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Abstract

Oneof theprimaryconcernsn the designandoperationof

high-intensityprotonsynchrotronsandaccumulatorss the
electroncloud and associatedbeamloss and instabilities.
Electron-cloudeffects are obsened at high-intensitypro-

ton machinedike the Los Alamos National Laboratorys
PSRandthe CERN SPS,andinvestigatedexperimentally
andtheoretically In the designof next-generationhigh-
intensity proton acceleratordike the Spallation Neutron
Sourcering, emphasiss madein minimizing electronpro-
ductionandin enhancing-andaudamping.This paperre-

views the presentunderstandingf the electron-cloudef-

fectsandpresentsnitigationmeasures.

1 INTRODUCTION

Electron-cloudeffectsareimportant,but incompletelyun-
derstooddynamicalphenomenaEffectsthat canseverely
limit theperformancef high-intensityprotonsynchrotrons
include trailing-edge tune-shift and resonancecrossing,
electron-protoninstability, emittancegrowth and beam
loss, increasesn vacuum pressure,heatingof the vac-
uum pipe, and interferencewith beamdiagnostics. The
following are examplesof hadronrings where electron-
cloud effects are obsered: Proton StorageRing (PSR)
at the Los Alamos National Laboratory (LANL), where
a strong, fasttrans\erse-instabilityoccursboth for coast-
ing and bunchedbeamwhen a thresholdintensity is ex-
ceededl]; the CERNPSandSPS,wherealarge number
of electronsare producedby beam-inducednultipacting
when the machines parametersare configuredfor LHC
injection [2, 3]; and, BNL's Relatvistic Heary lon Col-
lider (RHIC) wherethe vacuumpressuradramaticallyin-
creasesvhen the beamsare injection with halved nomi-
nal bunch-spacingTheelectron-cloucffectscanlimit the
performanceof the next-generationhigh-intensityproton
rings, suchasthe SpallationNeutronSource(SNS)accu-
mulatorring [4], theLargeHadronCollider (LHC) [5], and
neutrino-Bctoryproton-drivers.

This paperattemptsto summarizethe presentunder
standingof the electron-cloudeffects pertainingto high-
intensity protonsynchrotronandaccumulatorsSection2
describesometypical phenomenaSection3 identifiesthe
mainsourcef electrongeneratiorincluding strippingin-
jection, proton grazing at the collimator surfaces,beam-
inducedmultipacting,and gasionization. The effects of
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theelectroncloudontheprotonbeamarediscussedh Sec-
tions 4 and5. Preventive methodsare describedn Sec-
tion 6. Finally, asummaryis givenin Section?.

2 PHENOMENA

In the recentlycommissionedRelatvistic Heavy lon Col-
lider (RHIC) [6], vacuum-pressureises were obsened
during high-intensityoperationof both gold- and proton-
beams.As shown in Figure 1, beaminjectionwith halved
bunchspacingresultedin a muchhighervacuumpressure
thanthe normalvalue[7, 8]. The pressurerise occurred
whenthetotal beamintensityin thering is only 60%of the
nominalintensity The dominantmechanisnis suspected
to bedueto the electroncloud[7].

A fast,verticalinstability wasobsenedat Brookhaven’s
AGS Boosterwhenthe protonbeamwasdehunched. Af-
ter the beamwasinjected,the beamsuffereda 10% slow
lossover aboutl msfollowedby a 60%fastlossovertens
of micro-seconds Accompalying the fastbeam-lossvas
instability in the vertical direction. The thresholdcould
vary by afactorof 2, from a peakcurrentof 2.7 A t0 5.3
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Figurel: Vacuum-pressumgsein RHIC duringgold-beam
injection (courtesyS. Y. Zhangandthe RHIC crew). The
top curve indicatesthe total beamintensity as a function
of time, andthe bottom curvesindicatethe corresponding
vacuumpressureat onelocation (BO11) of thering. The
horizontalscaleis 2 minutesperbox. Theright-handside
shavs the nominaloperationwhen55 bunchesgeachcon-
taining 9x 10® gold ions, are injectedinto the ring. The
left-hand side shavs that when the bunch spacingis re-
ducedby half, the vacuumpressurencreasesiramatically
evenwhenonly 39 bunchesgachcontaining7.5x 102 gold
ions,areinjected.
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Figure2: Beam-Position-Monito(BPM) differencesignal
of adehunchedproton-beanmeasuredh the AGSBooster
indicatingan instability in the vertical direction (courtesy
M. Blaskiaewicz). Theverticalaxisis thespectrabmplitude
of the BPM’s sum(blue) anddifference(red) signals.Ev-
ery traceis 12 us apart. The horizontalandvertical tunes
are4.8and4.95,respectiely.

