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Abstract

We have studiedthepossibilityto detuneanelectroncooler
in orderto have a high-currentsingle bunchgo througha
controlled electroncloud of known density This exper
iment could provide further information on the electron
cloud instability, including its dependencen chromatic-
ity, beamsize,beamenegy, andbunchlength,andpermit
a calibrationof the simulationcode. We presentsimula-
tion resultsfor the SIS (Heavy-lon Synchrotron)ring of
GSiI, equippedwith electroncooler andexplore for which
parametercombinationsof beamintensity bunchlength,
solenoidfield, andelectroncurrentaninstability might oc-
cur.

1 INTRODUCTION AND MOTIVATIONS

Gasionizationand/orphotoemissiorcombinedwith elec-
tron multiplication dueto the secondaryemissionprocess
ontheinnersideof the beampipe mayinducethe build up
of an electroncloud, which cansignificantly degradethe
performancef rings operatingwith closelyspacedroton
or positronbunches.The undesirecelectroncloud causes
pressureise andbeaminstability whenthe parametersire
pushedabove certainthresholdg1].

The single-tunchinstabilitiesdriven by an electroncloud
arecurrentlystudiedby meansof analyticalapproachef2]
aswell asof multi-particlesimulationscarriedoutwith the
HEADTAIL codedevelopedat CERN[3]. In thiscode,the
interactionbetweerabunchof macro-particlesndanelec-
tron cloud modeledwith macro-electrongoncentratedt
oneor morelocationsalongthering is simulatedover suc-
cessve turns. Theapplicationof the HEADTAIL to anum-
berof existing machinesvherethe electroncloudhasbeen
obsered or to future rings whereit will potentially be a
limiting factor, hashighlightedaseriesof commorfeatures
of thistype of instability: it appear@bove a certainthresh-
old (in bunchintensity or cloud density),it getsdamped
by positive valuesof chromaticityin machinesoperating
abovetransition,it is moreseverefor long bunchesjt may
be easilysuppressetly weaksolenoidfields presentlong
thering, andit is expectedo beonly verticalin ringswhere
the electroncloud mainly builds upin dipoleregions.

The goal of this paperis to discussa way to benchmark
the resultsof the codeagainstexperimentaldataacquired
in a situationwherethe electroncloud is known in detail
and controlled. If this were possible,the dependencef
the electroncloudinstability on chromaticityand/orbunch

length could also be experimentallyinvestigatedand as-
sessedTheelectroncoolerappeardo beavery promising
tool to be usedfor this purpose.The electroncoolergen-
eratesa beamof electronswhich overlapswith the main
beampcirculating inside a ring (usually madeof positive
ions), alonga small straightfraction of the whole circum-
ference. In standardoperation,the electronbeamhasthe
samemeanvelocity astheion beamin orderto produceits
cooling by meansof thermalexchangethroughcollisions.
For the experimentthat we propose we needan electron
beammuchslower thantheion beam(or moving in oppo-
sitedirection),suchthatthe head-tailcouplingdetermined
in the bunch by the passagehroughthe quasi-stationary
electronscantake placeandmoreover be producedafresh
at eachturn. For the setof parametersndtunability that
it offers,the heavy ion synchrotronSIS at GSI-Darmstadt
seems suitablecandidatao conductthis study In Sec.ll
we will describethe experimentthatwe have concevedat
the SISin its detailsand discussrangeswithin which pa-
rameterscanbe variedin orderto optimizethe chanceof
success.Sectionlll will be devotedto the resultsof sim-
ulationsfrom theadequatelynodifiedHEADTAIL codefor
somesamplecasesvorked outin Sec.ll. In Sec.IV con-
clusionsaredrawn.

