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Abstract

Intenseion beamsin RHIC leadto a rise in thevacuum
pressure.Electroncloudscancontributeto sucha process.
To measureelectronclouddensitiesthecoherenttuneshift
along the bunch train was observed with different bunch
spacingsandintensities.Fromthemeasuredcoherenttune
shift electronclouddensitiesarecomputedandcompared
with densitiesobtainedin electroncloudsimulations.

1 INTRODUCTION

During theRHIC 2001gold run thenumberof ionsper
bunchwascontinuallyincreasedup to thedesignvalueof�����

at theendof therun. Furthermore,it wasattemptedto
doublethenumberof bunchesperring from 55to 110.Op-
erationwith 110bunchesled to pressurebumpswith pres-
sureshigh enoughto preventoperation.In someinstances
thepressurein thewarmsectionsincreasedfrom

���	�
�
Torr

to
���	�
�

Torr [2]. With thedesignintensityof
�����

ionsper
bunchand55bunchesin eachbeamstoredat injection,the
vacuumsystemalsoabortedthebeams.Basicmachinepa-
rametersarelisted in Tab. 1, a completeoverview canbe
foundin Ref. [1].

Measurementswereinitiatedto characterizetheelectron
cloud built-up andto investigatethe possiblerole of elec-
troncloudsin thepressurerise.Sincenodedicatedelectron
detectorsare currently available in RHIC thesemeasure-
mentswerebeam-based.To obtainanestimateof theelec-
tron clouddensity, thecoherenttuneshift alongthebunch
train wasdetermined.Theestimatedelectronclouddensi-
tiescanbecomparedwith simulationresults.Suchcompar-
isonswerealsodonefor the low energy ring of KEKB [3]
andtheSPS[4,5].

ThelastRHIC runalsoallowedthemeasurementof pro-
ton beams. Gold andproton beamshave the samenum-
ber of bunchesand approximatelythe samecharge per
bunch (seeTab. 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.Theaveragebetafunctionsarethesame
for bothplanes,soarethebeamemittances.

2 COHERENT TUNE SHIFT
MEASUREMENTS

Coherenttunes shifts along bunch trains at injection
were measuredwith two methods. First, a single beam
�
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Table1: Machineandbeamparametersfor gold andpro-
tonsduringRHIC Run2001/2002,at injection.

parameter unit Au� ��� p
�

atomicnumber� ... 79 1
massnumber� ... 197 1
relativistic � ... 10.5 25.9
harmonicno. � ... 360 360
no. of bunches ... 55/110 55/110
bunchspacing ns 216/108 216/108
ionsperbunch ��� ...

����� ���	���
emitt. �����
�  �"!�# $ m 10 25
buncharea% �"!"# eV& s/u 0.4 1.0
full bunchlength ns 18 14

positionmonitor (BPM) in eachplanerecordedthe injec-
tion oscillationsof the last incomingbunch. TheseBPMs
are part of the tune meter system[7]. Typically 1024
turnswererecordedandthetunesareobtainedfrom a Fast
FourierTransform(FFT)of thecoherentbeamoscillations.
An exampleis shown in Fig. 1. In this case110 bunches
wereinjectedwith anaverageintensityof

�(' ) & ��� �"� protons
perbunch. Thetotal tuneshift after110bunchesamounts
to * ' + & ���	�
, . For goldbeamsandprotonbeamswith large
bunchspacingthe resolutionof thesetunemeasurements
wascomparableto thetuneshiftsobserved.Thetunemea-
surementswereimprovedwith asecondmethod.

Theorbit systemwassetto recordthe injectionoscilla-
tionsof thelast incomingbunchin 12 BPMs. In this mea-
surement,all BPM datawerefiltered and the peakin the
spectruminterpolated.In addition,thetuneof eachbunch

Figure1: Coherenttunesmeasuredalonga Yellow trainof
110protonbuncheswith 105nsspacing.Dueto coupling
bothtransversetunesarevisible.
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Figure2: Coherenttunesmeasuredalonga Blue train of
63 gold buncheswith 105nsspacing.Individual dotscor-
respondto thetunesfrom differentBPMs. Thesolid lines
arelinearfits to thedata.

could be obtainedasan averageof the 12 BPM measure-
ments. This procedureis outsidethe currentoperational
capabilitiesof theBPM system.A measurementis shown
in Fig. 2. In this casea train of 63 buncheswasinjected
with anaverageintensity

�(' /�+ & ����� gold ions.Thevacuum
systemabortedthe fill. Furthermore,a transferfunction
measurementwas testedfrom which the tunesalong the
bunchtrainscanbeobtained.

