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Abstract

Oneof theprimaryconcernsin thedesignandoperationof
high-intensityprotonsynchrotronsandaccumulatorsis the
electroncloud andassociatedbeamlossand instabilities.
Electron-cloudeffectsareobserved at high-intensitypro-
ton machineslike the Los AlamosNationalLaboratory’s
PSRandthe CERN SPS,andinvestigatedexperimentally
and theoretically. In the designof next-generationhigh-
intensity proton acceleratorslike the SpallationNeutron
Sourcering, emphasisis madein minimizing electronpro-
ductionandin enhancingLandaudamping.This paperre-
views the presentunderstandingof the electron-cloudef-
fectsandpresentsmitigationmeasures.

1 INTRODUCTION

Electron-cloudeffectsareimportant,but incompletelyun-
derstooddynamicalphenomena.Effectsthat canseverely
limit theperformanceof high-intensityprotonsynchrotrons
include trailing-edgetune-shift and resonancecrossing,
electron-protoninstability, emittancegrowth and beam
loss, increasesin vacuumpressure,heatingof the vac-
uum pipe, and interferencewith beamdiagnostics. The
following are examplesof hadronrings where electron-
cloud effects are observed: Proton StorageRing (PSR)
at the Los Alamos National Laboratory(LANL), where
a strong,fast transverse-instabilityoccursboth for coast-
ing and bunchedbeamwhen a thresholdintensity is ex-
ceeded[1]; theCERNPSandSPS,wherea largenumber
of electronsare producedby beam-inducedmultipacting
when the machine’s parametersare configuredfor LHC
injection [2, 3]; and, BNL’s Relativistic Heavy Ion Col-
lider (RHIC) wherethe vacuumpressuredramaticallyin-
creaseswhen the beamsare injection with halved nomi-
nalbunch-spacing.Theelectron-cloudeffectscanlimit the
performanceof the next-generationhigh-intensityproton
rings, suchasthe SpallationNeutronSource(SNS)accu-
mulatorring [4], theLargeHadronCollider(LHC) [5], and
neutrino-factoryproton-drivers.

This paperattemptsto summarizethe presentunder-
standingof the electron-cloudeffects pertainingto high-
intensityprotonsynchrotronsandaccumulators.Section2
describessometypicalphenomena.Section3 identifiesthe
mainsourcesof electrongenerationincludingstrippingin-
jection, proton grazingat the collimator surfaces,beam-
inducedmultipacting,and gasionization. The effects of�
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theelectroncloudontheprotonbeamarediscussedin Sec-
tions 4 and 5. Preventive methodsare describedin Sec-
tion 6. Finally, asummaryis givenin Section7.

2 PHENOMENA

In the recentlycommissionedRelativistic Heavy Ion Col-
lider (RHIC) [6], vacuum-pressurerises were observed
during high-intensityoperationof both gold- andproton-
beams.As shown in Figure1, beaminjectionwith halved
bunchspacingresultedin a muchhighervacuumpressure
than the normal value [7, 8]. The pressurerise occurred
whenthetotalbeamintensityin thering is only 60%of the
nominal intensity. The dominantmechanismis suspected
to bedueto theelectroncloud[7].

A fast,verticalinstability wasobservedatBrookhaven’s
AGS Boosterwhenthe protonbeamwasdebunched.Af-
ter the beamwasinjected,the beamsuffereda 10% slow
lossoverabout1 msfollowedby a 60%fastlossover tens
of micro-seconds.Accompanying the fastbeam-losswas
instability in the vertical direction. The thresholdcould
vary by a factorof 2, from a peakcurrentof 2.7 A to 5.3
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Figure1: Vacuum-pressurerisein RHIC duringgold-beam
injection (courtesyS. Y. Zhangandthe RHIC crew). The
top curve indicatesthe total beamintensityasa function
of time, andthe bottomcurvesindicatethecorresponding
vacuumpressureat onelocation(BO11) of the ring. The
horizontalscaleis 2 minutesperbox. Theright-handside
shows the nominaloperationwhen55 bunches,eachcon-
taining 9 �	��

� gold ions, are injectedinto the ring. The
left-handside shows that when the bunch spacingis re-
ducedby half, thevacuumpressureincreasesdramatically
evenwhenonly 39bunches,eachcontaining7.5 �	��

� gold
ions,areinjected.



Figure2: Beam-Position-Monitor(BPM) differencesignal
of adebunchedproton-beammeasuredin theAGSBooster
indicatingan instability in the vertical direction(courtesy
M. Blaskiewicz). Theverticalaxisis thespectralamplitude
of theBPM’s sum(blue)anddifference(red)signals.Ev-
ery traceis 12 � s apart. Thehorizontalandvertical tunes
are4.8and4.95,respectively.