A, dependingon the vertical betatrontune. As shavn in
Figure2, thecharacteristidrequeng of instability wasbe-
tween80and100MHz. Possiblenechanismincludedthe
trappingof electronsvhenthe protonbeam-gapvaselim-
inated[9].

In the LANL PSR, a strong,fasttrans\erse-instability
occurredboth for coastingand bunchedbeamswhen a
thresholdintensity was exceeded10]. The phenomenon
limited the ring’s achievableintensity Dependingon the
lattice optics (e.g., sextupole and skew-quadrupoleset-
tings), the instability could bein eitherhorizontalor verti-
cal direction.As shawvn in Figure3, theinstability growth-
time wasabout75 us (or 200turns). The frequeny spec-
trumwasfrom 70to 200MHz correspondingo thebounce
frequeng of theelectrons Thethresholdntensitywaslin-
early proportionalto the RF voltageappliedto the beam
(Figure4). A large numberof electronswasmeasurean
thebeamvacuum-pipewith atime structurecloselycorre-
latedto the passagef the protonbeam.

3 ELECTRON GENERATION

We classify electronproductioninto the following cate-
gories: (1) electronsgeneratedt the strippingfoil in the
injectionregion; (2) electronsgeneratedt the surfacesof
collimatorsandvacuumpipe dueto theimpactof lost pro-
tons; (3) electronsproducedby beam-inducednultipact-
ing from thevacuum-pipevall; and,(4) electrongroduced
aroundthering from residual-gagonization.

Figure5 shaws the distribution of electron-densitylux
measureatthe PSRusingthe electrondetectordeveloped
at the ArgonneNationalLaboratory[11]. The quantity f,
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 high attheinjectionregion

Figure3: Fastinstability obsenedatPSR.Thetop curveis
the vertical differencesignal of the BPM, andthe bottom
curve is from the beam-lossnonitor. The horizontalscale
is 0.2msperbox. Thetotal beamchageis 4.2 uC. TheRF
voltageis 13.5kV.
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Figure4: Intensitythresholdof thetrans\erseinstability as
afunctionof the RF voltageatthe PSR.

wherethe H~ beamis strippedof its electronsandhigh at
the extractionregion dueto limited aperture.

3.1

Multi-turn chage-exchangenjectionis oftenpreferredfor
high-intensityrings to enhancehe phase-spacdensityof
the accumulatedbeam. The chage-exchangeprocessis
performedwith a stripping-foil typically of densityfrom
200 to 400 pg/cn? (about 1um thick). Near the injec-
tion stripping-foil, a high concentratiorof electronss ex-
pectedwith a broadenepgy-spectrum.With a H~ beam,
the strippedelectronscarry twice the currentof the inject-
ing H= beamwith akinetic enegy of m.c?(y — 1), where
~ is the relatiistic factorof the H~ beam. Theinjecting-
and circulating-beamsmpactingon the foil producesec-
ondaryemissionof electronsat low enepgy (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-beanalsoproduceknock-onelectronsata high
enegy (upto severalMeV). Thestripping-foil, operatingat

InjectionRegion



Shown are the ratios of
electron line density (striking
the chamber wall) to average
proton beam line density, f, ,
for 5.5 nC of stored protons
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Figure5: Distribution of the electronflux measurean the
wall of thevacuumpipe atthe PSR.The circumferenceof
thering is 90.2m. Thekinetic enegy of the protonbeam
is 800 MeV. The flux ratio f., varying aroundthe ring,
is about30% downstreamof the extractionseptum,about
25% downstreamof the injection stripping-foil, about4%
in section4, andwithin the noiselevel in the TiN-coated
sectionb.

a high temperatureround2000K, emitsthermionicelec-

tronsat low enegy. All theseelectronsmay backscatter

from the stripped-electrorcollector and the surrounding
surfaces[12]. As anexample,Table1 lists the sourcesf

production,yield, andenegy-rangeof the electronsat the

PSR&injectionregion[13].

