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Abstract

Electroncloudis aleadingmechanisntimiting RHIC in-
tensityupgradesElectroncloudin RHIC isin aninterme-
diateregimesharingfeaturef boththelong-bunch(PSR)
and short-unch (photon factories)machines. Vacuum-
pressurgises,trans\ersetune shifts, andelectronflux are
obsened at injection, upontransitioncrossing,and at top
enegy. Trans\erseemittancegrowth, fastinstabilities,and
beamlossalsooccurupontransitioncrossing. Mitigation
measuregareimplementedothto reducetheproductionof
electroncloudandto controlthe beamstability.

INTRODUCTION

Sincethefirst reportsfour decadesgo[1]-[5], electron-
cloud effectsarefound to limit the performanceof mary
high-intensityandhigh-brightnessircularaccelerator{6].
A fast, trans\erseelectron-protoninstability and the in-
ducedbeamloss limits the beamintensity in the Proton
StorageRing (PSR)at the Los Alamos National Labora-
tory (LANL) [7]. Transwerseemittanceblow-ups caused
by the =-cloud limit the luminosity in the lepton facto-
ries (BEPC,KEKB, PEP-II)[8]-[11]. During operations
of the Relatvistic Heary lon Collider (RHIC), vacuum-
pressurgisesassociateavith electron-inducegasdesorp-
tion arefoundto limit thenumberof storedbunchesandthe
beamintensity [12]-[14]. Electron-cloudphenomenan-
cludetrans\ersetuneshifts (KEKB, AGSBooster RHIC),
coupled-lunch (B factories,BEPC, PS, SPS)and single-
bunch (KEKB, SPS,PSR, RHIC) instabilities, vacuum-
pressurgise (RHIC etc.),emittancegrowth (KEKB, PEP-
II, SPS,RHIC), beamdiagnosticsnterferencg RHIC, PS,
SPS,PSR),and heatload on superconductingryogenic
wall (SPSbheamexperiments).

This papermainly discusseg-cloud-inducednstability
effectsin RHIC. We review key mechanismf =-cloud
formation, and summarizeexperimentalobsenationsand
mitigation measures.

MECHANISM

Key mechanismgertainingto the formation of elec-
tron cloudarebeam-divenelectronmultipactingandelec-
tron trapping. Dependingon the beam parametersthe
multipacting can be classifiedinto several regimes: mul-
tiple short-lunchmultipacting[4, 15, 16, 17], singlelong-
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Figure 1: Electron build-up due to intermediate-rgime
beam-inducednultipacting. The time betweernsuccessie
bunchess typically 108 nswhenthe multipactingoccurs.
Theenegy gaindueto bunchpassagés upto 500eV.

bunch,trailing-edgemultipacting[7, 18], andthe interme-
diateregime. For thelong-bunchanddc-beani2, 3] cases,
beam-inducedrappingis critical to sustainelectroncon-
centration.For theshort-hunchcasestrappingdueto mag-
neticfield is suspectedo be responsibldor thelong elec-
tron lifetime overbeamgaps[19].

RHIC belongdo theintermediateegimewherethetran-
sittime of theelectrongrossinghevacuumpipeis compa-
rableto the bunchlength,asshavn in Fig. 1. Betweenthe
subsequerttunchestheelectrongypically reflectfrom the
vacuumchambemvall for severaltimes.Uponacceleration
by thebeambunch,the electronggainenegy up to several
hundredeV, and hit the wall with an averageSEY Yo
typically muchlargerthanl (Fig. 2). Uponsubsequenm-
pactson thewall, the electronenegy is low (typically be-
low 10 eV) dueto lack of beampotential,andthe average
secondary-emissioyield Y5 (t= 1,...) is smallerthan
1. We definethe characteristicSEY ¥~ asthe product
of theaverageSEY of N, reflectionsbetweerntwo subse-
quentbunchpassageThethresholdfor the multipactingin
this regime correspondso the conditionwhen

o = iz, o Yeei = 1 Q)
where

Yoozl and ¥ <1lbxc=1,.... 8 . (2

Multipacting in the intermediateregime shareghe fea-
turesof boththe short-lunchandlong-bunchregimes.The
build-up is not only sensitve to the bunch spacingand
bunch pattern,but also sensitve to the bunchlength and
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Figure2: Examplesof secondary-electroyield asa func-
tion of theincidentelectronenegy for varioussurfacecon-
ditions(courtesyP. He, N. Hilleret, H. Hseuh R. Todd).
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Figure 3: Electrons averageenegy gain asa function of
its initial position& whenit meetsthe follow-up bunches.

