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Abstract

We have studiedthe possibility to detunean electron
cooler in order to have a high-currentsingle bunch go
througha controlledelectroncloudof known density. This
experimentcouldprovideinformationontheelectroncloud
instability like its dependenceon chromaticity, beamsize,
beamenergy, andbunchlength,andpermitacalibrationof
thesimulationcode.We presentsimulationresultsfor the
SIS (Heavy-Ion Synchrotron)ring of GSI, equippedwith
electroncooler, andexplorefor whichparametercombina-
tions of beamintensity, bunch length,solenoidfield, and
electroncurrentaninstability mightoccur.

1 INTRODUCTION AND MOTIVATIONS

The single-bunch instabilities driven by an electron
cloud [1] arecurrentlystudiedby meansof analyticalap-
proaches[2] as well asof multi-particlesimulationscar-
ried out with theHEADTAIL codedevelopedat CERN[3].
Simulationcampaignsfor a numberof existing machines
wherethe electroncloud hasbeenobserved or for future
rings where it will potentially be a limiting factor, have
highlighteda seriesof commonfeaturesof this typeof in-
stability: it appearsabovea certainthreshold(in bunchin-
tensityor clouddensity),it getsdampedby positivevalues
of chromaticityin machinesoperatingabovetransition,it is
moreseverefor long bunches,it maybeeasilysuppressed
by weaksolenoidfieldspresentalongthering, andit is ex-
pectedto beonly verticalin ringswheretheelectroncloud
mainly buildsup in dipoleregions.
Thegoalof thispaperis to discussaway to benchmarkthe
resultsof thecodeagainstexperimentaldataacquiredin a
situationwherethe electroncloud is known in detail and
controlled. When instability is generated,its dependence
on chromaticityand/orbunchlengthcould be experimen-
tally investigatedandassessed.Theelectroncoolerappears
to beaverypromisingtool to beusedfor thispurpose.The
electroncoolergeneratesa beamof electrons,which over-
lapswith the main beamstoredinsidea ring (andusually
madeof positiveions),alongasmallstraightfractionof the
whole circumference.In standardoperation,the electron
beamhasthesamemeanvelocity astheion beamin order
to effect its coolingby meansof thermalexchangethrough
collisions.For theexperimentthatwepropose,weneedan
electronbeammuchslower thanthe ion beam(or moving
in oppositedirection),suchthat the head-tailcoupling in
the bunchdueto the passagethroughthe quasi-stationary
electronscantakeplace.Theelectronsareproducedafresh
at eachturn. For the setof parametersandtunability that
it offers, the heavy ion synchrotronSISat GSI-Darmstadt

seemsa suitablecandidateto conductthis study. In Sec.II
we will describetheexperimentthatwe have conceivedat
the SIS in its detailsanddiscussrangeswithin which pa-
rameterscanbevariedin orderto optimizethechancesof
success.SectionIII will be devotedto the resultsof sim-
ulationsfrom theadequatelymodifiedHEADTAIL codefor
somesamplecasesworkedout in Sec.II. In Sec.IV con-
clusionsaredrawn.

2 EXPERIMENTAL STUDY OF THE
ELECTRON CLOUD INSTABILITY AT

THE SIS

A list of essentialsimulationparametersfor theelectron
coolerexperimentaresummarizedin TableI.
Through multi-turn injection into the SIS, intensitiesup
to 1 to 2 ���������	��
 /beamare accumulated. The beam
can then be acceleratedup to 2 GeV/u inside the SIS. It
can be split into 4 buncheswith an intensity of 2.5 to 5�������� ions eachand 5 to 10 m long (in total), as is re-
quiredfor theacceleratingprocess,or the4 bunchescanbe
optionallymergedinto onesinglebunch10 to 20 m long.
Maximum detuningof the electronbeamwith respectto
the ion beamcanbeachievedby tuningtheelectronbeam
on the ions at injection energy (10 MeV/u). This means
that we candisposeof an electronbeamhaving relativis-
tic factors����� ��������� and ����� ��������� , whereasthe ions
have ����� � �!�#"%$ after acceleration.Becauseof the non-
negligible longitudinalmotionof theelectrons,amodifica-
tion to theordinaryHEADTAIL codehasbeenimplemented
to takeintoaccounta“sliding” effect: eachbunchslicesees
mostly the previously deformedelectroncloud but alsoa
small fractionof newly generatedelectronsin substitution
of thosecollectedto theanodein the & t betweentwo sub-
sequentslices.
Theelectronsin thecoolerareguidedby a solenoidfield,
whoseminimumintensity(known asBrillouin field [4]) is
proportionalto thesquareroot of theelectroncurrentden-
sity (andthereforeto theelectronvolumedensity, too),