Figureé6 illustratesthe collectionof stripped-electronat
the SNSaccumulatoring. The electronsareguidedby a
magneticfield and collectedby a watercooleddevice of
heat-resistaniaterial. The electroncollectorusesa car
bon materialattachedo a watercooledcopperplate[14].
Selectinga low chage-statematerialfor the collectoralso
reducesthe numberof backscattere@lectrons. Figure 7
shavs thetemperaturalistribution at the electroncollector
whenthe stripped-electrobeamof 3 kW power strikesthe
surfaceof aboutl cm? area.

Tablel: Estimated/ield andkineticenegy of theelectrons
producedy theinjectedH— beamatthe PSR.Theyield is
definedasthe ratio of total numberof electrongproduced
during the accumulationperiod per injectedH™ particle.
The averagenumberof foil traversalis about50. The ki-
neticenegy of theinjectingbeamis 800MeV. Theaverage
H~ beamcurrentis 100uA (courtesyM. Plum).

Source Yield Kinetic enegy
Strippede~ 2.0 430keV
Secondary~ 1.0 upto20eV
Knock-one~ 0.4 upto 2.4MeV
Thermionice™ < 0.002 ~0.24eV
lonization 0.02 upto 2.4MeV

Figure6: Collectionof strippedelectrongduringtheinjec-
tion of H— beamatthe SNSaccumulatoring.

Figure 7: Temperature( ) distribution at the stripped-
electroncollectoratthe SNSring in unitsof Fahrenhei{or
2 . 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-concentrationProtonsincident on
the collimator surfacesproducesecondaryelectrons. De-
pendingon the enegy of the beamandthe incidentangle,
the secondaryelectron-to-protoryield cangreatly exceed
1 whenthe incidentbeamis nearly parallelto the surface
(i.e., grazingangle 2). Experimentswere per
formedwith differentionsatthe Brookharen’s Tandemac-
celeratotto verify theangulardependencef electronyield
[15]. As shown in Figure8, the proton-inducedyjield .
hasal dependencentheangle |, similarto the
electron-inducedecondary-emissioyield aspredictedby
the Seilermodelbasedon experimentalfits [16, 17, 18, 7]

e @)

where is thekinetic enegy of the primary proton,and
the protonenegy thatcorrespondso the maximumyield,
, isabout0.7 MeV. A serratedsurfacewith triangular



teethgreatlyreducedhegeneratiorof secondary-emission
electrons.However, atthe beamenepgy aroundl GeV the
proton stopping-lengthis long (aboutone meter). A ser
ratedsurfacemay be ineffective sinceprotonsincidenton
thefront edgeof theteethmay easilyescapdrom the col-
limator body. The SNSring usesa two-stagecollimation
systemsothatthebeamhalois likely to beincidentonthe
front edgeof the secondarycollimatorsconsistingof lay-
ers of stainless-stedblocks, stainless-stedballs, borated
water andleadshield. Figure 9 shavs one of threesec-
ondarycollimators[19]. The primary scraperconsistsof
four adjustablethin tantalum-bladespacedat 45 degree
anglesandshieldedfor radioactiationcontainment.
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Figure 8: Proton-inducedsecondary-emissiogields of

electronsas functions of the incident angle for 28-MeV

protonsstriking a flat (blue) anda serratedred) stainless-
steelsurface(courtesyP. Thiebeger).

Figure9: Schematicef oneof SNSring’'s secondargolli-
matorsshaving layersof materialfor radio-actvationcon-
tainment(courtesyH. Ludewig andN. Simos). The effec-
tive lengthis about1.5m. The collimatoris designedo
withstandanaveragebeampowerof upto 10kW at1 GeV
kinetic enegy.
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Figure 10: Electron build-up at the CERN LHC as an
exampleof multibunch,beam-induceelectronmultipact-
ing (courtesyF. Ruggiero). The time betweensuccessie
bunchesis 25 ns. The enegy gain dueto the bunch pas-
sageis about200eV.

3.3 Beam-inducedultipacting

Beam-inducednultipactingis believed to be the leading
sourceof sustainecalectron-productionDependingon the
beamparameterspne of the two multipactingmodelsap-
plies: multibunchpassagenultipacting[20, 21,22, 23, 24],
or single-hunch,trailing-edgemultipacting[1, 25].

