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Abstract

Intenseion beamsin RHIC leadto arisein thevacuum
pressureElectroncloudscancontributeto sucha process.
To measurelectroncloud densitieghe coherentuneshift
along the bunchtrain was obsened with different bunch
spacingsandintensities.Fromthe measureaoherentune
shift electroncloud densitiesare computedand compared
with densitiesobtainedn electroncloud simulations.

1 INTRODUCTION

During the RHIC 2001gold run the numberof ions per
bunchwascontinuallyincreasedup to the designvalue of
109 attheendof therun. Furthermoreit wasattemptedo
doublethenumberof bunchegerring from 55to 110. Op-
erationwith 110buncheded to pressurdoumpswith pres-
sureshigh enoughto preventoperation.In someinstances
thepressurén thewarmsectionsncreasedrom 102 Torr
to 10 Torr [2]. With thedesignintensityof 10° ionsper
bunchand55 bunchesn eachbeamstoredatinjection,the
vacuumsystemalsoabortedhe beamsBasicmachinepa-
rametersarelisted in Tah 1, a completeovervien canbe
foundin Ref.[1].

Measuremente/ereinitiatedto characterizéheelectron
cloud built-up andto investigatethe possiblerole of elec-
troncloudsin the pressureise. Sinceno dedicateclectron
detectorsare currently available in RHIC thesemeasure-
mentswerebeam-basedlo obtainanestimateof theelec-
tron cloud density the coherentune shift alongthe bunch
train wasdetermined.The estimateckelectroncloud densi-
tiescanbecomparedvith simulationresults.Suchcompar
isonswerealsodonefor the low enegy ring of KEKB [3]
andthe SPS[4, 5].

ThelastRHIC runalsoallowedthemeasuremertf pro-
ton beams. Gold and proton beamshave the samenum-
ber of bunchesand approximatelythe samechagge per
bunch (seeTah 1), but their interactionwith the restgas
andthe wall is different[6]. All tuneshift measurements
wereperformedat injection,wheregold andprotonbeams
have the samerigidity. The RHIC beampipe is roundal-
mosteverywhere.The averagebetafunctionsarethe same
for bothplanes soarethe beamemittances.

2 COHERENT TUNE SHIFT
MEASUREMENTS

Coherenttunes shifts along bunch trains at injection
were measuredvith two methods. First, a single beam
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Table1: Machineandbeamparametergor gold andpro-
tonsduring RHIC Run2001/2002atinjection.

parameter unit  Au™F pt
atomicnumberZ 79 1
massnumberA 197 1
relatiistic 10.5 25.9
harmonicno. h 360 360
no. of bunches 55/110 55/110
bunchspacing ns 216/108 216/108
ionsperbunch Ny, 10° 101t
emitt. en 5 95% m 10 25
bunchareaSysy, eV-s/u 0.4 1.0
full bunchlength ns 18 14

positionmonitor (BPM) in eachplanerecordecdthe injec-
tion oscillationsof the lastincomingbunch. TheseBPMs
are part of the tune meter system([7]. Typically 1024
turnswererecordedandthetunesareobtainedrom a Fast
FourierTransform(FFT) of thecoherenbeamoscillations.
An exampleis shovn in Fig. 1. In this case110 bunches
wereinjectedwith anaveragedntensityof 0.3-10'! protons
perbunch. The total tuneshift after 110 bunchesamounts
t0 2.5 - 103. For gold beamsandprotonbeamswith large
bunch spacingthe resolutionof thesetune measurements
wascomparable¢o thetuneshiftsobsened. Thetunemea-
surementsvereimprovedwith asecondmethod.