In the measurements,an increasein both transverse
tuneswas observed, consistentwith the existenceof an
electroncloud. The tune shift is aboutthe samefor the
horizontalandverticalplane.

In Tab. 2 the resultsof all measurementsare summa-
rized.Measuredtuneshiftsareof order

���0�
,
andaresome-

timescomparableto themeasurementresolution.Thedata
areconsistentwith theexpectationthathigherbeaminten-
sitiesandshorterbunchspacingleadto largertuneshifts.

3 ELECTRON CLOUD DENSITIES

A bunchpassingeachturnthroughastaticelectroncloud
with uniformspatialdensity1(2 experiencesacoherenttune
shift [8–10]

354 �6�  87 1(2 9;: �
�<�

�  �� �>=?�6�  A@B � �DC �  
E�F (1)

where � �6�  arethesemiaxesof anelliptical chamber, = �6�  
theaveragebetafunctions,@ thelengthof thesectionswith
electronclouds,and 9;: 7 �G' +�)�H0I & ���	�J�LK m the classi-
cal proton radius. In the caseof a round beamchamber
( � � 7 �  7 � ) androundbeams(=M� 7 =M 7 = ) the tune
shifts in bothplanesarethesame(

3N4 � 7 3N4  7 3N4
)

andEq.(1) canbesimplifiedto

3N4 7 1 2 9 : �
�<�

=O@
*
'

(2)

Table2: Measuredcoherenttuneshifts
3N4

alongbunch
trains.Thevaluesgivenarethedifferencein tunebetween
bunch55andbunch1,andareaveragedoverthehorizontal
and vertical tune shift. The numberof measurementsis
shown in brackets.

bunchspacing chargeperbunch tuneshift
3N4

Au� ��� p
�P QSRUT ���	�WVGX ���0�S, ���	�
,

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 Y62 7[Z 9;\ 1(2 where9 denotesthe
averagebeampipeinnerradius.Thechargeline densityis
givenby Y
]^2 7 Y
2 X where

X
is theelectroncharge.

We considerthe casesof electroncloudsin the whole
ring andcloudsin thewarmregionsonly. Thelatteris mo-
tivatedby thefact thatsignificantpressureriseswereonly
observedin warmregion.

For relativistic ion beamswith thesamerigidity thefac-
tor

B 9 : �`_��a� E in Eq. (2) is approximatelyconstant.How-
ever, gold and proton beamswere injectedinto different
lattices,resultingin differentvaluesfor = in bothcases.

The relevant machineparametersfor all casesand the
computedelectroncloud densitiesare shown in Tab. 3.
With the assumptionsmade,oneexpectscharge line den-
sities of 0.2 to 2 nC/m to accountfor the measuredtune
shifts.

Eq.(2) givesonly aroughestimatefor theelectroncloud
densityfor two reasons.First,with long bunchesthecloud
may not be staticwhile the bunch is passingthrough. In
RHIC electronscan perform a few oscillationsduring a
bunch passage. Second,the cloud density may not be
distributeduniformly in space. In Ref. [10] the effect of

Table3: Machineparametersandcomputedelectroncloud
densitiesfor differentcloudlengthsandspecies.

parameter unit Au� �"� p
�

tuneshift
3N4 ���0�
,

1.1 1.39 wholering m 0.049 warmregionsonly m 0.06= wholering m 30 36= warmregionsonly m 42 76@ wholering m 3834@ warmregionsonly m 700
1S2 wholering

��� ���
m
�
,

3.3 2.91S2 warmregionsonly
���	���

m
�
,

12.8 7.6
Y 2 wholering

�����
m
�b�

1.6 1.4Y 2 warmregionsonly
�����

m
�b�

14.5 8.6
Y6]^2 wholering nC& m �b�

0.26 0.22Y6]^2 warmregionsonly nC& m �b�
2.32 1.38
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Figure3: Geometryusedin theelectroncloudsimulations.