2 EXPERIMENTAL STUDY OF THE
ELECTRON CLOUD INSTABILITY AT
THE SIS

To understandhe singlebunchinstabilitiesdueto theelec-
tron cloud andthe dependencen bunchlengthandchro-
maticity, the use of an electroncooler at the GSI heary

ion synchrotronSIS could provide definite experimental
answers.Theideais to generateéhroughthe coolera con-
trolled electroncloud, very well localizedandwith known

features,whoseeffects on the beamcould then be easily
monitoredand analyzed. Contraryto what happensn a
cooling processan electronbeamusedfor simulatingan
electroncloudmustbe stronglydetunedwith respecto the
highenegyion beam.A list of essentiabimulationparam-
etersfor the electroncoolerexperimentaresummarizedn

Tablel.

Protonsor D™ ions are preferredin this experimentbe-
causeof their light masses. The reasonwhy the choice
wouldratherfall on D ionsthanon protondliesin thefact
thata high current D™ beamcanbe producednuchmore
easilyfrom the GSlion sourcesThroughmulti-turninjec-



tion into the SIS, intensitiesup to 1 to 2 x10'* D*/beam
or about10'° protons/beantan be achieved. The factor
10to 20in currentcomparedwith the factor2 in particle
masse®bviously rendersthe option of usinga D+ beam
more attractve. Sucha beamcanbe acceleratedip to 2
GeV/uinsidethe SIS. It canbesplitinto 4 buncheswith an
intensityof 2.5t0 5 x10'? ions eachand5 to 10 m long
(in total), asis requiredfor the acceleratingrocesspr the
4 bunchescanbe optionally mergedinto onesinglebunch
10to 20 m long. Maximumdetuningof the electronbeam
with respecto theion beamcanbe achiezedby tuningthe
electronbeamon theionsatinjectionenegy (10 MeV/u).
Thismeanghatwe candisposeof anelectronbeamhaving
relativistic factors3, = 0.145 and~. = 1.106, whereas
theionshave . = 3.129 afteraccelerationBecausef the
non-ngligible longitudinalmotionof theelectronsamod-
ification to the ordinary HEADTAIL codehasbeenimple-
mentedto take into accounta “sliding” effect: eachbunch
slice seesmostly the previously deformedelectroncloud
but also a small fraction of newly generatedelectronsin
substitutionof thosecollectedto the anodein the At be-
tweentwo subsequendlices.

The electronsin the coolerareguidedby a solenoidfield,
whoseminimumintensity (known asBrillouin field [4]) is
proportionalto the squareroot of the electroncurrentden-
sity (andthereforeto the electronvolumedensity too),

2 eIeﬂe
B= L’ (1)
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wherel, is theelectroncurrentandry. is the radiusof the
crosssectionof the electronbeam.Availableelectroncur

rentsattheSIScoolerarein therange0.35-1.5A. Currents
areeasyto relateto the electronvolumedensitiesvia

L.

(mri.)efec

The radiusof the crosssectionof the electronbeamry,
canbe equalto the radiusof the cathode(r, = 1.27 cm),
or canbe expandedby a factoraslarge as /3 (namelya
factor3 in the crosssection)[4]. Maximum densityis ob-
tainedwith maximumcurrentand minimum crosssection
expansion(l, = 1.75 A, r,e = r.). Thesevaluesyield
nax = 4.25 x 10 m=3. As theelectroncoolerstretches
only over Ascoo1 = 3 moutof C' = 216 mring length,the
simulateddensityintegratesthe potentialeffect of anelec-
tron cloud uniformly distributed along the ring and hav-
ing reducedequivalentdensityn'@*—¢4 = n’e“ax% =
6 x 10'2 m—3. Unfortunatelythe high densityalsorequires
a quite strongsolenoidfield to be confined,which canbe
evaluatedusingEqg. (1): B™** = 9.5 mT. Strongsolenoid
fields are not desirablein this context, becausahey are
known to have a stabilizingactionandthereforepushthe
instability thresholdshigher [5], making the regime in
which we areinterestedmoredifficult to reach.Minimum
solenoidfield is associategvith minimumcurrentandmax-
imum crosssectionexpansion(l. = 0.35 A, 7, = v/3r.):

Ne =

B™in = 2.6 mT. Densitiescorrespondingo this valueare
nin = 3.3 x 10 m~3 andn®™n ¢4 = 5 x 10! m~3.
In the simulationsdescribedn the next Sectionan inter-
mediatecasewith n. = 10'?2 and B = 6.7 mT will be
examined.

