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Abstract

In anenergy recovery linac (ERL) wherebeam-losshas
to be minimal, andwherebeampositionsandemittances
have to bevery stablein time,optic errorsandbeaminsta-
bilities dueto ion effectshave to beavoided. Possiblythe
leastunattractive way of eliminatingionsin anERL is the
installationof clearingelectrodes.We presentcalculations
of theremnantion densityandits effecton thebeam.

INTRODUCTION

Ions candamageelectronbeamsin variousways. It is
thereforeimportant to reducethe density of ions in the
vicinity of the beamto a tolerableamount. Storagerings
typically useion-clearinggaps.Theseareshortgapsin the
�lling patternthatleadto anabsenceof focusingforcesfor
the ions every time this gap travels aroundthe ring. The
lengthof thebeam-�lled region andof thegaparechosen
to overfocusionsandlet themoscillateto largeamplitudes
out of thebeamcenter. In pulsedlinacs,thegapsareoften
longenoughto allow ionsto drift outof thebeamregion.

In rings with coastingbeams,there is no ion-clearing
gap,andobviouslythebeamcannotbeturnedoff regularly.
Similarly, in Energy RecoveryLinacs(ERLs)[1] wherethe
beam'senergy is dumpedin RFcavitiesandis immediately
usedto acceleratenew electrons,onecannoteasilyturnoff
the beam(becausethis would interrupt the ERL process)
andonecanalsonoteasilyintroduceshortgapsin thebeam
(becausethiswoulddisruptthegunor thelinac thatinjects
large currentsinto the ERL). In both of thesecases,ion-
clearingelectrodesmayhave to beused[2, 3].

The electrondiametervariesalongthe accelerator, and
this variationproduceslongitudinalforces,guidingionsto
alocationwheretheelectrondensityis relatively large,typ-
ically closeto the waistsof the electronbeam. Clearing
electrodesareplacedalongthebeam-lineat suchplacesof
ion accumulation.

Becausethemotionto clearingelectrodesthatarespaced
many metersapart takes several milliseconds,suchelec-
trodestend to producea linear ion density that is in the
orderof aboutonepart in a thousandof the linear charge
densityin thebeam.

Computingan equilibrium ion densityis typically very
time consuming. Here we usescalingpropertiesof the
Maxwell equationsand the Lorentz force, as well as the
adiabaticinvarianceof the actionintegral, to computethe
equilibrium ion densityvery ef�ciently . We have applied
this techniqueto analyzetheCornellERL project[4].
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Table1: Parametersof theCornellERL usedfor theexam-
plesin thispaper.

Normalizedemittances " nx = "ny 0:3 � 10� 6m
Energy spread � � 2 � 10� 4

Electroncurrent I 0:1A
Bunchcharge Q 77pC
Injectedenergy E in 10MeV
Topenergy E top 5GeV
Dominantion abundance H + 98%
Ionizationcross-section � col 3:8 � 10� 23m2

Gasdensityfor warmsections pline 3 � 1013m� 3

Gasdensityfor cryogeniclinac pLINA C 3 � 1011m� 3

THE ION EQUILIBRIUM

For a rotationallysymmetricelectronbeam,thedensity
is givenby
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where� is thelinearparticledensity. With Gauss'law, the
transversevelocity kick on a singly charged,nonrelativis-
tic ion becomes
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where� is the rms width of the electron-beampro�le, r
is thedistancefrom thebeamcenterline,N thenumberof
electronsin thebunch,r p theclassicalprotonradiusandA
theatomicweightof the ion. The longitudinalkick in the
specialcaseof a roundbeamis givenby [5]
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In a bruteforcesimulation,thestateof eachion is char-
acterizedby its x andsposition,aswell asby thevelocities
in both directions.Sucha simulationwould be very inef-
�cient becausetherearetwo differenttimescales:A large
numberof kicks is requiredto resolve thesharplyfocused
transverseion motion, but the longitudinalmotion hardly
changesin a singleoscillation. It is thereforenot possible
to simulatethemotionof a realisticnumberof ionsin this
way.