The phenomenaof multibunch, beam-inducedmulti-
pacting were obsened at the CERN PS and SPSwhen
the machines’parametersvere configuredfor LHC injec-
tion. The electron-cloudbuildup was sensitve to the in-
tensity spacing,andlength of the protonbunches.andto
the secondary-emissioyield (SEY) of electronsfrom the
beam-pipesurfaces.

As shavn in Figure10, the multibunchmultipactingoc-
cursif thetransittime of theelectronrossinghevacuum
pipeis comparabléo thetime betweersuccessie bunches,
andif the electronsgain enoughenegy to producemore
than one secondary-electronshenthey hits the vacuum-
pipewall [20]. Themultipactingparameter isdefinedas
theratio betweerthe transittime of the electronscrossing
thevacuumpipeto thetime betweersuccessie bunches

2 )

€

where is theradiusof thevacuumpipe, isthedistance
betweenthe subsequenbunches, is the velocity of the
proton normalizedby the speedof light ¢, and .c is the
averagevelocity of the electrons. Here, . is relatedto
the enepgy gainedby the electronfrom the passagef the
protonbunch

®3)

where ., €2 mec? is the classicalradiusof elec-
tron,and is thenumberof protonsin the bunch. When
the electronmotionis non-relatvistic, i.e.,

2.

1 (4)



Figure11: Secondary-electrogield .. asa function of
the primary-electrorenegy for a perpendiculaincidence
andfor technicalsurfacesrepresentatie of vacuumpipes
(courtesyN. Hilleret andO. Grobner).

Eqgs.2 and3 canbeapproximateds[20]

2 2

(5)

and

2
e 2mecC

- (6)

The conditionfor propermultibunchmultipactingis given
by
1 ()

The enegy gainedby an electronmust be suchthat the
electron-inducedecondary-emissioyield (SEY) satisfies

(8)

where . 1 is the electronsurvival-ratein the bunch
gap[7]. Figurellshownsthetypical electron-induce®EY
( ee) asafunctionof theprimary-electrorenegy for aper
pendicularincidence.

Multibunchelectronmultipactingmay occurfor almost
ary valueof  [26]. Theexactresonanceonditionis met
if 1. If 1, the primary electrongnteractwith
morethanoneprotonbunch;lf 1, partof theprimary
electronsarelost beforethe next buncharrives,leaving be-
hind less-enagetic secondanyparticles(PS, SPS).On the
otherhand,if 1, theelectroncloudis usuallydomi-
natedby single-tunchmultipacting. In fact, sinceherethe
transittime of the electronsacrosshe vacuumchamberis
typically muchshorterthanthe passagéime of the proton
bunch, the enegy gainedby the electronsis much lower
thanthat predictedby the multibunch multipactingmodel
(Egs.3 and6).

Single-tunch, trailing-edgemultipactingstartsto dom-
inate if the bunchlengthis long enoughto sustainmul-
tiple passeof electrons. As shavn in Figure 12, elec-
trons are attractedtowardsthe rising edgeof the proton
bunch. At thetrailing edgeof the protonbunch,electrons

e ee 1

Figure12: Beam-induceealectronrmultipactingatthetrail-
ing edgeof a long proton-tunch. The transittime of the
electronsacrosghebeampipeis muchshorterthanthepas-
sagetime of the protonbunch.

arereleasedandyet still acceleratedby the bunchto mul-
tipact. The numberof electrongyrows exponentiallyat the
trailing edgeof the protonbunch,asobsened at the PSR
(Figure 13) [10]. The electron-cloudbuildup dueto this
single-lunchmechanisnis expectedo have aweakdepen-
denceonbunchspacingthevacuum-pressutevel, andthe
amountof residualprotonsin the beamgap. On the other
hand,it dependsritically onthelengthof the protonbunch
andthevariationsin its longitudinaldensity

Similar to the multibunchparameter (Eq.5), single-
bunchmultipactingparameter canbedefinedastheratio
betweerthe transittime of the electronscrossingthe vac-
uumpipeto the passagéime of half of the protonbunch

—— 9)

e

where the effective length of the proton bunchis ,
bunching factor ( 1) is defined as the ratio
betweenthe averageand peakline-densityof the proton

Figure13: Electronsignalsmeasuretthe PSRasafunc-
tion of time relative to the proton-beanpulseduringa sin-
glerevolution. Therepellervoltage, . ,isvariedto select
theelectronsstrikingthedetectoraccordingo theirenegy.