Tablel: SISparametersisedfor the simulations.

Circumference 216m
Relatvistic 3.129
Numberof bunches lto4
Bunchpopulation(NV,) 2.5 x 101%to 10!t Dt
Emittancege,,,) 3.75/1.25 um
Tunes(Qz,y,s) 4.308/3.29/4.&10~4
Bunchrms-length(c,) 1.25mto5m
Betasatthecooler(5; ;) 7.67/8.12m
Alpha’s atthecooler(ay,,) -0.66/-0.28
Dispersionatthe cooler(D, ,) 2.08/0m
Mom. compaction(c) 0.0356
Rms-enegy spreaddp/po) 5.2t021 x 10~
Chromaticitieq¢,, ) corrected
Coolerlength(A Lecool) 3m
Coolercathoderadius(r.) 1.27cm
Electroncurrent(l..) 0.35t0 1.5A
Electronrelat. 3. 0.145

3 SIMULATION OF THE TWO-STREAM
INSTABILITY INDUCED BY THE
ELECTRON BEAM IN THE COOLER

The code HEADTAIL has been used to simulate the
effect of the electronsfrom a cooleron the D™ ions of a
bunch circulatingin the SIS. For this purposetwo major
modificationsof the original code were needed. First,
a solenoidfield acting on the electronshas beenadded.
Recentstudieson the wake functionsdueto the electron
cloud have shown that a solenoidfield canlower by one
or two ordersof magnitudethe trailing field inducedby
a displacedbunch head as the rest of the bunch goes
throughan electroncloud [3, 5]. Thereforethe presence
of a solenoid,which is necessaryn the coolerto keepthe
electronstreamconfined,is expectedto play animportant
role that shouldnot be neglectedin a realisticstudy Sec-
ond, the electrondn the cooler, evenif they areslow with
respectto the ions in the beam,have a high longitudinal
velocity (about0.145:), which causesa small fraction of
electronsto be lost to the anodeduring the bunch slice
passagdime At andto be replacedoy newly incoming
electrons. In mostcasesthis is a significanteffect since
we can easily checkthat for the shortbunches(=~ 5 m),
when we come to the very end of the bunch, between
1/3 and 1/2 of the electronshave beenregeneratediuring
the bunch passageand thus do not carry any memory
of the bunch head. This effect becomesworse yet for



longer bunches. In quantitative terms, we could say that
the longitudinal motion of the electronsintroducesa sort
of interaction length above which any possiblecoupling
alongthe bunchdisappearsAl;,; = ALcool(8:/8e — 1).
SISnumbersyield Al;,; = 18 m, which meanghatin the
caseof the singlelong bunchin the machineheadandtail
arenot coupledby the cooler(the wake field hasa shorter
rangethan the whole bunch longitudinal extension). In
the code, we requirethat after V,; slicesonly a fraction
f =04 ALp/ALcoo1)Be/B; Of the N,,,. macroelectrons
musthave memory The effect canbe achievedif ateach
slice N, /(f % Ng) electronsareregenerate@nev.
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Figurel: Horizontalcentroidmotionof anSISbunchwhen
thecoolerparameteraren, = 1012 m—2 andB = 6.7 mT.
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Figure 2: Vertical centroidmotion of an SIS bunchwhen
thecoolerparameteraren, = 10*2m~—3 andB = 6.7 mT.