A, dependingon the vertical betatrontune. As shown in
Figure2, thecharacteristicfrequency of instabilitywasbe-
tween80and100MHz. Possiblemechanismsincludedthe
trappingof electronswhentheprotonbeam-gapwaselim-
inated[9].

In the LANL PSR,a strong, fast transverse-instability
occurredboth for coastingand bunchedbeamswhen a
thresholdintensitywasexceeded[10]. The phenomenon
limited the ring’s achievable intensity. Dependingon the
lattice optics (e.g., sextupole and skew-quadrupoleset-
tings),the instability couldbein eitherhorizontalor verti-
cal direction.As shown in Figure3, theinstabilitygrowth-
time wasabout75 � s (or 200 turns). Thefrequency spec-
trumwasfrom 70to 200MHz correspondingto thebounce
frequency of theelectrons.Thethresholdintensitywaslin-
early proportionalto the RF voltageappliedto the beam
(Figure4). A largenumberof electronswasmeasuredon
thebeamvacuum-pipe,with a timestructurecloselycorre-
latedto thepassageof theprotonbeam.

3 ELECTRON GENERATION

We classify electronproductioninto the following cate-
gories: (1) electronsgeneratedat the stripping foil in the
injection region; (2) electronsgeneratedat the surfacesof
collimatorsandvacuumpipedueto theimpactof lost pro-
tons; (3) electronsproducedby beam-inducedmultipact-
ing from thevacuum-pipewall; and,(4) electronsproduced
aroundthering from residual-gasionization.

Figure5 shows the distribution of electron-densityflux
measuredat thePSRusingtheelectrondetectordeveloped
at theArgonneNationalLaboratory[11]. Thequantity ���
is definedasthe ratio of the numberof electronsstriking
the vacuumpipe within one turn to the numberof stored
protonsin the ring, scaledfrom the areaof the detector
surface.Theelectrondensityis highat theinjectionregion

Figure3: FastinstabilityobservedatPSR.Thetopcurveis
the vertical differencesignalof the BPM, andthe bottom
curve is from thebeam-lossmonitor. Thehorizontalscale
is 0.2msperbox. Thetotalbeamchargeis 4.2 � C. TheRF
voltageis 13.5kV.

Figure4: Intensitythresholdof thetransverseinstabilityas
a functionof theRFvoltageat thePSR.

wheretheH � beamis strippedof its electrons,andhighat
theextractionregiondueto limited aperture.

3.1 InjectionRegion

Multi-turn charge-exchangeinjectionis oftenpreferredfor
high-intensityrings to enhancethe phase-spacedensityof
the accumulatedbeam. The charge-exchangeprocessis
performedwith a stripping-foil typically of densityfrom
200 to 400 � g/cm� (about 1� m thick). Near the injec-
tion stripping-foil, a high concentrationof electronsis ex-
pectedwith a broadenergy-spectrum.With a H � beam,
thestrippedelectronscarry twice thecurrentof the inject-
ing H � beamwith akinetic energy of � ��� �
��������� , where� is the relativistic factorof the H � beam.The injecting-
andcirculating-beamsimpactingon the foil producesec-
ondaryemissionof electronsat low energy (tensof eV).
Although the yield is low (0.006 for a 800-MeV proton
incidenton carbonmaterial),the effect is proportionalto
the numberof traversalsof the foil. The injecting- and
circulating-beamalsoproduceknock-onelectronsatahigh
energy (upto severalMeV). Thestripping-foil,operatingat



Figure5: Distribution of theelectronflux measuredon the
wall of thevacuumpipeat thePSR.Thecircumferenceof
the ring is 90.2m. Thekinetic energy of theprotonbeam
is 800 MeV. The flux ratio � � , varying aroundthe ring,
is about30%downstreamof the extractionseptum,about
25% downstreamof the injectionstripping-foil, about4%
in section4, andwithin the noiselevel in the TiN-coated
section5.

a high temperaturearound2000K, emitsthermionicelec-
trons at low energy. All theseelectronsmay backscatter
from the stripped-electroncollector and the surrounding
surfaces[12]. As anexample,Table1 lists the sourcesof
production,yield, andenergy-rangeof theelectronsat the
PSR’s injectionregion [13].

Figure6 illustratesthecollectionof stripped-electronsat
the SNSaccumulatorring. The electronsareguidedby a
magneticfield andcollectedby a water-cooleddevice of
heat-resistantmaterial. The electroncollectorusesa car-
bonmaterialattachedto a water-cooledcopperplate[14].
Selectinga low charge-statematerialfor thecollectoralso
reducesthe numberof backscatteredelectrons. Figure 7
shows thetemperaturedistributionat theelectroncollector
whenthestripped-electronbeamof 3 kW powerstrikesthe
surfaceof about1 cm� area.