The orbit systemwassetto recordthe injection oscilla-
tionsof thelastincomingbunchin 12 BPMs. In this mea-
surementall BPM datawerefiltered and the peakin the
spectruminterpolated.In addition,the tune of eachbunch

Time [mm:ss]
110 bunches filled in

Tune 0.250

Figurel: Coherentunesmeasuredlonga Yellow train of
110 protonbuncheswith 105ns spacing.Dueto coupling
bothtrans\ersetunesarevisible.
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Figure 2: Coherentunesmeasuredlonga Blue train of
63 gold buncheswith 105ns spacing.Individual dotscor
respondo the tunesfrom differentBPMs. The solid lines
arelinearfits to thedata.

could be obtainedas an averageof the 12 BPM measure-
ments. This procedures outsidethe currentoperational
capabilitiesof the BPM system.A measuremeris shovn
in Fig. 2. In this casea train of 63 buncheswasinjected
with anaverageintensity0.65 - 10° goldions. Thevacuum
systemabortedthe fill. Furthermore a transferfunction
measuremenivas testedfrom which the tunesalong the
bunchtrainscanbeobtained.

In the measurementsan increasein both transwerse
tuneswas obsered, consistentwith the existenceof an
electroncloud. The tune shift is aboutthe samefor the
horizontalandverticalplane.

In Tah 2 the resultsof all measurementare summa-
rized. Measureduneshiftsareof order10—3 andaresome-
timescomparabldéo the measuremenesolution.The data
areconsistentvith the expectationthathigherbeaminten-
sitiesandshorterbunchspacindeadto largertuneshifts.

3 ELECTRON CLOUD DENSITIES

A bunchpassingeachturnthroughastaticelectroncloud
with uniform spatialdensityp. experiences coherentune
shift [8-10]

5uy = (L) Iasliat

Ot (1)
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whereh,, , arethesemiaxesof anelliptical chambey; ,,

theaveragebetafunctions, thelengthof thesectionswith

electronclouds,andr, = 1.5347 - 10~'® m the classi-
cal protonradius. In the caseof a round beamchamber
(hy = hy = h) androundbeams(3, = 8, = 3) thetune
shiftsin both planesarethe same(AQ, = AQ, = AQ)

andEg. (1) canbesimplifiedto
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Table 2: Measuredcoherenttune shifts AQ alongbunch
trains. Thevaluesgivenarethe differencein tunebetween
bunch55andbunchl, andareaveragedverthehorizontal
and vertical tune shift. The numberof measurements

shavn in braclets.

bunchspacing chageperbunch  tuneshift AQ
Au79+ p+
[ns] [10%0%€] [1073]  [1073]
216 7.6 1.1(2) -
216 8.7 - 0.3(12)
108 3.0 - 1.3(2)
108 5.4 1.1(4) -

Assumingthattheelectroncloudfills thewholebeampipe,
theelectronline densityis \. = 712 p. wherer denoteghe
averagebeampipeinnerradius. The chageline densityis
givenby \.. = A.e wheree is theelectronchage.

We considerthe casesof electroncloudsin the whole
ring andcloudsin thewarmregionsonly. Thelatteris mo-
tivatedby the factthat significantpressureiseswereonly
obsenedin warmregion.

For relativistic ion beamsawith the samerigidity the fac-
tor (r,Z/vA) in Eq. (2) is approximatelyconstant.How-
ever, gold and proton beamswere injectedinto different
lattices,resultingin differentvaluesfor 3 in bothcases.

The relevant machineparametergor all casesand the
computedelectroncloud densitiesare shavn in Tah 3.
With the assumptionsnade,one expectschage line den-
sitiesof 0.2 to 2 nC/m to accountfor the measuredune
shifts.

Eq.(2) givesonly aroughestimateor theelectroncloud
densityfor two reasonsFirst, with long buncheghe cloud
may not be staticwhile the bunchis passingthrough. In
RHIC electronscan perform a few oscillationsduring a
bunch passage. Second,the cloud density may not be
distributed uniformly in space. In Ref. [10] the effect of

Table3: Machineparameterandcomputecklectroncloud
densitiedor differentcloudlengthsandspecies.

