmaterialswas
measuredin the laboratorybeforeandafter sputteringthe
surfacewith Argon ions. Thesputteringreducestheyield
of all materials.Theisotropicgraphitehadthelowestyield
in eithercase.TheTiN film presumablycontainedcarbon
andoxygenimpurities.

In a dedicatedexperimentat theKEK PSelectron-cloud
signalsweredetectedon pick upswith a high-impedance
termination.Thesignalshowedaclearbaselinedrift during
the passageof a bunchtrain, which dependedstronglyon
thenumberof bunches.A biasvoltageor a weaksolenoid
field stronglyaffectedthesignal,which indicatesthatelec-
tronsareat theorigin of theshift.

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

More studiesareplanned,for example,the simulations
for JKJ will be repeatedusing a more realistic model,
which includestheelasticallyscatteredelectrons,themea-
sured secondaryemissionyields, and also the electron
spacecharge.

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

E. Perevedentsev presenteda comprehensive treatmentof
thecombinedhead-tailandTMCI instability drivenby the
electroncloud. The wake field due to the electroncloud
maybeparametrizedeitherby abroadbandresonatoror by



a Struve function. The latter canfurtherbe approximated
by a + � Besselfunction.

Hethenappliedastandardmodecouplinganalysisto the
electroncloudinstability in KEKB andin theCERNSPS.
The coupling matrix was limited to 3 radial moidesand
truncatedat azimutahlmodes

� ��, � , '
. The conver-

gencewas checked by extendingthe orderof truncation.
Next, the tunevariationalongthe bunchdue to the elec-
tron pinch was includedin the TMCI calculation. It was
foundthatthispinchis stabilizing,in accordinacewith ear-
lier studiesby V. Danilov for conventionalwake fields[3].

Most importantly, in thewrite-upfor theseproceedings,
E. Perevedentsev generalizedthemodecouplingtheoryto
the caseof a wake field -/.103240 �65 , dependingon the lon-
gitudinal coordinates0 and 0 � of the sourceand testpar-
ticle, respectively. This describestheelectroncloudmore
appropriatelythana conventionalwake -/.10 � 0 � 5 , since
theelectrondistributionchangesduringthebunchpassage.
The generalizedwake field can be computedby simula-
tions.

Also a simplefeedbackwith resistive andreactive com-
ponentswasintroduced.An analysisfor the conventional
wakefield showsthata largechromaticitycansuppressthe
instability. For a chromaticphaseshift of 798 � all lower-
order modesare stablein KEKB and in the SPS,which
bothcorrespondto thecaseof a ‘long bunch’,definedby a
numberof oscillationsalongthebunchwhich is equalto 1
or larger.

An optimumstabilizationmaybereachedby a judicious
combinationof moderatechromaticityandchoiceof feed-
backphase.

E. Perevedentsev finally consideredthe coastingbeam
limit. Treatingthe casesof low-order modesandmodes
neartheresonantfrequency hederivedsomewhatdifferent
stability conditions.In positronrings,high-orderinstabil-
ity modesarerapidlydampedby adiffusionprocessarising
from thesynchrotron-radiationquantumfluctuation.

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

The generalizedwake conceptprovidesus with an ex-
tremely powerful tool for more accuratelyanalysingthe
electron-cloudhead-tailinstability.

2.5 Electron Cloud at High Beam Current:
PEP-II Upgrade (S. Heifets)

The presentationby S. Heifets discussedthe prospectof
obtainingevenhigherbeamcurrentsatPEP-II,withoutag-
gravatingtheelectron-cloudeffects.This is motivatedby a
proposedupgradewhich shouldincreasethe PEP-II lumi-
nosity by morethanan orderof magnitude,with a stored
beamcurrentup to 18 A. S. Heifets introducedtwo para-
materscharacterizingtheelectron-cloudbuild up: : and ; ,
definedby

: �
�)<>=@? �BA =CED (1)

and

; � A =C
�)FHG
IKJ D % (2)

Theformerdescribesthedistancetraversedby anelectron
which is nearthewall whena bunchpassesby until thear-
rival of thenext bunchin unitsof thebeam-piperadius.It is
2 timesthemultipactingparameterconsideredby O. Grob-
ner [2]. Thesecondparameterdescribesthedistancetrav-
elledbyasecondaryelectronemittedwith energy

F G
overa

time correspondingto thebunchspacingA = , againin units
of the beam-piperadius. The expectationis that for high
valuesof : andlow ; thecenterof thebeampipeis almost
freeof electrons,andtherewill beno electron-cloudinsta-
bility. S. Heifetsconfirmedthis by a simplifiedsimulation
study. This parameterregime exactly correspondsto that
of anupgradedPEP-II,envsioningcloselyspacedbunches
(small A = ) andhighbunchcharges(large

<>=
).