Table1: Estimatedyield andkineticenergyof theelectrons
producedby theinjectedH � beamat thePSR.Theyield is
definedasthe ratio of total numberof electronsproduced
during the accumulationperiod per injectedH � particle.
The averagenumberof foil traversalis about50. The ki-
neticenergyof theinjectingbeamis 800MeV. Theaverage
H � beamcurrentis 100� A (courtesyM. Plum).

Source Yield Kinetic energy
Stripped� � 2.0 430keV
Secondary�
� 1.0 up to 20 eV
Knock-on � � 0.4 up to 2.4MeV
Thermionic� � ! 
#" 
 
 $ % 0.24eV
Ionization 0.02 up to 2.4MeV

Figure6: Collectionof strippedelectronsduringtheinjec-
tion of H � beamat theSNSaccumulatorring.

Figure 7: Temperature( & ) distribution at the stripped-
electroncollectorat theSNSring in unitsof Fahrenheit(or' &)(�*)+�$ '
' " ,.- K, CourtesyC. J.Liaw andJ.Brodowski).

3.2 CollimationRegion

The region nearthe scrapersand collimatorsis suscepti-
ble to a high beam-lossand, potentially, is anotherloca-
tion of high electron-concentration.Protonsincident on
the collimator surfacesproducesecondaryelectrons.De-
pendingon theenergy of thebeamandthe incidentangle,
the secondaryelectron-to-protonyield cangreatlyexceed
1 whenthe incidentbeamis nearlyparallelto the surface
(i.e., grazingangle /�021435(�$ ). Experimentswere per-
formedwith differentionsat theBrookhaven’sTandemac-
celeratorto verify theangulardependenceof electronyield
[15]. As shown in Figure8, the proton-inducedyield 67�98
hasa �:(<;�=.>?/ 0 dependenceon theangle / 0 , similar to the
electron-inducedsecondary-emissionyield aspredictedby
theSeilermodelbasedon experimentalfits [16, 17, 18, 7]6 �98A@ �
"B�
��6DC	EGF�H8 I �	�KJ�LNMPOQ�)$N" ,SR2TVUTXWXY[ZU \^]G_ `[a�bdcR TVUTXWXY[ZU \7e _ `[a ;�= >f/�0 (1)

where gih is thekinetic energy of theprimaryproton,and
theprotonenergy thatcorrespondsto themaximumyield,gAC	EGFh , is about0.7MeV. A serratedsurfacewith triangular



teethgreatlyreducedthegenerationof secondary-emission
electrons.However, at thebeamenergy around1 GeV the
protonstopping-lengthis long (aboutonemeter). A ser-
ratedsurfacemaybe ineffective sinceprotonsincidenton
thefront edgeof theteethmayeasilyescapefrom thecol-
limator body. The SNSring usesa two-stagecollimation
systemsothatthebeamhalois likely to beincidenton the
front edgeof the secondarycollimatorsconsistingof lay-
ers of stainless-steelblocks, stainless-steelballs, borated
water, and leadshield. Figure9 shows oneof threesec-
ondarycollimators[19]. The primary scraperconsistsof
four adjustable,thin tantalum-bladesspacedat 45 degree
angles,andshieldedfor radioactivationcontainment.

0 10 20 30 40 50 60 70 80 90
10

−1

10
0

10
1

10
2

Angle(degree)

El
ec

tro
n 

yi
el

d

Figure 8: Proton-inducedsecondary-emissionyields of
electronsas functionsof the incident angle for 28-MeV
protonsstriking a flat (blue)anda serrated(red)stainless-
steelsurface(courtesyP. Thieberger).

Figure9: Schematicsof oneof SNSring’ssecondarycolli-
matorsshowing layersof materialfor radio-activationcon-
tainment(courtesyH. Ludewig andN. Simos).Theeffec-
tive length is about1.5 m. The collimator is designedto
withstandanaveragebeampowerof upto 10kW at1 GeV
kinetic energy.
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Figure 10: Electron build-up at the CERN LHC as an
exampleof multibunch,beam-inducedelectronmultipact-
ing (courtesyF. Ruggiero). The time betweensuccessive
bunchesis 25 ns. The energy gain dueto the bunchpas-
sageis about200eV.

3.3 Beam-inducedMultipacting

Beam-inducedmultipacting is believed to be the leading
sourceof sustainedelectron-production.Dependingon the
beamparameters,oneof the two multipactingmodelsap-
plies:multibunchpassagemultipacting[20, 21,22, 23, 24],
or single-bunch,trailing-edgemultipacting[1, 25].

The phenomenaof multibunch, beam-inducedmulti-
pacting were observed at the CERN PS and SPSwhen
the machines’parameterswereconfiguredfor LHC injec-
tion. The electron-cloudbuildup wassensitive to the in-
tensity, spacing,andlengthof the protonbunches,andto
the secondary-emissionyield (SEY) of electronsfrom the
beam-pipesurfaces.