parameter unit Au™+  pt
tuneshift AQ 1073 1.1 1.3
r wholering m 0.04

r warmregionsonly m 0.06

(5 wholering m 30 36
(£ warmregionsonly m 42 76
L wholering m 3834

L warmregionsonly m 700

p. Wholering 0tm= 33 29
pe Warmregionsonly  101'm=3 128 7.6
Ae wholering 109m-1! 1.6 1.4
Ae warmregionsonly  10°m~! 145 8.6
Aee Wholering nCm-1 0.26 0.22
Aee Warmregionsonly nCm-! 2.32 1.38
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Figure3: Geometryusedin theelectroncloudsimulations.

the bunchlengthon the obsenedtuneshift is investigated
analyticallyand numerically Significantdeviationsfrom

Eq. (2) arefoundfor electroncloudsof sizecomparabléo

the beamsizewhile the equationholdsfor electronclouds
large comparedto the beamsize. In the simulationsre-

portedin Sec.5 it is foundthatthe electroncloudis much

largerthanthe beamsize. This wasalsofoundin a RHIC

simulationwith anothercode[11]. A trans\erselylarge

electroncloud, filling most of the beampipe, is also a

goodapproximatiorfor a cloud with uniform spatialden-
sity. Thus Eg. (2) shouldgive a useful estimatefor the

electronclouddensities.

4 ELECTRON CLOUD SIMULATIONS

The computercodeusedherewaswritten by oneof the
authorg(M.B.) to studyboththeeffectsof electrongapsur
vival andtheelectricfieldsgeneratedby the electrong12].
It wasusedpreviously for the PSR[13] andthe SNS[14].

The codeassumeshatthe positively chagedion beam
and the electroncloud are both cylindrically symmetric
within around,straightvacuumchambeywithout anexter-
nal magnetidield. Longitudinalelectricfieldsareignored,
sincethey producevelocitiessmallcomparedo the beam
velocity. The spatialdistribution of the electroncloud is
modeledasasumof N, ..., cylindrical shellswhich sene
asmacroparticles. This is shovn in Fig. 3. The macro
particleshellscanhave anangularmomentum.

The evolution of the cloud is computedby accelerat-
ing the shells,and creatingsecondaryelectronswhenthe
macroparticleshit thewall. In addition,electronsarecre-
atedeitherat the wall or in the beampipe with a genera-
tion rate proportionalto the instantaneoubeamline den-
sity. Thegeneratiomatemustbe estimatedutsidethe pro-
gramfrom processesuchasrestgasionization or beam
lossdrivenelectrongeneration.

The acceleratiorof shell j, with radiusr;, dueto shell
k, with radiusr, is takento benonzeroonly if 7; > ry. In

this casetheaccelerations

r
— 3
d?+r3’ @)

. 2
Fj = 2rec” A

wherer, istheclassicaklectronradius,c thespeedf light
and )\, is theelectronline densityof shell k. The smooth-
ing lengthd is typically anorderof magnitudesmallerthan
the beamsize. The electricfield dueto the ion beamhas
the sameform asthatdueto electronsatr = 0, A. being
replacedby theinstantaneoubeamline densitymultiplied
by theion chagestate,.Z\,.

The time dependencef the instantaneoubeamline
densityis givenby

t2\"
Ab(t) = )‘b,peak’ (1 - ﬁ) ) (4)
wheren can be chosento fit the measuredongitudinal
beamprofile. For largen formula(4) approximates Gaus-
sianbeamprofile. 7 is ameasurdor the beamlength.

Thebeamis typically dividedinto seseralthousandon-
gitudinal slices N;.., andthe electroncloud is updated
with every longitudinal slice. Electron macro particles
cancarrydifferentchageswith aminimumandmaximum
chage defined. Macro particle numbersrangefrom hun-
dredsto hundredof thousands.

The generatiorof secondarelectrongollows largely a
model that is presentedn Ref. [15]. When an electron
macro particle with enegy E' hits the wall, it is first de-
terminedwhethertheelectronis reflectedor generatesec-
ondaryelectrons. In the following, z,- denotesa random
numberoutof auniformdistributionbetweerzeroandone.
Theelectronis reflectedf

1 < Poo 4 (Py — Pao)e™ B/ Brenicct (5)

wherePy, Py, andE,.qcct areinputparameterthatshould
bedeterminedn measurements?, and P, aretheproba-
bilities of reflectionat zeroandlarge enegy respectiely.