Figure14: Computersimulationof electrongenerationin

the SNSaccumulatoring (courtesyM. Pivi and M. Fur
man). The neutralizationfactoris definedasthe density
ratio betweenthe electronand proton within the proton
beam-radiusThebeamintensityis2x10 perbunch.The
peaksecondary-emissioyield is assumedo be 2. Thefull

bunch-lengths about700ns.

beam,and
(10)

To obtainan orderof-magnitudeestimate assumehatthe
beamchageis uniformly distributedin the trans\ersedi-
rectionsin the vacuumchamber The averagevelocity of
electronin thenon-relatvistic limit is givenby

e - 1 (12)
Eq.9thusbecomes
12)
The enegy gainedby anelectronis approximately
e Mec? ° (13)
Single-lunchmultipactingoccursif the condition
1 (14)

is satisfiedandif the enegy gainedby anelectronis such
that

ee ]- (15)
As anexample considethe SNSring parameters:
2x10 , 2 m, 0., 0.1 m,and
0. . The single-lunch multipactingparameteiis
0.01 1. Thecharacteristi@negy gainis approximately
e eV. Single-lunch, trailing-edgemultipacting

is expectedo occur asshavn by the computersimulation

resultsshowvn in Figure14[27].
Theactualmultipactingprocessnaybeacombinatiorof

the single-and multibunchmultipacting. Figure 15 shovs

Figure 15: Secondary-emissioenegy-spectrumusedfor
simulationg(Hilleret fit Cu) for a300eV incident-electron
beam. The rediffused and reflectedcomponentsare in-
cludedin themodel(courtesyM. Pivi andM. Furman).

the measuredecondary-emissiospectrurmusedfor simu-
lation consistingof true-secondarybackscatterecandre-
diffusedelectrong28]. Uncertaintiesemainin key param-
etersdescribingthe interactionsof low-enegy (< 20 eV)
electrongwith theacceleratosurfaces.

3.4 lonization

Therateof electronproductionby gasionizationis linearly
proportionalto the protoncurrent , the vacuumpressure
, andtheionizationcross-section  [26, 7]. Therate
of electronline-densityincreaseperunit lengthof circum-

ferences givenby therelation

2

: (16)
€

where is in units of Torr (1 Torr  133.3Pascal). At
theroomtemperaturef 300 K, the moleculardensity
is about . x 1022 m~ . For the SNSring at a pressure
of 108 Torr, atotal of 2. x 10 electronsis produced
per turn whenthe protonaccumulatiorreache x 10
Thisis muchfewerthantheelectrongroducedatthebunch
trailing-edgewhenmultipactingoccurs.Theeffect of pho-
toemissionusually is negligible for medium-enegy pro-
tonsdueto lack of synchrotrorradiation.
Variouscomputersimulationprogramswere developed
to modelthe processof electrongeneration30, 31, 21].
Simulated mechanismsincluded space-chaye fields of
both protons (or e ) and electrons, vacuum pipe and
the image chages, external magnetic-fields,gas ioniza-
tion, secondaryemission, and photoemission. Recent
developmentdncorporatedrailing-edgemultipacting, re-
diffusion, backscatteringand proton-inducedsecondary
emissionwith refinedangulardependencef the incident
particle[27, 32, 29]. Particle-in-cell(PIC)algorithmswere
alsodevelopedto modeldetailedelectron-generatiopro-
cesse$33].



4 ELECTRON NEUTRALIZA TION AND
TUNE SHIFT

4.1 ElectronBounce-fequency

The electron motion is characterizedby the electron
bounce-frequenc

(17)

where is the volume densityof the protonbeam. Fig-
ure 16 shows the frequeny spectraof the BPM’s vertical
difference-signameasuredt the PSRfor two beaminten-
sities. The peakspectrumfor the 6.1 mC beam-intensity
centersaround 200 MHz, correspondingo the electron
bounce-frequenc Whentheintensityis reducecby afac-
tor of two by injecting every other pulse, the meanfre-
gueng of the peakspectrunshifts downwardsby a factor
of about0.7.

Figure 16: Frequeng-spectrum of BPM'’'s vertical
difference-signalor two beamintensitiesmeasuredt the
PSR.Thelinesin the peaksarethe betatronside-bands.