As shown in Figure10, themultibunchmultipactingoc-
cursif thetransittimeof theelectronscrossingthevacuum
pipeis comparableto thetimebetweensuccessivebunches,
and if the electronsgain enoughenergy to producemore
thanonesecondary-electronswhenthey hits the vacuum-
pipewall [20]. Themultipactingparameterv C is definedas
theratio betweenthe transittime of theelectronscrossing
thevacuumpipeto thetime betweensuccessivebunchesv C @ $
wxzy|{{ � (2)

where w is theradiusof thevacuumpipe, x y is thedistance
betweenthe subsequentbunches,{ is the velocity of the
protonnormalizedby the speedof light � , and { � � is the
averagevelocity of the electrons. Here, { � is relatedto
the energy gainedby the electronfrom the passageof the
protonbunch} g)� @ �~� � ������ � $������ e{ w�� � +��	������ (3)

where �z� @ ���z(z� 3^� e ��� � � is the classicalradiusof elec-
tron, and � e is thenumberof protonsin thebunch.When
theelectronmotionis non-relativistic, i.e.,$:� � � e{ w � � (4)



Figure11: Secondary-electronyield 67��� asa function of
the primary-electronenergy for a perpendicularincidence
andfor technicalsurfacesrepresentative of vacuumpipes
(courtesyN. Hilleret andO. Gröbner).

Eqs.2 and3 canbeapproximatedas[20]v C 1 { �zwG�� � � e x y (5)

and

} g � 1�$:� �G� � � � � � e{ w � � (6)

Theconditionfor propermultibunchmultipactingis given
by v C @ � (7)

The energy gainedby an electronmust be suchthat the
electron-inducedsecondary-emissionyield (SEY) satisfies� � 6 ����� � (8)

where � ��� � is the electronsurvival-ratein the bunch
gap[7]. Figure11shows thetypicalelectron-inducedSEY
( 67��� ) asafunctionof theprimary-electronenergy for aper-
pendicularincidence.

Multibunchelectronmultipactingmayoccurfor almost
any valueof v C [26]. Theexactresonanceconditionis met
if v C @ � . If v C � � , theprimaryelectronsinteractwith
morethanoneprotonbunch;If v C � � , partof theprimary
electronsarelostbeforethenext buncharrives,leaving be-
hind less-energetic secondaryparticles(PS,SPS).On the
otherhand,if v C � � , theelectroncloudis usuallydomi-
natedby single-bunchmultipacting.In fact,sinceherethe
transittime of theelectronsacrossthevacuumchamberis
typically muchshorterthanthepassagetime of theproton
bunch, the energy gainedby the electronsis much lower
thanthat predictedby the multibunchmultipactingmodel
(Eqs.3 and6).

Single-bunch, trailing-edgemultipactingstartsto dom-
inate if the bunch length is long enoughto sustainmul-
tiple passesof electrons. As shown in Figure 12, elec-
trons are attractedtowardsthe rising edgeof the proton
bunch. At the trailing edgeof theprotonbunch,electrons

Figure12: Beam-inducedelectronmultipactingatthetrail-
ing edgeof a long proton-bunch. The transit time of the
electronsacrossthebeampipeis muchshorterthanthepas-
sagetimeof theprotonbunch.

arereleasedandyet still acceleratedby the bunchto mul-
tipact. Thenumberof electronsgrowsexponentiallyat the
trailing edgeof the protonbunch,asobservedat the PSR
(Figure 13) [10]. The electron-cloudbuildup due to this
single-bunchmechanismis expectedto haveaweakdepen-
denceonbunchspacing,thevacuum-pressurelevel,andthe
amountof residualprotonsin thebeamgap. On the other
hand,it dependscritically onthelengthof theprotonbunch
andthevariationsin its longitudinaldensity.

Similar to themultibunchparameterv C (Eq. 5), single-
bunchmultipactingparameterv�� canbedefinedastheratio
betweenthe transittime of the electronscrossingthevac-
uumpipeto thepassagetimeof half of theprotonbunchv�� @ wxzy�����{{ � (9)

where the effective length of the proton bunch is xzy���� ,
bunching factor ��� ( ��� � � ) is defined as the ratio
betweenthe averageand peakline-densityof the proton

Figure13: Electronsignalsmeasuredat thePSRasa func-
tion of time relative to theproton-beampulseduringa sin-
glerevolution. Therepellervoltage,� � �H8 , is variedto select
theelectronsstrikingthedetectoraccordingto theirenergy.