If the electronmacropatrticleis reflected,it canbe re-
flectedelasticallyor it canbe rediffused. It is rediffused
if
(6)
where P,cqiftuse 1S aninput parameterOtherwiseit is elas-
tically reflected.In the former casethe enegy of the out-
going electronmacroparticleis z,3 F; in the latter caseit
is E.

If theelectronmacroparticleis notreflectedjt generates
secondanglectronmacroparticleswith the emissionyield
4 givenby

Trg < Prediffusey

L exp [ 23(B/Bynaa)*]
(E/Emaz)?-3°

0(F) = dmaz x 1.1 <
(7)

dmaz @Nd E,, 4, @areinput parametersThe line densityof
thegeneratedanacroparticleis

/\k,out = )\k(S(E)eaé(lfcos (~))7 (8)
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Figure4: Definition of angled.

whereq; is aninput parameteandd is theincidentangle
relativeto thesurfacenormal(seeFig. 4). If theline density
is belov the setlimit, the macroparticleis dropped.If the
line densityis above the setlimit, more than one macro
particleis generated.The enegy of the generatednacro
particlesis

Eout = Eseconda‘ry tan <gT74> . (9)
Eeccondary 1S @aninput parameter
Thedistribution of the outputangled,,,; is the samefor
reflectedand secondaryelectrons,andindependentf the
incidentangle#, thusassuminga roughsurface. The dis-
tribution of 6,,,; is givenby
P(0) df x (cosf)*® sin 6 db, (10)
wherethe parameteryy is aninputparametebetweerrzero
(equivalentto black body radiation)and infinity (0,.: =

const= 7/2). Thelist of input parameterss shawn in
Tah 4.

5 SIMULATION RESULTS

Sincethe simulationshave mary input parametersand
theresultis very sensitve to changesn a numberof those
we first definereferencecasedor gold andprotonbeams.
Thereferenceaseshouldbecloseto worstcasescenarios
with respectto the beamparameters.We will thenvary
input parameteiin one of the referencecasesto find the
sensitvity of theresultwith respecto theseparameters.

The two referencecasesare basedon designintensi-
ties and shortbunch spacing. The casediffer slightly in
the chaigeperbunchandsignificantlyin the bunchlength.
Furthermorerestgasionizationis assumedor the proton
caseand loss-driven electrongeneratiorin the gold case.
Beamandbeampipe sizescorrespondo anassumeclec-
tron cloudin the whole machine.Thetwo casesarelisted
in Tah 4.

In Figs.5-10the simulationoutputis shown for the pro-
tonreferencecase.Fig. 5 shovs theion beamandelectron
cloud chageline densities.After 25 buncheghe electron
cloudis saturatecht approximately0.3 nC/m. The satura-
tion is alsovisible in Fig. 8 which only shavsthelastthree
bunches. The saturationchage line densityis compara-
ble to expectationsfrom the tune shift measurementé&cf.
Tah 3). However, the tuneshift measurementaeredone
atlowerbunchchages.

Table4: List of input parametergor electroncloud sim-
ulations. For gold and proton beamsreferencecasesare
presentedvith designintensityandtwice thedesignbunch
number

parameter unit AUt pt
bunchspacing ns 108
bunches 55
rmsbeamradius mm 2.2 2.4
piperadius mm 40
electrongeneratedfbinch 40000 100
electrongeneratiorradius mm 40 2.4
full bunchlength ns 18 14
bunchshapeparameten 3 3
bunchchage nC 13 16
longitudinalslices 5000
macropatrticles,initially 2500 250
smoothingengthd mm 0.1
e, iNitial pCm! 1.6
Py 0.8
Py 0.2
Ereﬂect ev 60
Preqiffuse 0.5
Omaz 25
Eraz eV 300
Esecondary ev 20
Qs 0.5
g 1.0

Figs. 6 and 9 shaw the trans\erserms size of the ion
beamandelectroncloudfor the whole bunchtrain andthe
last three bunchesrespectiely. The electroncloud size
dropswhile the secondhalf of the bunchis passingasac-
celeratedelectronshit the wall. On averagethe electron
cloud is much larger than the ion beamand its rms size
is consistentwith a approximatelyuniform density For
a trans\erseuniformly distributed electroncloud, the rms
sizewould ber//2.