In theseconditions,theclouddensityis no longersetby
the conditionof neutrality, but by an equalityof the elec-
tron space-chargepotentialandtheinitial energy

FLG
. This

meansthat the electrondensitywill be much lower than
naively expected. However, insidedipole fields the elec-
tron densitymight grow to largervalues.

For certainintermediatebeamcurrents,the simulation
showedanincreaseof theelectron-clouddensityfor every
otherbunch,which mayexplain why the PEP-II luminos-
ity was observed to alternateperiodically from bunch to
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 anante-chamber. Theestimatedchangein
equilibrium beamenergy dueto the staticdipolar force is
small.At highcurrentthebunch-to-bunchwakefield arises
from the asymmetryof the secondaryelectronscausedby
a transversebunchoffset. An explicit formula for ;NM �
wasgiven. The azimuthalharmonicI � �

of the elec-
tron cloudgeneratesa contribution to the tuneshift which
is equalandof oppositesign in the two transverseplanes.
Theprimaryjetsof photoelectronscauseavariationof tune
shift andorbit distortionalongthebunch.Thehead-tailin-
stability canbetreatedusingtheSatoh-Chinformalism,by
a properchoiceof the rang of the coupling matrix. The
instability maybestabilizedif thenumberof head-tailos-
cillationsalongthebunchis large.

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

M. Blaskiewicz discussedelectron-cloudeffectsin thePSR
and SNS, first consideringthe electroncloud generation
and then the beamstabiilty. A remarkableplot from the
PSR(Fig. 1 in the talk) shows the thresholdrf voltageas
a function of beamcharge. Two curvesfor 30% different
bunchlengthswerealmostidentical. It appearsdifficult to
explain this independenceof bunchlengthby commonin-
stability models.



Primaryelectronsareassumedto begeneratedby losses
andgasionization. Secondaryelectronsareparametrized
in the usualway, i.e., using the Seiler formula. A rough
estimateis agenerationrateof 200electronsperlostproton
and0.1%loss,resultingin

�O� ���QP
primary electronsper

meterandturn.
In a simplecoastingbeammodel,wherespacechargeis

assumedto be thedominantcontribution to the tuneshift,
thethresholdbunchcurrentshouldscaleasthethird power
of thebunchlength(notethestriking differenceto theob-
served independence!).The focusof the simulationshas
thusbeenthe scalingwith the bunchlengthandthe mod-
elling of a realisticelectroncloud.

Thesimulationmodelusedis essentially1-dimensional,
describingonly the vertical motion of protonsand elec-
trons. The forcesbetweenprotonbeamandelectronsare
approximated,sothatthey arecorrectin thelimits of small
and large amplitudes. The electroncloud is represented
by a small number(20–200)of macroparticles,the beam
by
�R� ���TS

macroparticles,andspace-chargekicks areap-
pliedabout10 timesperbetatronoscillation.Many param-
eterswerevariedin the simulations.Electrondensitiesof
1 nC/m led to a rapid instability with beamloss. Smaller
densitiescouldgiveriseto persistentoscillationsat a finite
amplitude.Thesimulatedthresholddensitiesandthreshold
rf voltagesdiffer from theobservationin thePSRby factors
of about0.2and1.5. Theorigin of theadditionaldamping
is unclear.

Complementaryto thesimulation,aneigenmodeanaly-
siswasperformed,wheretherf voltagewasapproximated
by a squarepotential.Again thethresholdrf voltagevaries
stronglywith bunchlength. The eigenmodeanalysiswas
benchmarkedagainsta coastingbeamcalculation.There-
sultsaresensitive to tails in themomentumdistribution.

Thesameeigenmodeanalysiswasappliedto the2-MW
SNSandan electrondensityof 2 nC/m, correspondingto
fairly large valuesof secondaryemissionyield and elec-
tron reflectivity. Thethresholdpredictedfor theSNSlooks
acceptable.

A convergencetestof the eigenmodeanalysisrequired
many modes in order to reproducethe known beam
breakuplimit, andshowed that the coastingbeamdisper-
sionrelationgivesagoodestimatefor thethreshold.

2.7 Coupled Bunch Instability in KEKB LER
(S.S. Win)

S.S.Win presentedmeasurementsand simulationresults
for thespectrumandgrowth ratesof multi-bunchinstabili-
tiesdrivenby theelectroncloudin KEKB.

Multibunch mode spectraand instability growth rates
weremeasuredwith solenoidsonandoff. At beamcurrents
approaching1 A, theinstability growth rates,measuredaf-
ter deactivatingthetransversefeedback,areof theorderof
500 U s. With solenoidsoff thespectrashow a strongpeak
nearmodenumber800(outof about1300)andtwo smaller
peaksaround1100and150(andafourthpeakat350in the

horizontalplane). On the otherhand,whenthe solenoids
areturnedon,only low-ordermodesnear0 areexcited.