Figure14: Computersimulationof electrongenerationin
the SNSaccumulatorring (courtesyM. Pivi andM. Fur-
man). The neutralizationfactor is definedas the density
ratio betweenthe electronand proton within the proton
beam-radius.Thebeamintensityis 2 �	��
 ]�¡ perbunch.The
peaksecondary-emissionyield is assumedto be2. Thefull
bunch-lengthis about700ns.

beam,and v �i� v C (10)

To obtainanorder-of-magnitudeestimate,assumethat the
beamcharge is uniformly distributedin the transversedi-
rectionsin the vacuumchamber. The averagevelocity of
electronin thenon-relativistic limit is givenby{ �	1 � �z��� ex y � � � � (11)

Eq.9 thusbecomesv��	1 { w¢ �z�G� e xzy���� (12)

Theenergy gainedby anelectronis approximately} g � 1��
� ��� � { w � ����� ex ` y � `� (13)

Single-bunchmultipactingoccursif theconditionv�� � � (14)

is satisfied,andif theenergy gainedby anelectronis such
that 6 ���i� � (15)

As anexample,considertheSNSring parameters:� e @$£�¤��
 ]�¡ , x y @ $�� ¥ m, � � 1¦
#" ' , w£1¦
f"B� m, and { @
#" ¥?- ' . The single-bunchmultipactingparameteris v � 1
#" 
#� � � . Thecharacteristicenergy gainis approximately

} g)��1§*.- eV. Single-bunch, trailing-edgemultipacting
is expectedto occur, asshown by thecomputer-simulation
resultsshown in Figure14 [27].

Theactualmultipactingprocessmaybeacombinationof
thesingle-andmultibunchmultipacting.Figure15 shows

Figure15: Secondary-emissionenergy-spectrumusedfor
simulations(Hilleret fit Cu) for a 300eV incident-electron
beam. The rediffusedand reflectedcomponentsare in-
cludedin themodel(courtesyM. Pivi andM. Furman).

themeasuredsecondary-emissionspectrumusedfor simu-
lation consistingof true-secondary, backscattered,andre-
diffusedelectrons[28]. Uncertaintiesremainin key param-
etersdescribingthe interactionsof low-energy ( ! $�
 eV)
electronswith theacceleratorsurfaces.

3.4 Ionization

Therateof electronproductionby gasionizationis linearly
proportionalto the protoncurrent ¨ , the vacuumpressure©

, andthe ionizationcross-sectionª#«­¬�® [26, 7]. The rate
of electronline-densityincreaseperunit lengthof circum-
ferenceis givenby therelation¯ �z°±�¯
²�¯ x @´³ C { ¨.ª «­¬�® ©� (16)

where
©

is in units of Torr (1 Torr @ 133.3Pascal). At
the roomtemperatureof 300K, themoleculardensity ³ Cis about ,f" ,�����

�µ� m � ` . For the SNSring at a pressure
of ��
f�±� Torr, a total of $N" ¶·����
 ¸ electronsis produced
per turn whenthe protonaccumulationreaches$¹����
 ]Q¡ .Thisismuchfewerthantheelectronsproducedatthebunch
trailing-edgewhenmultipactingoccurs.Theeffectof pho-
toemissionusually is negligible for medium-energy pro-
tonsdueto lackof synchrotronradiation.

Variouscomputer-simulationprogramsweredeveloped
to model the processof electrongeneration[30, 31, 21].
Simulated mechanismsincluded space-charge fields of
both protons (or eº ) and electrons, vacuum pipe and
the image charges, external magnetic-fields,gas ioniza-
tion, secondaryemission, and photoemission. Recent
developmentsincorporatedtrailing-edgemultipacting,re-
diffusion, backscattering,and proton-inducedsecondary
emissionwith refinedangulardependenceof the incident
particle[27, 32, 29]. Particle-in-cell(PIC)algorithmswere
alsodevelopedto modeldetailedelectron-generationpro-
cesses[33].



4 ELECTRON NEUTRALIZA TION AND
TUNE SHIFT

4.1 ElectronBounce-frequency

The electron motion is characterizedby the electron
bounce-frequency » �¼1 � ¢ $:3V�z��½±8 (17)

where ½±8 is the volumedensityof the protonbeam. Fig-
ure 16 shows the frequency spectraof the BPM’s vertical
difference-signalmeasuredat thePSRfor two beaminten-
sities. The peakspectrumfor the 6.1 mC beam-intensity
centersaround200 MHz, correspondingto the electron
bounce-frequency. Whentheintensityis reducedby a fac-
tor of two by injecting every other pulse, the meanfre-
quency of thepeakspectrumshiftsdownwardsby a factor
of about0.7.

Figure 16: Frequency-spectrum of BPM’s vertical
difference-signalfor two beamintensitiesmeasuredat the
PSR.Thelinesin thepeaksarethebetatronside-bands.

4.2 NeutralizationTune-shift

In high-intensitysynchrotrons,proton tune-shiftscan be
attributed to various mechanisms: spacecharge, chro-
maticity, kinematic nonlinearity, magnetic nonlinearity,
and magneticfringe field. The dominantcontribution is
usually from spacecharge at the injection energy. Beam
lossis oftencausedby resonancecrossingassociatedwith
anexcessiveamountof tunespreadin thebeam.Figure17
shows the spreadof tuneshift of a 2 MW proton-beamin
theabsenceof electroncloudat theSNSaccumulatorring.