The ion intensity correspondgo 10" chagesper bunch,
andthetransersermsbeamsizeis 2.4 mm.

peakdensity (Fig. 3). With a shorterbunch spacing,the

numberof low-enegy electronpassages¥,. is reduced,
increasinghe chanceof exceedingmultipactingthreshold
1.~ = 1. With a shorterbunchlengthandhigherpeak
beamdensity theelectronenegy gainuponbunchacceler

ationbecomesigher, leadingto a highersecondarnemis-

sionyield ¥, and¥,, ~. Mechanismshatsustainelec-

tron concentrationinclude reflectionsfrom the vacuum-
chamberwall, trappingby the beamresidualin the gap,

trapping by the magneticfields, and possiblesecondary
ionizationandtrapping.

EXPERIMENT AL OBSERVATIONS

Duringtypicaloperationsupto 57ion bunchesat216ns
spacing, each containing about 10" chages (e.g., 107
Au™ 5. 10°F Au™, or 10! protons),areinjectedinto
eachring and acceleratedo the top enegy for hours of
storage.During accelerationthe bunchlengthreacheghe
minimum, andthe peakline densityreacheghe maximum
whenthebeamcrosseghetransitionenegy.

In the following, we presentRHIC obsenations in
two cateyories: effectsdueto electronaccumulatiorand
electron-ioninteractionincluding both bunch-traindepen-
dentandbunchtrailing-edgephenomena.
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Figure 4: Effective vacuumpressureise in the (a) warm

and (b) cold region of the ring aroundtransitioncrossing

attime¢ = 0. Pressureon gaugeboll-cc-pw3.docated

betweerthetwo NEG-coatecpipesdoesnotrise.

Effects of Electron Accumulation

During typical operationsg-cloud doesnot noticeably
affectthe primaryion beamdynamics.Effectsdueto elec-
tron accumulationinclude vacuumpressurerise, experi-
mentalbackgroundandinstrumentationnterferences.

Pressureise often occursin the interactionregion (IR)
wherebeamsin the two rings are both presenteffectively
doublingthelocal beamdensity;in regionswhereunbaled
surfacesare exposedto the beam;in regionswhere high
SEY materialsurfacege.g. Be chambeiin the experimen-
tal region); whenthe bunch spacingis reducedio 108 ns;
and upon transition crossingand rebucketing when the
bunchpeakdensityreacheshe maximum(Fig. 4). In both
theroom-temperaturévarm)andsuperconductingnagnet
(cold) regions,anincreaseof up to threeordersof magni-
tudein the effective pressuras typically obsened. Tem-
peratureriseis notobsenedataresolutionof about0.01K
correspondindo a heatload of about5 W per100m.

Thevacuumpressureanbedirectly correlatedwith the
integral electronflux on thewall measuredby a retarding-
field electrondetector[14]. In addition to the beam-
inducedelectronmultipacting,beam-inducedacuumrun-
away causedby gasdesorptionfrom the pipe surfaceand
subsequeribnizationby thebeammayalsocontributeto a
pressurencrease.

Effects of Electron-ion Interaction

During2004- 2005studieswe createdasimplemachine
conditionto enhancehe =-cloud while suppressingther
irrelevant effects[20]. We inject ion beamonly into one
(blue) of the two rings with a bunch spacingof 108 ns.



While keepingthe bunchintensity to the nominal (about
10" chage),wekeepthenumberof bunchego 40to avoid

uncontrollablepressureise andbeamloss. With only 1/3

of the ring occupiedby the beam,the total beamintensity
is alsolow (Tablel).

Table 1: RHIC parametersduring year 2004 - 2005
electron-cloudstudies.