4.2 Neutmrlization Tune-shift

In high-intensity synchrotrons proton tune-shiftscan be
attributed to various mechanisms: spacechage, chro-
maticity, kinematic nonlinearity magnetic nonlinearity
and magneticfringe field. The dominantcontribution is
usually from spacechage at the injection enegy. Beam
lossis often causedy resonancerossingassociatedvith
anexcessve amountof tunespreadn thebeam.Figurel7
shaws the spreadof tune shift of a2 MW proton-beanin
theabsencef electroncloudat the SNSaccumulatoring.

An electroncloudtendsto neutralizethe positive chage
of the protonbeam. Comparedo the space-chaye tune-
shift betweenthe protons,the tune shift producedby the
electroncloudis enhancedby afactory? dueto absencef
the compensatinglectricand magneticforcesin the lab-
oratory frame. With the electroncloud, the space-chaye
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Figurel7: Spreadf tuneshift of a2 MW protonbeamin
the SNS accumulatorring. The computersimulationre-
sults are obtainedwith the Unified-AcceleratoiLibraries
(UAL) package[35]. Structureresonancesre indicated
in red.

tune-shiftbecomes

f 1 1
2 v ) 2
€ 7_2 — e
(18)
where e? m ¢? is the classicalradiusof pro-
ton, is the averageradius of circumference, and
arethe basetrans\ersetunes,and and arethe

horizontal-andvertical-rmsbeamsizes.Thebunch'sform-
factorf is equalto1 2 for anuniform distribution, and
to 1 for a Gaussiandistribution. The neutralizationfac-
tor (), definedasthe electron-to-protordensityratio in
the laboratoryframe, representshe contribution of elec-
troncloudatalow enepy (typically upto severalhundreds
eV). The contribution from the electricand magneticim-
agesof the beamarerepresentetby the Lasletttune-shifts

¢ and , respectiely. Theelectricfieldsdueto both
the direct space-chaye andthe imagechage arereduced
by the neutralization34]. For bothincoherenandcoher
entspace-chayetune-shiftstherelative contribution of the
electroncloudto thedirectspace-chayeandelectricimage
is—v? ..

4.3 Trailing-edge “Pacman” Effect

With the trailing-edgeelectron-multipactingnodel, pro-
tonsat the trailing edgeof the bunchexperienceon aver
age,a high concentratiorof electrons Electronneutraliza-
tion increaseghe trans\ersetunesand possiblyincreases
thetunespreadf thebeam.Whenthebeamis storedin the



ring for anextendedime, thebunchmaycontinuouslylose
its trailing-edgeparticlesuponresonancerossing. Here,
we call it trailing-edgePacmareffect.

Figure 14 shaws the structureof electronneutralization
insidethe protonbunchat the SNSaccumulatoring, pre-
dicted from a computersimulation[27]. With a 2-MW
beamin the SNSring, the peaktune-shiftdue to space
chageis about—0.2. Theneutralizatiorevelis aboutl0%
(¢ 0.1) insidethe protonbeamfor trailing-edgeparti-
clesat 50% of the peaklongitudinal-densityas shown in
Figure14. Thetuneshift dueto the electroncloudis about

0.0 . Giventhe samespace-chayetune-spreadtinjec-
tion, this effect becomesnoreimportantfor injectionata
higherenenpy.

5 ELECTRON-PROTON INSTABILITIES

Experimentalobsenations of electron-cloudinstabilities
aredistinctively differentfor “short bunches”storedat en-
ergiesabove the transitionenegy, wheremultibunchmul-
tipacting is expectedto be important (PS, SPS, and B-
factories),and “long bunches”storedat enegies far be-
low the transition enegy, where single-hunch, trailing-
edgemultipactingis expectedto be dominant(PSR and
SNS).

5.1 Coasting-beanandLong-tunch Regime

During the 1970s, coupled oscillations associatedwith

electrontrappingand multipactingoccurredduring high-
intensity coasting-beanoperationat the CERN ISR [37,

38, 20]. The problemwas alleviated by installing addi-
tional clearingelectrodesaroundthe ring. Since1988,a
fast, vertical instability accompaniedy beamloss, both
with bunchedanduntunchedbeamswasattributedto cou-
pledelectron-protomscillationg39, 10]. AttheBNL AGS
Booster an intenseproton-beanmbecamevertically unsta-
ble whenit wasdehunched.