An electroncloudtendsto neutralizethepositivecharge
of the protonbeam. Comparedto the space-charge tune-
shift betweenthe protons,the tuneshift producedby the
electroncloudis enhancedby afactor �V� dueto absenceof
the compensatingelectricandmagneticforcesin the lab-
oratory frame. With the electroncloud, the space-charge
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Figure17: Spreadof tuneshift of a 2 MW protonbeamin
the SNS accumulatorring. The computer-simulationre-
sults are obtainedwith the Unified-Accelerator-Libraries
(UAL) package[35]. Structureresonancesare indicated
in red.

tune-shiftbecomes
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where � e @ �z��(z� 3^� e � e � � is the classicalradiusof pro-
ton, Ø e is the averageradiusof circumference,

Ó F
Õ e and

Ó ÖzÕ e are the basetransversetunes,and ª F and ª Ö are the
horizontal-andvertical-rmsbeamsizes.Thebunch’sform-
factor � ��× is equalto �z(�$ for an uniform distribution, and
to � for a Gaussiandistribution. The neutralizationfac-
tor ( Û � ), definedasthe electron-to-protondensityratio in
the laboratoryframe, representsthe contribution of elec-
troncloudata low energy (typically upto severalhundreds
eV). The contribution from the electricandmagneticim-
agesof thebeamarerepresentedby theLasletttune-shiftsÜ �« C and Ü)C« C , respectively. Theelectricfieldsdueto both
the direct space-charge andthe imagecharge arereduced
by theneutralization[34]. For both incoherentandcoher-
entspace-chargetune-shifts,therelativecontributionof the
electroncloudto thedirectspace-chargeandelectricimage
is �á�V��Û � .
4.3 Trailing-edge“Pacman” Effect

With the trailing-edgeelectron-multipactingmodel, pro-
tonsat the trailing edgeof thebunchexperience,on aver-
age,a highconcentrationof electrons.Electronneutraliza-
tion increasesthe transversetunesandpossiblyincreases
thetunespreadof thebeam.Whenthebeamis storedin the



ring for anextendedtime,thebunchmaycontinuouslylose
its trailing-edgeparticlesuponresonancecrossing. Here,
we call it trailing-edgePacmaneffect.

Figure14 shows thestructureof electronneutralization
insidetheprotonbunchat theSNSaccumulatorring, pre-
dicted from a computersimulation [27]. With a 2-MW
beamin the SNS ring, the peak tune-shift due to space
chargeis about �â
f"ã$ . Theneutralizationlevel is about10%
( Û �|1´
#"ä� ) insidethe protonbeamfor trailing-edgeparti-
clesat 50% of the peaklongitudinal-density, asshown in
Figure14. Thetuneshift dueto theelectroncloudis about+�
#" 

� . Giventhesamespace-chargetune-spreadat injec-
tion, this effect becomesmoreimportantfor injectionat a
higherenergy.

5 ELECTRON-PROTON INSTABILITIES

Experimentalobservations of electron-cloudinstabilities
aredistinctively differentfor “short bunches”storedat en-
ergiesabove thetransitionenergy, wheremultibunchmul-
tipacting is expectedto be important (PS, SPS,and B-
factories),and “long bunches”storedat energies far be-
low the transition energy, where single-bunch, trailing-
edgemultipacting is expectedto be dominant(PSRand
SNS).

5.1 Coasting-beamandLong-bunch Regime

During the 1970s, coupled oscillations associatedwith
electrontrappingand multipactingoccurredduring high-
intensity coasting-beamoperationat the CERN ISR [37,
38, 20]. The problemwas alleviated by installing addi-
tional clearingelectrodesaroundthe ring. Since1988,a
fast, vertical instability accompaniedby beamloss, both
with bunchedandunbunchedbeams,wasattributedto cou-
pledelectron-protonoscillations[39, 10]. At theBNL AGS
Booster, an intenseproton-beambecamevertically unsta-
ble whenit wasdebunched.