' � "%( �*)+� � �, +- ����.0/214365798�:<; (1)

where )+� is the electroncurrentand 3 7=8 is the radiusof
the crosssectionof the electronbeam. Available elec-
tron currentsat theSIScoolerarein therange0.35–1.5A
(>?�A@ ) � ). The radiusof the crosssectionof the elec-
tron beam3 7=8 can be equalto the radiusof the cathode,
or canbe expandedby a factoras large as B � (namelya
factor3 in thecrosssection)[4]. Maximumdensityis ob-



tainedwith maximumcurrentandminimumcrosssection
expansion() �C� ����D�� A, 3 7=8 �E3�F ). Thesevaluesyield
>?GIH�J� � �K� "��L�M�����ON m P�Q . Unfortunatelythehigh density
also requiresa quite strongsolenoidfield to be confined,
which canbe evaluatedusingEq. (1):

' GIH�JR� $K� � mT.
Strongsolenoidfieldsarenot desirablein this context, be-
causethey areknown to haveastabilizingactionandthere-
fore pushthe instability thresholdshigher[5], makingthe
regime in which we areinterestedmoredifficult to reach.
Minimum solenoidfield is associatedwith minimum cur-
rentandmaximumcrosssectionexpansion() �S� ��� � � A,
3 7=8 � B �63�F ): ' GIT UV� "K� � mT. The densitycorrespond-
ing to this valueis >?GIT U� �W� � � �X����� Q m P�Q . In the sim-
ulationsdescribedin thenext Sectionanintermediatecase
with >?�Y� �����ON and

' � ����D mT will be examined.The
averagedensityaroundthering is ����� 5 m PZQ .

Table1: SISparametersusedfor thesimulations.

Circumference 216m
Relativistic � 3.129
Numberof bunches 1 to 4
Bunchpopulation( [ 7 ) "�� �L�\�#���O to �����]�^��

Emittances( ,`_�a b ) � �!D#��cd�6� "��fe m
Tunes( g _�a b�a h ) 4.308/3.29/4.8����� P N
Bunchrms-length( idj ) 1.25m to 5 m
Beta’s at thecooler(� _0a b ) 7.67/8.12m
Mom. compaction( k ) 0.0356
Rms-energy spread( l�m c m  ) �K� " to "��n����� P N
Coolerlength(&�o?prq�q�s ) 3 m
Coolercathoderadius(36F ) 1.27cm
Electroncurrent() 8 ) 0.35to 1.5A
Electronrelat. � � 0.145

3 SIMULATION OF THE TWO-STREAM
INSTABILITY

The codeHEADTAIL hasbeenusedto simulatethe ef-
fectof theelectronsfrom acooleron thebunched�t
 ions
circulatingin the SIS.For this purposetwo majormodifi-
cationsof theoriginal codewereneeded.First, a solenoid
field actingon theelectronshasbeenadded.Recentstud-
ies on the wake functionsdue to the electroncloud have
shown thata solenoidfield canlowerby oneor two orders
of magnitudethetrailingfield inducedbyadisplacedbunch
headastherestof thebunchgoesthroughanelectroncloud
[3, 5]. Thereforethepresenceof a solenoid,which is nec-
essaryin the cooler to keepthe electronstreamconfined,
is expectedto playanimportantrole thatshouldnotbene-
glectedin a realistic study. Second,the electronsin the
cooler, even if they are slow with respectto the ions in
thebeam,haveahigh longitudinalvelocity(about0.145. ),
which causesa small fractionof electronsto be lost to the
anodeduring the bunchslicepassagetime &vu h`w andto be
replacedby newly incomingelectrons.In mostcases,this
is asignificanteffectsincewecaneasilycheckthat,for the