Thethresholdof electron-protorinstability is associated
with the amountof Landaudampingcausedby the beam
momentum-spreaf40, 38, 41, 42]. Figure 4 shaws the
measuredliependencef thethresholdntensityon RFvolt-
agefor a given length of injectedbunch. The threshold
scalingis differentfrom thatof trans\erseinstability dueto
corventionalcoupling-impedanceayherethe thresholdin-
tensityis proportionako theRF voltagesquaredThelinear
dependencef the thresholdresultsfrom the dependence
of theinstability’s frequeng onthebeamintensity[32]. In
fact, at the electronbounce-frequeng ., the trans\erse
frequeng-spreads mostly contributedby the momentum
slip, i.e.,

— e 19)
where  is the angularrevolution frequeng, is the

momentum-slipfactor, are the trans\ersetunes,and
arethechromaticities Thethresholdor thetrans\erse

stability is

=
(20)
where — is the full-width, half-maximummo-

mentumspreadof the beam, s the total enegy of the
proton, is the form factor and is the averagebeam
radius. With a given coupling-impedancethe threshold
intensityis linearly proportionalto the momentum-spread
squared,and is insensitve to the machinechromaticity
Also, thescalingbehaior is extendedrom bunchedbeams
to acoastingbeamasthe RF voltageis lowered.

Severaltheoreticalapproachesvereusedto studyinsta-
bilities of the coupledelectron-protormotion. Centroid
modelsof rigid beamsprovided estimatef the unstable
dipole-modesndtheir scalingwith intensityfor coasting-
beamsThey offeredplausiblepredictiongfor thethreshold
intensitiesof the instability, giventhe uncertaintiesn pa-
rametersuchasaverageneutralization{42, 39, 43]. How-
ever, estimate®f growth ratesandbehaior beyondthresh-
old shoved poor agreementvith obsenations. The cen-
troid modelswereextendedo bunchedbeamdo betterde-
scribethetrailing-edgeelectronconcentrationtheinstabil-
ity threshold,andthe structureandgrowth ratesabove the
threshold[32]. Anotherapproachwasto developfully ki-
netic simulationsbasedon self-consistensolutionsof the
Maxwell-Vlasor equationdor coastingopeamsn asmooth-
focusingapproximatiori44].

5.2 Short-lundch Regime

Theshort-hunchregimeincludedinstabilitiesthatoccurred
at mostlepton (e ) rings (KEK photonfactory B-factory
KEKB, andBEPC),aswell asprotonrings (PSandSPS)
when the beamswere preparedfor collider uses[26].
Coupled-lunch, trans\erseinstabilities were obsered at
theKEK PF[45, 30] andBEPCJ46], andatthe SPS(hori-
zontaldirection)with the LHC protontest-beam§7]. The
electroncloud coupledthe motion of subsequenibunches
similar to a multibunchwake field. With computersimu-
lations, the effective wake fields werecomputedo predict
the multibunchgrowth-rates.

Single-lunch, trans\erse(strong and 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-resonatanodel
was usedto describethe coupling impedance with the
resonatofrequeng atthe electronbounce-frequenc[48].
Suchsingle-hunchinstabilitieswere often sensitve 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
electronproductionsaturatechearthe neutralizationden-



sity. Transersemode-coupling TMCI) calculationusing
simulatedwake-fieldwasfurtherused[52]. Theinstability
thresholdwasfound to be linearly proportionalto the av-
erageelectron-densityi.e., ). Recently particle-in-
cell (PIC) simulationsbasedn strong-strongnodelswere
performed53, 54].

6 PREVENTIVE MEASURES

Control of the electron-cloudeffects involves suppress-
ing electrongenerationand enhancingLandaudamping.
The numberof multipacting-electrongan be effectively
reducedby surfacetreatmentof the vacuumpipe. Elec-
tronsin the injection region needto be guidedto the col-
lectorswith alow backscatteringield [12]. A beam-in-gap
kicker canensurea cleanbeam-gag55, 56, 57]. Vacuum
ports can be screenedand stepsin the vacuumpipe can
be taperedto reducepealed electric fields causingelec-
tron emission.A goodvacuumcanreduceelectronsfrom
gasionization. Solenoidscan be woundin straightsec-
tions to reducemultipacting[58, 59]. Electrodescanbe
installedaroundthering to clearthe electroncloud andto
isolateareasof high electron-concentrationElectronde-
tectorsneedto beinstalledat locationssusceptiblef high
electron-concentratioto monitor the electronproduction
(Figure18).