In Figs. 7 and10 the averagekinetic enegy of theelec-
tronsandtheelectroncurrentinto thewall areshavn. From
this, an estimateof the heatload into the wall canbe ob-
tained. From Fig. 10 onefinds an averagekinetic enegy
of approximately0.03 keV and averageelectroncurrent
of about20 mA/m. This corresponddo a heatload of
0.6 W/m or 1.8 kW for the cold part of the ring, assum-
ing thatall kinetic enepy is transformednto heat.No in-
creasecheatload was obsened during the testsin 2001.
Theminimumdetectabldeatloadis 150W[16].

The simulationof the gold beamreferencecaseshavs
no significantincreasein the initial electronline density
The final densityafter 55 bunchesis two ordersof mag-
nitude smallerthanin the protonreferencecase. This is
largely dueto the longerbunchesandthe reducedchage
perbunch.

The sensitvity of the computedelectroncloud density
with respecto theinput parametersvasestimatedy vary-
ing singleinput parametersnly. Thisis shavnin Tah 5.
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Table5: Maximum chageline densityafter55 bunchesn

simulationsundervariation of input parameters.In each
caseonly one parameterof the proton referencecaseis

changedandthe resultingline densityis showvn together
with its relative change.

parameter unit value change .
(%] [nC/m]
(ref. casep) 0.5
bunchspacing ns 216 +100 0.00
beamradius mm 4.8 +100 0.4
piperadius mm 60 +50 0.02
e-gen./lmnch 50 —50 0.5
e-gen./lnnch 1000 +1000 0.5
e-gen.radius mm 40 +1660 0.5
bunchlength ns 18 +28 0.4
bunchlength ns 10 —28 0.6
bunchshapen 1 0.3
bunchshapen 6 0.6
bunchchage nC 12 —25 0.00
bunchchage nC 14 —12 0.2
bunchchage nC 18 +12 0.8
Nstices 10000 +200 0.5
Niacros initial 2500 41000 0.5
smoothingd mm 0.01 -90 0.5
Ace, initial pC/m 0.016 —99 0.5
P 0.7 —12 0.2
Py 0.1 =50 0.5
Ereflect eV 80 +33 0.6
Predif'fuse 0.4 —20 0.6
Omaz 2.0 —20 0.00
Omaz 2.2 —12 0.01
Eraz eV 350 +17 0.1
Eccondary eV 30 +50 0.9
ag 0.4 —20 0.4
o 0.0 —100 0.3
g 5.0 +500 0.9

The simulationresultis not sensitve to the numberor
locationof electronggeneratedluringa bunchpassagethe
numberof longitudinalslices,the numberof initial macro
particlesor the smoothinglengthd. It is alsonot sensi-
tive to theinitial line electronline densitysothatthefinal
line densityis determinedthroughthe parameterf the
multiplication process However, theresultis, to a varying
degree,sensitve to almostall otherparameters.

6 SUMMARY

The signsof the measureatoherenthorizontalandver-
tical tuneshiftsalongbunchtrainsin RHIC areconsistent
with the existenceof electronclouds. From the measured
tune shifts electroncloud densitieswere estimated.Elec-
tron cloud densitiesof the sameorderof magnitudecould
alsobeobtainedn simulationsvith beamintensitiessome-
whathigherthanin themeasurementd.he clouddensities
estimatedirom the tune shift measurementsould not be
reproducedvith the bunchintensitiesin the measurement.

Thus,physicaleffectsmaybe missingin the simulationor
thereis an insufficient knowledgeof the surfaceparame-
ters.
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