shortbunches( x � m), at the very endof the bunchbe-
tween1/3 and1/2 of the electronshave beenregenerated
during thebunchpassageandthusdo not carryany mem-
ory of the bunchhead.This effect becomesworseyet for
longerbunches.In quantitativeterms,wecouldsaythatthe
longitudinalmotionof theelectronsintroducesasortof in-
teraction length above which any possiblecouplingalong
the bunchdisappears:&�y{z2|6}S� &�o prq�q]s /2�4z c � 8�~ � : . SIS
numbersyield &�y{z2|6}^x ��� m, whichmeansthatin thecase
of the singlelong bunchheadandtail arenot coupledby
thecooler(thewakefield hasashorterrangethanthewhole
bunchlongitudinalextension).
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Figure1: Horizontalcentroidmotionof anSISbunchwhen
thecoolerparametersare> 8 � ����� 5 m P�Q and

' � ����D mT.
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Figure2: Vertical centroidmotion of an SIS bunchwhen
thecoolerparametersare> 8 � ����� 5 m P�Q and

' � ����D mT.

Both thesolenoidfield andtheinteractionlengthtendto
havea stabilizingeffecton thebeam.
Resultsfrom HEADTAIL simulationsshow that using the
setsof nominalparametersfound in the previous section,
the bunchnever becomesunstablebecauseof the cooler.
For instance,Figs. 1 and2 show the centroidmotion for
the intermediatecase> 8 � ��� � 5 m P�Q andsolenoidfield' � �K�!D mT (4 bunchesin theSIS).Thesinglebunchdoes
not exhibit any significantunstabledipoleoscillationover
2000turns.
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Figure 3: Emittancegrowth of an SIS bunch when the
coolerparametersare> 8 � ��������� Q m PZQ and
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Figure4: Verticalcentroidmotionof anSISbunch(single
bunchconfiguration)whenthecoolerparametersare> 8 ��#��� 5 m PZQ and
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If we move parametersaway from the nominalsetting,
we caneasilycrossthestability boundary. As examplesof
instability drivenby theelectroncoolerwe present:

� 4 bunchesconfiguration,solenoidfield about0.01T,
electronbeamdensity> 8 � ���C��� � Q m P�Q , which is
abouta factor10higherthanthoughtto beachievable
at the SIS cooler. The vertical emittancegrowth for
this caseis plottedin Fig. 3.

� Single bunch configuration, electron beam density
> 8 � �#��� 5 m PZQ , solenoidfield

' � �K� ��D mT, namely
ten times lower than requiredto keep the electron
beamstablein the SIS cooler. The vertical centroid
motions is plotted in Fig. 4, and relative emittance
blow-upsin Fig. 5.

4 CONCLUSIONS AND OUTLOOK

Simulationscarriedout usingtheparametersfor theSIS
synchrotronindicatethat the instability cannotbe driven
in this particularring understandardworking conditions.
Possiblesolutionswould be to pushthe currentto higher
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Figure 5: Emittance growth of an SIS bunch (single
bunchconfiguration)whenthecoolerparametersare> 8 ������ 5 m P�Q and

' � �K� ��D mT.

valuesand/orhaveatransverselysmallerbeamatthecooler
sectionand/ordecreaseg h . Anotherpossibility to be ex-
ploredis theexcitationof a regularhead-tailinstability in-
steadof a TMCI by settingthechromaticityto appropriate
positivevalues(aswe arebelow transition).
Simulationshave anyway proven that by pushingthe pa-
rameterssufficiently abovesomeSISthresholds,thestrong
head-tail instability can be triggered. This meansthat
the useof machinesother than the SIS shouldbe taken
into consideration,wherea morefavourableratio between
coolersectionandring circumferenceand/orhigherproton
currentscouldbeavailable.Presently, theideaof usingthe
ESRat GSI in isochronousmode(bunchesare longitudi-
nally frozen)appearsespeciallypromising.
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