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Abstract

In anenegy recovery linac (ERL) wherebeam-los$has

Tablel: Parametersf the Cornell ERL usedfor the exam-
plesin this paper

to be minimal, andwherebeampositionsandemittances = Normalizedemittances "x = "ny [ 0:3 10 ®m
have to be very stablein time, optic errorsandbeaminsta- Enegy spread 2 10 4
bilities dueto ion effectshave to be avoided. Possiblythe Electroncurrent I 0:1A
leastunattractve way of eliminatingionsin anERL is the Bunchchage Q 77pC
installationof clearingelectrodesWe presentalculations  Injectedenegy Ein 10MeV
of theremnanton densityandits effect onthebeam. Top enegy Etop 5GeV
Dominantion alundance H* 98%
lonizationcross-section col 3:8 10 28m?
INTRODUCTION Gasdensityfor warmsections | Piine 3 108%m 3
lons candamageelectronbeamsin variousways. It is ~ Gasdensityfor cryogenidinac | puina ¢ 3 10"m 3

thereforeimportantto reducethe density of ions in the

vicinity of the beamto a tolerableamount. Storagerings

typically useion-clearinggaps.Theseareshortgapsin the

ling patternthatleadto anabsencef focusingforcesfor

the ions every time this gap travels aroundthe ring. The

lengthof the beam- lled region andof the gap arechosen
to overfocusionsandlet themoscillateto largeamplitudes
out of thebeamcenter In pulsediinacs,the gapsareoften

long enoughto allow ionsto drift out of the beamregion.

In rings with coastingbeams,thereis no ion-clearing
gap,andobviouslythebeamcannotbeturnedoff regularly.
Similarly, in Enegy RecweryLinacs(ERLs)[1] wherethe
beamsenepgy is dumpedn RF cavitiesandisimmediately
usedto accelerat@men electronspnecannoteasilyturn off
the beam(becausehis would interruptthe ERL process)
andonecanalsonoteasilyintroduceshortgapsin thebeam
(becausghis would disruptthegunor thelinac thatinjects
large currentsinto the ERL). In both of thesecasesjon-
clearingelectrodesnayhave to beused2, 3].

The electrondiametervariesalongthe acceleratqrand
this variationproducedongitudinalforces,guidingionsto
alocationwheretheelectrondensityis relatively large, typ-
ically closeto the waistsof the electronbeam. Clearing
electrodesreplacedalongthe beam-lineat suchplacesof
ion accumulation.

Becausghemotionto clearingelectrodeshatarespaced
mary metersaparttakes several milliseconds,suchelec-
trodestendto producea linear ion densitythatis in the
orderof aboutonepartin a thousandof the linear chage
densityin thebeam.

Computingan equilibriumion densityis typically very
time consuming. Here we use scaling propertiesof the
Maxwell equationsand the Lorentz force, aswell asthe
adiabaticinvarianceof the actionintegral, to computethe
equilibriumion densityvery ef ciently. We have applied
thistechniqueo analyzethe CornellERL project[4].

This work hasbeensupportedoy NSF cooperatie agreemenPHY-
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THE ION EQUILIBRIUM

For a rotationallysymmetricelectronbeam,the density
is givenby

e(is)= 5 1(5)2e T 1)

where is thelinearparticledensity With Gauss'law, the
trans\ersevelocity kick on a singly chaged,nonrelativis-
tic ion becomes
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where is the rms width of the electron-beanpro le, r
is the distancefrom the beamcenterline N the numberof
electrongn thebunch,r, theclassicaprotonradiusandA
the atomicweightof theion. Thelongitudinalkick in the
specialcaseof aroundbeamis givenby [5]
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In a bruteforce simulation,the stateof eachion is char
acterizedy its x ands position,aswell asbhy thevelocities
in both directions. Sucha simulationwould be very inef-

cient becauseherearetwo differenttimescalesA large
numberof kicks is requiredto resohe the sharplyfocused
transerseion motion, but the longitudinal motion hardly
changesn asingleoscillation. It is thereforenot possible
to simulatethe motion of a realisticnumberof ionsin this
way.

During onetrans\erseoscillationthe longitudinal posi-
tion s of the ion changegypically only by a fraction of
a millimeter even at the largestpossibleion speeds.lons
thusoscillatein a potentialthatslowly changeover mary
periods. Becauseof this, anion's actionintegral over one
oscillationperiodis anadiabatidnvariantof themotion. In
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ourimprovedsimulation thestateof theionis thereforede-
scribedby its longitudinalpositions, its longitudinalspeed
Vs andits actionintegral J. Solving the motionin (J;s)
ratherthanin (x; s) coordinateshastwo adwantages:(1)
The degreesof freedomarereducedirom 2 to 1. (2) Be-
cause Vs changesnuchslowverthan vy, theintegration
stepscanbevastlyincreasedtypically by abouta factorof
10000.If thedensityats is to becomputedit is notenough
to know the actionat s, but oneoscillationis sufcient to
computethedensitycontrikution of particleswith actionJ.

The longitudinal acceleratioraveragedover one oscil-
lation is given by the time averageover individual kicks.
Calculatingthis time averageagain andaggin for eachion
is computationallydemandingand wasteful. Instead,we
pre-compute tableof possiblevaluesof thistime average
for mary beamsizes andamplitudesa of the oscillation.