thebunchlengthon theobservedtuneshift is investigated
analyticallyandnumerically. Significantdeviations from
Eq. (2) arefoundfor electroncloudsof sizecomparableto
thebeamsizewhile theequationholdsfor electronclouds
large comparedto the beamsize. In the simulationsre-
portedin Sec.5 it is foundthat theelectroncloudis much
larger thanthebeamsize. This wasalsofound in a RHIC
simulationwith anothercode[11]. A transversely large
electroncloud, filling most of the beampipe, is also a
goodapproximationfor a cloudwith uniform spatialden-
sity. Thus Eq. (2) shouldgive a useful estimatefor the
electronclouddensities.

4 ELECTRON CLOUD SIMULATIONS

Thecomputercodeusedherewaswritten by oneof the
authors(M.B.) to studyboththeeffectsof electrongapsur-
vival andtheelectricfieldsgeneratedby theelectrons[12].
It wasusedpreviously for thePSR[13] andtheSNS[14].

The codeassumesthat the positively chargedion beam
and the electroncloud are both cylindrically symmetric
within around,straightvacuumchamber, withoutanexter-
nalmagneticfield. Longitudinalelectricfieldsareignored,
sincethey producevelocitiessmall comparedto thebeam
velocity. The spatialdistribution of the electroncloud is
modeledasasumof �dc`e ]^f�g cylindrical shellswhichserve
as macroparticles. This is shown in Fig. 3. The macro
particleshellscanhaveanangularmomentum.

The evolution of the cloud is computedby accelerat-
ing the shells,andcreatingsecondaryelectronswhenthe
macroparticleshit thewall. In addition,electronsarecre-
atedeitherat the wall or in the beampipe with a genera-
tion rateproportionalto the instantaneousbeamline den-
sity. Thegenerationratemustbeestimatedoutsidethepro-
gram from processessuchas restgasionizationor beam
lossdrivenelectrongeneration.

The accelerationof shell h , with radius9Gi , dueto shellj
, with radius9;k is takento benonzeroonly if 9Gimln9Gk . In

this casetheaccelerationis

o9 i 7 * 9 2qp \ Y k 9Gir \ C 9 \i F (3)

where9 2 is theclassicalelectronradius,p thespeedof light
and Y k is theelectronline densityof shell

j
. Thesmooth-

ing length
r

is typically anorderof magnitudesmallerthan
the beamsize. The electricfield dueto the ion beamhas
the sameform asthatdueto electronsat 9 7 �

, Y62 being
replacedby theinstantaneousbeamline densitymultiplied
by theion chargestate,��Y � .

The time dependenceof the instantaneousbeamline
densityis givenby

Y6� Bts Eu7 Y
� � : 2 e k �wv s \
x \

y
F (4)

where z can be chosento fit the measuredlongitudinal
beamprofile. For largez formula(4) approximatesaGaus-
sianbeamprofile. x is a measurefor thebeamlength.

Thebeamis typically dividedinto severalthousandlon-
gitudinal slices �d{�|~} ]^2 , and the electroncloud is updated
with every longitudinal slice. Electron macro particles
cancarrydifferentchargeswith aminimumandmaximum
charge defined. Macro particlenumbersrangefrom hun-
dredsto hundredsof thousands.

Thegenerationof secondaryelectronsfollows largely a
model that is presentedin Ref. [15]. When an electron
macroparticlewith energy � hits the wall, it is first de-
terminedwhethertheelectronis reflectedor generatessec-
ondaryelectrons. In the following, �?f denotesa random
numberoutof auniformdistributionbetweenzeroandone.
Theelectronis reflectedif

�?f �`����� C B �0V v ��� E X �(�J���0����� � ����� F (5)

where��V , �0� , and ���W�^�q�^�^� areinputparametersthatshould
bedeterminedin measurements.�0V and �0� aretheproba-
bilities of reflectionat zeroandlargeenergy respectively.

If the electronmacroparticle is reflected,it canbe re-
flectedelasticallyor it canbe rediffused. It is rediffused
if � f \ ��� �W�^��� �����L� F (6)

where � �W�^�>� �q�>�W� is aninput parameter. Otherwiseit is elas-
tically reflected.In the formercasethe energy of theout-
goingelectronmacroparticleis �?f , � ; in the latter caseit
is � .