Ring circumference 3833.8 m
Ring revolution period 12.79 ps
Aperture,IR (2/6/8/10,4/12) 7,12 cm
Aperture(arc,triplet) 7,13 cm
Beamspecies Cu+

Enegy, injection- top 9.8-100 GeV/u
Transitionenegy, yr 22.9
Bunchintensity 5x 107
Bunchcenterspacing 108 ns
Bunchlengthattransition,full 5 ns
Electronbouncefrequeny ~ 400 MHz
Peakbunchpotential ~ 1.6 kv

€~ enepgy gainuponacceleration = 500 \%

The ion beammotion is mostly susceptiblgo =-cloud
impactat thetime of transitioncrossingwhenthelongitu-
dinal motion is non-adiabatic. Instability is likely to oc-
cur dueto lack of synchrotronoscillationandsynchrotron
frequeng spread21]. On abeamof 216 nsbunchspac-
ing, mostof the undesireceffects (chromaticnonlinearity
self-field mismatch,and impedance-inducethstabilities)
neartransitionare mitigatedby the §r-jump schemedur-
ing aboutsOmsaroundhetransition[21, 22], andall insta-
bilities arecuredby adjustingthetiming andmagnitudeof
the chromaticityjump, andthe activation of octupolemag-
nets[22]. However, thesemeasuresre not adequatdor
instability suppressionvhenthe bunchspacingis reduced
to 108ns.

Electronflux Asthebeamapproachetansition,vac-
uum pressure-riseccursduring a time of secondsasthe
beampeakdensityincreasegFig. 4). Correspondinglythe
peakvalueof theelectronflux alsoincreasesFig. 5 shavs
the growth of theflux alongthe 40-bunchtrain at different
timeswith respecto transition? = L.

Beam loss Electron cloud impactsthe beammostly
within about0.1 s of transition crossingwhenthe beam
particle motion is non-adiabatic causingelectron-ionin-
stabilities. With the acceleratingvoltage Y5 = 20 kV,
beamlossesare measuredvith the wall currentmonitor
acrossr varyingfrom 13%for thefirst to 42%for thelast
bunch(Fig. 6). In comparisonat216nsspacingthelossis
lessthan5% uniform acrosghe bunchtrain. Fig. 7 shovs
about73%lossfor bunch#40with ¥y = 300 KV.

Transverseemittancegrowth Bunch-traindependent
trans\erseemittancegrowth at qr is obsered whenthe
beamlossis moderate(Fig. 8). With a larger beamloss
(e.g0., ¥ =200kV cases)the dependencé&ecomesmot
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Figure5: Electronflux measuredn the (a) horizontaland
(b) vertical directionsneartransition(yr) at# = . An
ac-coupledamplifier is usedwith a low-frequeng cut-off
of about300kHz. Thegrid is not biased.The collectoris
biasedat50- 100V positive.
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Figure 6: Beamloss at transitionas a function of bunch
sequencewumberwith ¥s=200kV andb = =3 unit.
Major machinegparametersrelistedin Tablel.
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Figure7: Beamlossandbunchsizevariationof bunch#40
nearqr with ¥.; = 3 kV andb_4 = —- unit. Total 40
bunchesareinjectedwith a spacingof 108 ns. Bunchtrain
dependencef the beamlossis similarto Fig. 6.
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Figure 8: Bunchtrain dependencef the beamemittance
growthsat - with ¥¢=100kV andb.g = —- unit.
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Figure9: Coherencesignalof bunch#40from theturn-by-
turn BPM data.The horizontalinstability signalis within a
stepcausedy the orbit shift dueto yr-jump.

obvious, presumablybecausearticlesof larger emittance
arelost. An accurateneasuremers difficult with theion-

ization profile monitor whenthe loss-relatecpressuraise
is excessve.

Transverse fast instability Fig. 9 shavs the trans-
versecoherencesignal definedas the trans\ersecentroid
displacemenmeasuredrom the turn-by-turnbeamposi-
tion monitor(BPM). A trans\erseinstability occursimme-
diatelyaftertransitionfor about0.1s,leadingto beamloss
andemittancegrowth thatareincreasinglyseverefor later
bunchesof thebunchtrain. Fig. 10 shavsthe meansquare
of differencesignalmeasuredby a “button” BPM at0.5ns
samplingrate. Again, the horizontalsignalis complicated
by the 1 r-jump inducedorbit shift.