Good agreementbetweensimulatedmodespectraand
measurementswasachieved, by assuming— in the case
without solenoids— thatthephotoelectronsaregenerated
uniformly aroundthe chamberwall andnot concentrated
at theprimary illumination point. Thecasewith solenoids
alsoshowsagoodagreement,but is insensitiveto detailsof
the initial electrondistribution. If oneassumesa solenoid
field of about10 G, the simulatedhorizontalgrowth rate
agreeswith the measurement,and the simulatedvertical
growth rateis about50%higher.

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

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

He first studiedthe electroncloud build up. The pho-
tonabsorptionefficiency of theantechamberwasestimated
at 80% basedon an experimentat KEKB. The simulated
cloud densitiesin saturationat the centerof the chamber
thenare

� � ����� D
m ��� and

* � ����� D
m ��� .

Thesimulatedgrowth rateof thecoupledbunchinstabil-
ity wasfoundto be26 U s (20 turns)or 130 U s (100turns),
for thetwo bunchspacings.

Thesingle-bunchwake field wascomputedanalytically
andby a macroparticlesimulation.Thecoastingbeamin-
stability thresholdwasthenusedto estimatethe threshold
electrondensity. For a synchrotrontuneof VXW �Y�)% ���

, it
is abouthalf the densitysimulatedfor the 1.4-nsspacing.
Someambiguityremainsin thechoiceof thewake quality
factor, � , andthe enhancementfactordueto the electron
pinch, Z .

K. Ohmi concludedthata further reductionin the elec-
tron densityby a factor5–10will be needed.Clearly, the
electroncloudwouldfavor thelargerbunchspacing,where
theconditionsappearconsiderablymorerelaxed.

Finally, resultswerealsopresentedfor DAFNE. Theav-
erageelectrondensityfor presentbeamconditionsis es-
timatedat [ � ��� ��� m ��� , which is 3 times lessthan the
predictedsingle-bunchinstability threshold.Sincethede-
sign currentof DAFNE is 5 timeshigherthanthe present
value,theinstability mightbeobservedin thefuture.

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

E. Metral analysedtheelectroncloud instability by adapt-
ing thetransversemode-couplingtheory. Heapproximated
the wake field by a resonator. The strongdependenceof
theelectron-cloudwake-fieldparameterson bunchlength,
transversebeamsize, and bunch currentwere taken into
account.

The model was appliedto the CERN SPS,and it was
shown thatfor the2001beamparameters,astrongsensitiv-



ity to chromaticityandbunchlengthis expectedin agree-
mentwith theobservations.For shortbunches( \], � � cm)
or highchromaticities($ !_^ �)% � ) theLHC beamin theSPS
is expectedto bestableup to nominalintensity.

In theSPS,mostof theelectronsresidein dipolefields,
wherethehorizontalsingle-bunchwakevanishes,sincethe
electronshereonly move vertically. Therefore,linearcou-
pling can sharethe growth rate betweenthe two planes,
andincreasethe instability rise time by a factorof two. It
is foreseento testthis stabilizationschemein 2002.

3 OPEN QUESTIONS AND FUTURE
STUDIES

Oneburning questionconcernsthe missingphysicsinput
thatcouldexplainwhy theblow upin PEP-IIpreferentially
occursin thehorizontalplaneandnot in theverticalassim-
ulated.Anotherquestionis thecharacterof thePEP-II in-
stability below thesimulatedTMCI threshold.

It is not enirely clear if the observedelectroncloud ef-
fectsin PEP-IIareconsistentwith simulationsor not,given
theinstallationof antechambersandextensiveTiN surface
coating.A comprehensivecomparisonwouldbemostvalu-
ablefor theaccelerator-physicscommunity.

Experimentaland simulationstudiesshouldfurther be
advanced,in orderto explorethehigh-intensity‘blow-out’
regimecontemplatedfor thePEP-IIupgrade.

The striking fact that the measuredthresholdrf voltage
in the PSRis nearlyindependentof the bunchlengthstill
callsfor anexplanation.

A highlight of this sessionis the generalizedTMCI
theory including pinch effect and time-dependentwake
field. Thenew theoryshouldbeappliedandbenchmarked
againstsimulationsandexperiments.

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

Additional refinedstudiesmay be necessaryfor a re-
liable predictionof electroncloud effects in future high-
intensityprotonringsandin futurelinearcolliders,though
apromisingstarthasbeenmadeandthepreliminaryresults
areencouraging.

Thestabilizationof theelectron-cloudinstability by lin-
earcouplingshouldbetestedexperimentally.
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