The programwasfurther acceleratedby noting thatthe
time averagedkick asafunctionof J canbecalculatedor
atypical standardbeamsizeandthenrescaledor regions
with otherbeamsizes,
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This is dueto scalingpropertiesof the Maxwell equations
[6]. Thelongitudinalacceleratiorof theionsis thengiven

by

(4)

(5)

lonsarecreatedvith equalrateatall locationsalongthe
beam.Underthein uence of thelongitudinalbeamforce,
theionswill thenslowly propagteto the point with min-
imal potential. In our simulation,we assumehat clearing
electrodedhave beenplacedat thewaist,sothationscross-
ing thes = 0 line areremoved. An equilibrium situation
is reachedvhenanequalnumberof ionsareproducedand
removedduringagiventime intenal.

Fig.1 showvs one half of a L=12.6mlong part of the
beamwith a waist of = 2897m atits center There
is a sharpincreasen the ion densitynearthe electrodeat
s= 96015m

Closeto the beamaxis, the transwerseion density di-
vergesapproximatelyas 1=r, sothatit is not appropriate
to t theion distribution to a Gaussian.The 1=r distribu-
tion leadsto a constantradial electric eld nearthe beam
axiswhich stronglyaffectsbeamdynamics As long asthe
numberof ionsperlengthis muchsmallerthanthenumber
of electrongerlengththe 1=r scalingof theion densityis
notalteredby ion-ionforcesin by farthelargestpartof the
beam[6].

vs= —f(d=):

ELECTRON MOTION WITH IONS

As a worst casescenario,we simulateda drift region
with 200mlengthanda beamwaistof =~ = 100m atthe
center The nal phase-spaceistribution with andwithout
theion eld is shawvn in Fig. 2. While passinghroughthe
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Figure 1: Simulatedandanalytically approximatedinear
ion densitiemears=960min the CornellERL.
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Figure 2: Electron beam phase-spacdistribution after
transwersingthe200mion eld with = 100m atits cen-
ter. Dark-red+ : phasespacedn afreedrift, Light-green :
phasespaceor motionthroughtheion eld.

ion eld once,the beamemittancewasfound to increase
from 36.6pmto 50.7pm.

This exampleshaws thatsectionsof only afew times10
metershetweerclearingelectrodesanproducentolerable
emittancegrowth if the -functionis large. It thereforehas
to betestedwvhethertheopticsin the CornellERL provides
fastenoughion motionto clearingelectrodessothatemit-
tancegrowth is limited.

Becausedonstravel to theminimaof theelectrostatigo-
tential,a clearingelectrodehasto belocatedat every such
minimum. We thereforerst calculatethe potentialin the
beams center For this we usedthe potentialin [7] which
assumes beamwith uniform trans\ersechage density
Fig. 3 (top) shaws the resultingpotentialin the centerof
thebeam.

To nd aroundbeamapproximatiorsuitableto our sim-
ulations,we rst look at the minima of this potentialand



Figure 3: Top: Approximatelongitudinal beampotential
for the Cornell ERL. Bottom: A sectionof the ERL illus-
trating the approximationof the beams potential (thick-
dark-red)by around-beammodel(thin-light-green).

calculatethe -functionthatwould give the samepotential
atthoselocationsin thecaseof aroundbeam.We canthen
de ne aroundbeamapproximatiorfor theentireERL lat-
tice by usinga free drift from one potentialmaximumto
the next. Fig.3 (bottom)shaws thatthis is a goodapprox-
imation. The longitudinalion velocitiesnearthe centerof
thebeam(wheremostof theionsarelocated)dependonly
on this potential. Fig.1 shows thations which are not in

the centerhave the samevelocity to agoodapproximation.

This clearingspeeddetermineghe linearion densityalso
for non-roundbeams,and our round beammodel should
thereforebea goodapproximation.

Integrating over the relevant upstreampoints from the
nearestpotentialmaximumto s yields the total local ion
densityats
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Usingthis method,andassuminghattheresidualgasden-
sity in thelinac sectionds reducedy afactorl00asspeci-
ed in Tah 1,we nd thelinearion densitiedor theCornell
ERL shavnin Fig. 4.

The examplein Fig.1 representshe sectionof the ERL
with the largestlinear ion density To reducethe impact
of high densitysectiondik e this, additionalclearingelec-
trodescanbe placedbetweerthe maximumandminimum
of the potential. We nd thatby including oneextra elec-
trode,the emittancencreasecausedy this sectioncanbe
reducedrom 1.04pmto 0.46pm.

To getabetterestimateof theion effectsin thefull ERL,
we also simulatedthe ion distribution in a 34m long re-
gionarounds = 1530m, which correspondso oneof the
mediumhigh peaksin Fig. 4. Sendingthe beamthrough
this section1000timesresultsin the phase-spacedistribu-
tionin Fig.5. We nd that6.2%of thebeamelectrondeave

Figure4: Estimateof thelinearion densityat the Cornell
ERL for a round beamapproximationand clearingelec-
trodesat the minimaof thelinearpotential.

Figure5: Electronbeamphase-spacplot after trans\ers-
ing a 34mlong region with mediumhigh ion density1000
times.

themainbunchandmigrateto thefour separatedslandsin
phasespace.
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