Tune shift Bunch-traindependentoherentuneshifts
wereobsenedduringtheinjectionof protonbunchesatan
intensity of 0.3x 1011 per bunch and 108 ns bunch spac-
ing. The tuneshift of about2.5: 10~ correspondso an
electrondensityof up to 2 nC/m [13]. Measuremenbf
bunch-dependertuneshift during acceleratiorrampingis
yetto beattempted.

Bunch trailing-edge phenomena Fig. 11 shaws that
beamlossneary r- occursmostly at thetrailing edgeof the
bunchmatchingthe=-cloudmechanismComputersimula-
tion (Fig. 12) shaws thatthe electrondensityat thetrailing
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Figure 10: Mean squareof the differencedisplacement
measuredy the“button” BPM samplingevery 0.5ns.
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Figure 11: Evolution of the longitudinal profile uponthe
beamlossneary r- with ¥r#=300kV andba- = —1 unit.

edgeof the bunchis about3 timesthat at the rising edge.
In thelongitudinaldirection,neitherinstability nor bunch-
train dependenemittancegrowth areobsenred.

MITIGA TION MEASURES

Control of the electron-cloudeffectsinvolvesreducing
the uncontrolledbeamloss, suppressinglectrongenera-
tion, and enhancingLandaudamping. The inner surface
of the stainless-stegbipe in the RHIC warm region are
being coatedwith non-evaporatve getter(NEG) to lower

1400 1500

Time (ns)

1600

Figure12: Simulationof the ion beambunchlongitudinal
profile (purple),electrondensityin the vacuumpipe (red),
andin thebeam(blue)indicatingthe growth of =-cloudand
theenhancemerdtthe bunchtrailing edge.
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both the secondaryemissionand desorptionyield, andto
increasdocal vacuumpumping. Beamexperimentscon-
firmedtheeffectivenes®f thecoatingin reducingthepres-
surerise (Fig. 4). Solenoidalfields appliedin the warm
sectionalsoreduceshe pressureise[14]. Thecold region
is pumpeddown to a pressurdelon 1 = 10— Torr before
the cryogeniccool down to reducethe physi-sorbedjasto
sub-monolayerf?3].

During 2004 - 2005 studies,it is shavn thatbeamloss
inducedby the trans\erseinstability is modestlyreduced
by the dampingby octupolefamilies (Fig. 13), and dra-
matically reducedby loweringthe RF voltagesothatpeak
beamdensity electronenepgy gain,andelectronmultipact-
ing areall reduced RF manipulationusingmulti-harmonic
RF or inductionRF is alsoexplored(Fig. 14) [24].

DISCUSSIONSAND SUMMARY

Electroncloud is found to be a seriousobstacleon the
RHIC upgradepath. At a bunchspacingcorrespondindo
twice thedesignnumberof bunchesglectronaccumulation
and electron-ioninteractionare found to causetrans\erse
instabilities, emittancegrowth, and beamloss along with
vacuumpressureise duringtransitioncrossing.

Many questionsremainto be answered. (1) It is not
clearwhy the beamloss of the first bunchin the train is
much higherthanthe nominal. More detailedlogging of
thevacuumpressurdevery0.1sinsteadof 1 s) mayclarify

—0.01% > .
o 3.14 471

@ [rad.]
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Figure 15: Longitudinal phasespaceshaving the reduc-
tion of peakbunchdensitynearr usinganinductionRF
system[24].

the gasscatteringcontribution. (2) It is not clearwhether
the instability alone causesmore than 70% beamloss in
10 ms; what are the principle instability modes[25]; and
why beamlossandthetrans\erseinstability occuronly af-
ter but not beforetransition. A possibleexplanationyet
to beverifiedis a sizabletuneshift dueto =-cloud coupled
with atransition-jumpatticecloseto resonance=-detector
dataneeddo beloggedin finer stepg1 nsinsteadof 10 ns)
to explore«-cloudgeneratiorwithin eachsinglebunch.
We thankR. CalagaM. Furman,C. Montag,K. Ohmi,
andF. Zimmermanrfor mary helpsanddiscussions.
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