If theelectronmacroparticleis notreflected,it generates
secondaryelectronmacroparticleswith theemissionyield�

givenby

� B � E�7 � cwe �¡  �;'�� �wv£¢�¤6¥ v * ' ) B �¦_��Ocwe � E ��§ ,"!B �D_�� c`e �(E V�§ ,"!
'

(7)� cwe � and �Ocwe � areinput parameters.The line densityof
thegeneratedmacroparticleis

Y k � g�¨�© 7 Y k � B � E X�ª(«�¬ �"� �^­"�q®�¯ F (8)
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Figure4: Definitionof angle ° .

where ±	² is aninput parameterand ° is the incidentangle
relativeto thesurfacenormal(seeFig.4). If thelinedensity
is below thesetlimit, themacroparticleis dropped.If the
line density is above the set limit, more than one macro
particle is generated.The energy of the generatedmacro
particlesis

�Og"¨q© 7 �u�W�^�^­�³>��´"�Wµ·¶U¸ Q Z
* �?f �

'
(9)

�u�W�^�^­�³>��´"�Wµ is aninput parameter.
Thedistribution of theoutputangle °�g�¨�© is thesamefor

reflectedandsecondaryelectrons,andindependentof the
incidentangle ° , thusassuminga roughsurface. The dis-
tribution of °�g"¨�© is givenby

� B ° E r °D¹ B�º>»�R ° E ª�¼ R"½¾Q ° r ° F (10)

wheretheparameter±	® is aninputparameterbetweenzero
(equivalent to black body radiation)and infinity ( °�g"¨q© 7
const 7¿Z _>* ). The list of input parametersis shown in
Tab. 4.

5 SIMULATION RESULTS

Sincethe simulationshave many input parametersand
theresultis very sensitive to changesin a numberof those
we first definereferencecasesfor gold andprotonbeams.
Thereferencecasesshouldbecloseto worstcasescenarios
with respectto the beamparameters.We will then vary
input parameterin one of the referencecasesto find the
sensitivity of theresultwith respectto theseparameters.

The two referencecasesare basedon designintensi-
ties andshortbunchspacing. The casesdiffer slightly in
thechargeperbunchandsignificantlyin thebunchlength.
Furthermore,restgasionizationis assumedfor theproton
caseand loss-driven electrongenerationin the gold case.
Beamandbeampipesizescorrespondto anassumedelec-
tron cloud in thewholemachine.Thetwo casesarelisted
in Tab. 4.

In Figs.5-10thesimulationoutputis shown for thepro-
ton referencecase.Fig. 5 shows theion beamandelectron
cloudchargeline densities.After 25 bunchestheelectron
cloud is saturatedat approximately0.3 nC/m. Thesatura-
tion is alsovisible in Fig. 8 whichonly showsthelastthree
bunches. The saturationcharge line density is compara-
ble to expectationsfrom the tuneshift measurements(cf.
Tab. 3). However, the tuneshift measurementsweredone
at lowerbunchcharges.

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

parameter unit Au� �"� p
�

bunchspacing ns 108
bunches ... 55
rmsbeamradius mm 2.2 2.4
piperadius mm 40
electronsgenerated/bunch ... 40000 100
electrongenerationradius mm 40 2.4
full bunchlength ns 18 14
bunchshapeparameterz ... 3 3
bunchcharge nC 13 16
longitudinalslices ... 5000
macroparticles,initially ... 2500 250
smoothinglength

r
mm 0.1

Y
]^2 , initial pC& m �b�
1.6� V ... 0.8� � ... 0.2� �W�^�q�^�^� eV 60� �W�^��� �����W� ... 0.5� cwe � ... 2.5�Ocwe � eV 300���W�^�^­"³��>´��Lµ eV 20±M² ... 0.5±M® ... 1.0

Figs. 6 and 9 show the transverserms size of the ion
beamandelectroncloudfor thewholebunchtrain andthe
last three bunchesrespectively. The electroncloud size
dropswhile thesecondhalf of thebunchis passing,asac-
celeratedelectronshit the wall. On averagethe electron
cloud is much larger than the ion beamand its rms size
is consistentwith a approximatelyuniform density. For
a transverseuniformly distributedelectroncloud, the rms
sizewould be 9 _�À * .