Figure 18: Electron sweepingdetectordevelopedat the
LANL PSR(courtesyA. Browman).

Enhancemenof Landaudampingstartswith the design
of the machine. A large vacuum-pipeapertureis needed,
especiallyat locationsof high dispersionto allow further
increasein momentumspread. A large RF voltageis re-
quiredto provide sufficient momentumacceptancelon-
gitudinal painting can be usedto expandthe momentum
spreadof the injecting beam. Inductive insertscan be
usedto compensatéor the space-chaye effect, effectively
increasingRF focusing[60]. Landau-dampingpctupoles
(KEK PFandBEPC)hasbeenshawn to raisethe stability
threshold.Lattice sextupolefamilies(BEPC,SPS KEKB,

andSNS)canbe usedfor chromaticadjustmentsto either
improve momentumacceptancg6l] or enhancelamping.
Finally, a fast, wide-bandfeedbacksystemcan be imple-
mentedto dampinstabilities.

6.1 Surfacelreatment

Surfacecoatingof TiN wasshawn to effectively suppress
the electronflux by a factorof morethan100 at a coated
sectionof thePSR(Figureb). Thethicknesof thecoating,
typically about100 nm, is chosento withstandthe bom-
bardmentof the electronsduring the lifetime of the ma-
chine operation. For critical elementsg.g., the ferrite of
theextractionkickerinsidethevacuumpipe(SNS) thepat-
ternandthicknessof the coatingarechosento avoid eddy-
currentheatingandto preventchangesn materialproperty
PlannedJong-termbombardmenwith cold electronsfur-
therreduceghesecondary-emissioyield. Evidenceof this
“surfacescrubbing”wasseenatthe SPS KEKB, andPSR.
The memoryof thescrubbingmaybe preseredby a glow
dischagein nitrogen[62].

6.2 ClearingElectrodes

Clearing electrodeswere shovn to suppresghe electron
multipactingat the CERN ISR. At the SNS accumulator
ring, theBPMsaroundthering aredesignedo bealsoused
asclearingelectrodescapableof applyinga voltageof up
to 1 kV (Figurel19). Sucha voltageovercomeghe en-
ergy gain dueto the protonbunch (Eq. 13). A dedicated
clearing-electrodés implementednsidethe stripping-foil
assemblyattheinjectionregion.

Figure 19: Schematicsof the floating-ground BPM
designedfor the SNS accumulatorring (courtesy P.
Cameron). A voltageof about 1 kV canbe appliedfor
the clearingof theelectroncloud.

6.3 Solenoids

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



PEP-II.In a shorttest-sectiorat the PSR ,a weaksolenoid
is found to suppresshe electronflux (f.) by a factor of
about 50. For future high-intensity synchrotrons,such
solenoidscan also be usedat straight sections,like the
collimation section,to suppres®lectrongeneration. The
solenoidfield needsto be strongenoughso that the
radius  of electronmotion is small comparedwith the
vacuum-pipeadius[7]

m6€

(21)
(&

Effectson the protonbeamcanbe minimizedby alternat-

ing thepolaritiesof the solenoidsaccordingo the betatron

phase and [63]. Skew quadrupolesanfurther be

usedto correctcouplingaccordingto therelation

. ( )
f ( )
(22)
where -,
Y ¥ 2(1— ) (23)
() — (24

f is thefocal length of the skew quadrupole, is the
length of the solenoid, is the rigidity of the proton
beam,and , , and~ areCourant-Sgderlattice
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
and electron-protordynamics. However, quantitatve un-
derstandings still lacking, especiallyin the predictionof
instability thresholdandgrowth rates.

Someopen,challengingtasksinclude: (1) establishing
a coupling-impedancenodelfor the electroncloud when
trailing-edgemultipactingis dominant;(2) identifying the
leadinginstability drive in the presencef a strongspace-
chage force in the proton beam; (3) predicting the de-
tailed distribution of electronneutralizatiorinsidethe pro-
ton bunch; (4) a self-consistentreatmentof electronpro-
ductionandelectron-protorinteraction;(5) fully reproduc-
ing the experimentalobsenationsin high-intensityrings
like the PSR;and(6) predictingthe electron-cloudeffects
for next-generatiorhigh-intensitymachinedik e the SNS
accumulatorring and the JAERI/KEK Joint Projectsyn-
chrotrong64].
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