Both the solenoidfield andtheinteractionlengthtendto
have a stabilizingeffectonthebeam.
Results from HEADTAIL simulations shov that using
the setsof nominal parametersas found in the previous
section, the bunch never becomesunstable becauseof
the cooler For instance Figs. 1 and 2 shav the centroid
motion for the intermediatecasen, = 10'2 m~—3 and
solenoidfield B = 6.7 mT (4 bunchesin the SIS). The
single bunch does not exhibit ary significant unstable

dipole oscillation over 2000turns. Figures3 and4 shav
thatalsothebunchrms-sizesemainstableover2000turns.
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Figure 3: Horizontal rms-sizeevolution of an SIS bunch
whenthe coolerparametergren, = 1012 m—2 andB =
6.7 mT.
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Figure4: Verticalrms-sizeavolution of anSISbunchwhen

thecoolerparameteraren, = 10'2m=2 andB = 6.7 mT.

If we move parametersway from the nominal setting,
we caneasilycrossthe stability boundary As examplesof
instability drivenby the electroncoolerwe present:

¢ 4 bunchesconfiguration,solenoidfield about0.01T,
electronbeamdensityn, = 6 x 103 m—3, whichis
aboutafactor10 higherthanthoughtto beachievable
at the SIS cooler Horizontal and vertical emittance
growthsrelative to this caseareplottedin Figs.5 and
6.

e Single bunch configuration, electron beam density
ne = 102 m~3, solenoidfield B = 0.67 mT, namely
ten times lower than requiredto keep the electron
beamstablein the SIS cooler Horizontaland verti-
cal centroidmotionsareplottedin Figs.7 and8, and
relative emittanceblow-upsin Figs.9 and10.



T T T
Horizontal emittance evolution

3.98 ~

3.96 ~

&, (um)

3.94 - A

3.92 ~

3.9 L L L L L L L
0.8 1 12 14 1.6

t(ms)

S
o
N
o
IS
o
o

Figure 5: Emittancegrowth of an SIS bunch when the
coolerparameteraren. = 6x10'*m—3andB = 9.5 mT.
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Figure 6: Emittancegrowth of an SIS bunch when the
coolerparameteraren, = 6 x 1013 m—3 andB = 9.5 mT.

4 CONCLUSIONSAND OUTLOOK

In conclusion,we have studied possible beam-machine
configurationswhich would allow us to excite an insta-
bility on a proton or ion beamby meansof the electron
cooler Thefeasibility of this experimentwould provide an
invaluabletool to benchmarksimulationoutputsfrom the
electroncloud instability codesagainstreal dataobtained
undercontrolledconditions.

Simulationscarried out using the parametergor the SIS
synchrotronindicate that the instability cannotbe driven
in this particularring understandardworking conditions.
Possiblesolutionswould be to pushthe currentto higher
valuesand/othave atrans\erselysmallerbeamatthecooler
sectionand/ordecrease) . Anotherpossibility to be ex-
ploredis the excitation of a regularhead-tailinstability in-
steadof a TMCI by settingthe chromaticityto appropriate
positive values(aswe arebelow transition).
Simulationshave anyway proventhat by pushingthe pa-
rameterssufiiciently above someSISthresholdsthe strong
head-tail instability can be triggered. This meansthat
the use of machinesother than the SIS should be taken
into considerationwherea morefavourableratio between
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Figure7: Horizontalcentroidmotionof an SIS bunch(sin-
gle bunch configuration)when the cooler parametersre
ne = 102 m—3 andB = 0.67 mT.
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Figure8: Verticalcentroidmotion of an SIS bunch(single
bunchconfigurationwhenthe coolerparameteraren, =
1012 m=3 andB = 0.67 mT.

cooler sectionandring circumferenceand/or higher pro-
ton currentscouldbeavailable. Presentlytheideaof using
the ESRat GSl in isochronousmode (bunchesare longi-
tudinally frozen) appearsespeciallypromising. Work and
inter-lab activity is undervwayto studyin detailthis anddi-
versefurtherproposedptions(useof the CERN-AD or the
e-cooleratthe FNAL).
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