Thethresholdof electron-protoninstability is associated
with the amountof Landaudampingcausedby the beam
momentum-spread[40, 38, 41, 42]. Figure 4 shows the
measureddependenceof thethresholdintensityonRFvolt-
agefor a given length of injectedbunch. The threshold
scalingis differentfrom thatof transverseinstabilitydueto
conventionalcoupling-impedance,wherethethresholdin-
tensityis proportionalto theRFvoltagesquared.Thelinear
dependenceof the thresholdresultsfrom the dependence
of theinstability’s frequency on thebeamintensity[32]. In
fact, at the electronbounce-frequency,

» � , the transverse
frequency-spreadis mostlycontributedby the momentum
slip, i.e.,

» �» e¹å
Ó F�Õ Ö.æÚç Û ç » � åéè F
Õ Ö

»
e (19)

where

»
e is the angular revolution frequency, Û is the

momentum-slipfactor,

Ó F�Õ Ö are the transversetunes,andè F�Õ Ö arethechromaticities.Thethresholdfor thetransverse

stability isç êìë F
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where R±÷ 88 \ ó5ôÔõáö is the full-width, half-maximummo-

mentumspreadof the beam, g � is the total energy of the
proton, & ë is the form factor, and î is the averagebeam
radius. With a given coupling-impedance,the threshold
intensityis linearly proportionalto the momentum-spread
squared,and is insensitive to the machinechromaticity.
Also, thescalingbehavior is extendedfrom bunchedbeams
to acoastingbeamastheRF voltageis lowered.

Severaltheoreticalapproacheswereusedto studyinsta-
bilities of the coupledelectron-protonmotion. Centroid
modelsof rigid beamsprovidedestimatesof the unstable
dipole-modesandtheir scalingwith intensityfor coasting-
beams.They offeredplausiblepredictionsfor thethreshold
intensitiesof the instability, given the uncertaintiesin pa-
rameterssuchasaverageneutralization[42, 39, 43]. How-
ever, estimatesof growth ratesandbehavior beyondthresh-
old showed poor agreementwith observations. The cen-
troid modelswereextendedto bunchedbeamsto betterde-
scribethetrailing-edgeelectronconcentration,theinstabil-
ity threshold,andthestructureandgrowth ratesabove the
threshold[32]. Anotherapproachwasto developfully ki-
netic simulationsbasedon self-consistentsolutionsof the
Maxwell-Vlasov equationsfor coastingbeamsin asmooth-
focusingapproximation[44].

5.2 Short-bunch Regime

Theshort-bunchregimeincludedinstabilitiesthatoccurred
at most lepton(eº ) rings (KEK photonfactory, B-factory
KEKB, andBEPC),aswell asprotonrings (PSandSPS)
when the beamswere preparedfor collider uses [26].
Coupled-bunch, transverseinstabilities were observed at
theKEK PF[45, 30] andBEPC[46], andat theSPS(hori-
zontaldirection)with theLHC protontest-beams[47]. The
electroncloud coupledthe motion of subsequentbunches
similar to a multibunchwake field. With computersimu-
lations,theeffective wake fieldswerecomputedto predict
themultibunchgrowth-rates.

Single-bunch, transverse(strongand regular head-tail,
fastblow-up) instabilitieswereidentifiedfirst at the KEK
B-factory and then at the CERN SPS(vertical direction)
and PS with the LHC proton test-beams. The electron
cloud coupledthe headand tail of the bunch similar to
a short-rangewake-field. A broadband-resonatormodel
was usedto describethe coupling impedance,with the
resonatorfrequency at theelectronbounce-frequency [48].
Suchsingle-bunchinstabilitieswereoften sensitive to the
chromaticity.

Theoretically, beam break-uptreatment[49, 50] and
two-particle model [51] were usedto obtain the thresh-
old and growth time of the instability, assumingthat the
electronproductionsaturatednearthe neutralizationden-



sity. Transversemode-coupling(TMCI) calculationusing
simulatedwake-fieldwasfurtherused[52]. Theinstability
thresholdwasfound to be linearly proportionalto the av-
erageelectron-density(i.e., � e ( x y ). Recently, particle-in-
cell (PIC)simulationsbasedon strong-strongmodelswere
performed[53, 54].

6 PREVENTIVE MEASURES

Control of the electron-cloudeffects involves suppress-
ing electrongenerationand enhancingLandaudamping.
The numberof multipacting-electronscan be effectively
reducedby surfacetreatmentof the vacuumpipe. Elec-
tronsin the injection region needto be guidedto the col-
lectorswith alow backscatteringyield [12]. A beam-in-gap
kicker canensurea cleanbeam-gap[55, 56, 57]. Vacuum
ports can be screened,andstepsin the vacuumpipe can
be taperedto reducepeaked electric fields causingelec-
tron emission.A goodvacuumcanreduceelectronsfrom
gas ionization. Solenoidscan be wound in straightsec-
tions to reducemultipacting[58, 59]. Electrodescan be
installedaroundthering to cleartheelectroncloudandto
isolateareasof high electron-concentration.Electronde-
tectorsneedto beinstalledat locationssusceptibleof high
electron-concentrationto monitor the electronproduction
(Figure18).

Figure 18: Electronsweepingdetectordevelopedat the
LANL PSR(courtesyA. Browman).