In Figs.7 and10 theaveragekinetic energy of theelec-
tronsandtheelectroncurrentinto thewall areshown. From
this, an estimateof the heatload into the wall canbe ob-
tained. From Fig. 10 onefinds an averagekinetic energy
of approximately0.03 keV and averageelectroncurrent
of about20 mA/m. This correspondsto a heat load of
0.6 W/m or 1.8 kW for the cold part of the ring, assum-
ing thatall kinetic energy is transformedinto heat.No in-
creasedheatload was observed during the testsin 2001.
Theminimumdetectableheatloadis 150W[16].

The simulationof the gold beamreferencecaseshows
no significantincreasein the initial electronline density.
The final densityafter 55 bunchesis two ordersof mag-
nitude smallerthan in the proton referencecase. This is
largely dueto the longerbunchesandthe reducedcharge
perbunch.

The sensitivity of the computedelectroncloud density
with respectto theinputparameterswasestimatedby vary-
ing singleinput parametersonly. This is shown in Tab. 5.
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Figure5: Ion beamandelectroncloud line densityfor the
protonreferencecase.
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Figure7: Averagekinetic energy of electronsandelectron
current into the beampipe wall for the proton reference
case.
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Table5: Maximumchargeline densityafter55 bunchesin
simulationsundervariation of input parameters.In each
caseonly one parameterof the proton referencecaseis
changedand the resultingline density is shown together
with its relativechange.

parameter unit value change Y
]^2PtÅmT P QbÆ _�Ç T
(ref. case p) ... ... ... 0.5
bunchspacing ns 216 C ����� 0.00
beamradius mm 4.8 C ����� 0.4
piperadius mm 60 C +�� 0.02
e-gen./bunch ... 50

vw+��
0.5

e-gen./bunch ... 1000 C ������� 0.5
e-gen.radius mm 40 C ��/�/�� 0.5
bunchlength ns 18 C *�È 0.4
bunchlength ns 10

v *�È 0.6
bunchshapez ... 1 ... 0.3
bunchshapez ... 6 ... 0.6
bunchcharge nC 12

v * + 0.00
bunchcharge nC 14

vD� * 0.2
bunchcharge nC 18 C � * 0.8
� {�|�} ]^2 { ... 10000 C * ��� 0.5� cwe ]^f"g , initial ... 2500 C ������� 0.5
smoothing

r
mm 0.01

vwÉ��
0.5

Y ]^2 , initial pC/m 0.016
vwÉ�É

0.5��V ... 0.7
vD� * 0.2��� ... 0.1
vw+��

0.5���W�^�q�^�^� eV 80 C )�) 0.6� �L�^��� �����W� ... 0.4
v * � 0.6� cwe � ... 2.0
v * � 0.00� cwe � ... 2.2
vD� * 0.01� cwe � eV 350 C ��I 0.1���W�^�^­"³��>´��Wµ eV 30 C +�� 0.9± ² ... 0.4
v * � 0.4± ® ... 0.0
vD�����

0.3± ® ... 5.0 C +���� 0.9

The simulationresult is not sensitive to the numberor
locationof electronsgeneratedduringabunchpassage,the
numberof longitudinalslices,thenumberof initial macro
particlesor the smoothinglength

r
. It is also not sensi-

tive to the initial line electronline densityso that thefinal
line density is determinedthroughthe parametersof the
multiplicationprocess.However, theresultis, to a varying
degree,sensitive to almostall otherparameters.

6 SUMMARY

The signsof the measuredcoherenthorizontalandver-
tical tuneshiftsalongbunchtrainsin RHIC areconsistent
with the existenceof electronclouds. Fromthe measured
tuneshifts electroncloud densitieswereestimated.Elec-
tron clouddensitiesof thesameorderof magnitudecould
alsobeobtainedin simulationswith beamintensitiessome-
whathigherthanin themeasurements.Theclouddensities
estimatedfrom the tuneshift measurementscould not be
reproducedwith thebunchintensitiesin themeasurement.

Thus,physicaleffectsmaybemissingin thesimulationor
thereis an insufficient knowledgeof the surfaceparame-
ters.
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