Enhancementof Landaudampingstartswith thedesign
of the machine.A large vacuum-pipeapertureis needed,
especiallyat locationsof high dispersionto allow further
increasein momentumspread.A large RF voltageis re-
quired to provide sufficient momentumacceptance.Lon-
gitudinal painting can be usedto expandthe momentum
spreadof the injecting beam. Inductive insertscan be
usedto compensatefor thespace-chargeeffect,effectively
increasingRF focusing[60]. Landau-dampingoctupoles
(KEK PFandBEPC)hasbeenshown to raisethestability
threshold.Latticesextupolefamilies(BEPC,SPS,KEKB,

andSNS)canbeusedfor chromaticadjustments,to either
improve momentumacceptance[61] or enhancedamping.
Finally, a fast,wide-bandfeedbacksystemcanbe imple-
mentedto dampinstabilities.

6.1 SurfaceTreatment

Surfacecoatingof TiN wasshown to effectively suppress
the electronflux by a factorof morethan100 at a coated
sectionof thePSR(Figure5). Thethicknessof thecoating,
typically about100 nm, is chosento withstandthe bom-
bardmentof the electronsduring the lifetime of the ma-
chineoperation. For critical elements,e.g., the ferrite of
theextractionkickerinsidethevacuumpipe(SNS),thepat-
ternandthicknessof thecoatingarechosento avoid eddy-
currentheatingandto preventchangesin materialproperty.
Planned,long-termbombardmentwith cold electronsfur-
therreducesthesecondary-emissionyield. Evidenceof this
“surfacescrubbing”wasseenat theSPS,KEKB, andPSR.
Thememoryof thescrubbingmaybepreservedby a glow
dischargein nitrogen[62].

6.2 ClearingElectrodes

Clearingelectrodeswere shown to suppressthe electron
multipactingat the CERN ISR. At the SNS accumulator
ring, theBPMsaroundthering aredesignedto bealsoused
asclearingelectrodes,capableof applyinga voltageof up
to øS� kV (Figure19). Sucha voltageovercomesthe en-
ergy gain due to the protonbunch(Eq. 13). A dedicated
clearing-electrodeis implementedinsidethestripping-foil
assemblyat theinjectionregion.

Figure 19: Schematicsof the floating-ground BPM
designed for the SNS accumulator ring (courtesy P.
Cameron).A voltageof about ø 1 kV canbe appliedfor
theclearingof theelectroncloud.

6.3 Solenoids

Weak solenoidswere shown to effectively improve ma-
chine operationunder the electron-cloudat KEKB and



PEP-II.In a shorttest-sectionat thePSR,a weaksolenoid
is found to suppressthe electronflux ( ��� ) by a factorof
about 50. For future high-intensity synchrotrons,such
solenoidscan also be usedat straight sections,like the
collimation section,to suppresselectrongeneration.The
solenoidfield ��ù needsto be strongenoughso that the
radius � ù of electronmotion is small comparedwith the
vacuum-piperadius[7]� ù @ � ��ú
�� � ù � w (21)

Effectson theprotonbeamcanbeminimizedby alternat-
ing thepolaritiesof thesolenoidsaccordingto thebetatron
phaseû F and û Ö [63]. Skew quadrupolescan further be
usedto correctcouplingaccordingto therelation��ü ��ý ¢ { F { Ö����ý O ;�=.>

} û>�þBÿ } û b @ ü � ¬�� � ù / ù O ;�=.>^�
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where
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��� ÿX� » ù � @ { F + { Ö� F { Ö � � Ö { F
	 / ù @ � ù�� ù� e ³ (24)� ��ý is the focal lengthof the skew quadrupole,� ù is the
length of the solenoid, � e ³ is the rigidity of the proton
beam,and � F
Õ Ö , { F
Õ Ö , and � F
Õ Ö areCourant-Snyderlattice
functions.

7 SUMMARY

Electron-cloudeffects are of primary concernto the op-
erationof high-intensityprotonsynchrotronsandaccumu-
lator rings. During the last decade,significant progress
hasbeenmadein the studiesof both electrongeneration
andelectron-protondynamics. However, quantitative un-
derstandingis still lacking,especiallyin the predictionof
instability thresholdandgrowth rates.

Someopen,challengingtasksinclude: (1) establishing
a coupling-impedancemodel for the electroncloud when
trailing-edgemultipactingis dominant;(2) identifying the
leadinginstability drive in thepresenceof a strongspace-
charge force in the proton beam; (3) predicting the de-
taileddistribution of electronneutralizationinsidethepro-
ton bunch; (4) a self-consistenttreatmentof electronpro-
ductionandelectron-protoninteraction;(5) fully reproduc-
ing the experimentalobservationsin high-intensityrings
like thePSR;and(6) predictingthe electron-cloudeffects
for next-generationhigh-intensitymachineslike the SNS
accumulatorring and the JAERI/KEK Joint Projectsyn-
chrotrons[64].
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