During onetransverseoscillationthe longitudinalposi-
tion s of the ion changestypically only by a fraction of
a millimeter even at the largestpossibleion speeds.Ions
thusoscillatein a potentialthatslowly changesover many
periods.Becauseof this, an ion's actionintegral over one
oscillationperiodis anadiabaticinvariantof themotion. In



ourimprovedsimulation,thestateof theion is thereforede-
scribedby its longitudinalpositions, its longitudinalspeed
vs andits action integral J . Solving the motion in (J; s)
ratherthan in (x; s) coordinateshastwo advantages:(1)
The degreesof freedomarereducedfrom 2 to 1. (2) Be-
cause� vs changesmuchslower than� vx , theintegration
stepscanbevastlyincreased,typically by abouta factorof
10000.If thedensityats is to becomputed,it is notenough
to know theactionat s, but oneoscillationis suf�cient to
computethedensitycontributionof particleswith actionJ.

The longitudinal accelerationaveragedover one oscil-
lation is given by the time averageover individual kicks.
Calculatingthis time averageagain andagain for eachion
is computationallydemandingandwasteful. Instead,we
pre-computea tableof possiblevaluesof this time average
for many beamsizes� andamplitudesa of theoscillation.

The programwasfurtheracceleratedby noting that the
timeaveragedkick asa functionof J canbecalculatedfor
a typical standardbeamsizeandthenrescaledfor regions
with otherbeamsizes,

�
@� vx

@x
+

@� vy

@y

�
=

1
� 2 f (J=� ) : (4)

This is dueto scalingpropertiesof theMaxwell equations
[6]. Thelongitudinalaccelerationof theionsis thengiven
by

_vs = �
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Ionsarecreatedwith equalrateatall locationsalongthe
beam.Underthein�uence of thelongitudinalbeamforce,
the ionswill thenslowly propagateto thepoint with min-
imal potential. In our simulation,we assumethatclearing
electrodeshavebeenplacedat thewaist,sothationscross-
ing the s = 0 line areremoved. An equilibriumsituation
is reachedwhenanequalnumberof ionsareproducedand
removedduringagiventime interval.

Fig.1 shows one half of a L=12.6m long part of the
beamwith a waist of � � = 28:97m at its center. There
is a sharpincreasein the ion densitynearthe electrodeat
s = 960:15m

Closeto the beamaxis, the transverseion densitydi-
vergesapproximatelyas1=r, so that it is not appropriate
to �t the ion distribution to a Gaussian.The1=r distribu-
tion leadsto a constantradial electric�eld nearthe beam
axiswhichstronglyaffectsbeamdynamics.As longasthe
numberof ionsperlengthis muchsmallerthanthenumber
of electronsperlengththe1=r scalingof theion densityis
notalteredby ion-ionforcesin by far thelargestpartof the
beam[6].

ELECTRON MOTION WITH IONS

As a worst casescenario,we simulateda drift region
with 200mlengthanda beamwaist of � � = 100m at the
center. The�nal phase-spacedistributionwith andwithout
theion �eld is shown in Fig. 2. While passingthroughthe

Figure1: Simulatedandanalyticallyapproximatedlinear
ion densitiesnears=960min theCornellERL.

Figure 2: Electron beam phase-spacedistribution after
transversingthe200mion �eld with � � = 100m at its cen-
ter. Dark-red+ : phasespacein a freedrift, Light-green� :
phasespacefor motionthroughtheion �eld.

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

Thisexampleshows thatsectionsof only a few times10
metersbetweenclearingelectrodescanproduceintolerable
emittancegrowth if the� -functionis large. It thereforehas
to betestedwhethertheopticsin theCornellERL provides
fastenoughion motionto clearingelectrodes,sothatemit-
tancegrowth is limited.

Becauseionstravel to theminimaof theelectrostaticpo-
tential,a clearingelectrodehasto belocatedat every such
minimum. We therefore�rst calculatethepotentialin the
beam's center. For this we usedthepotentialin [7] which
assumesa beamwith uniform transversecharge density.
Fig. 3 (top) shows the resultingpotentialin the centerof
thebeam.

To �nd aroundbeamapproximationsuitableto oursim-
ulations,we �rst look at the minima of this potentialand



Figure3: Top: Approximatelongitudinalbeampotential
for theCornellERL. Bottom: A sectionof theERL illus-
trating the approximationof the beam's potential (thick-
dark-red)by a round-beammodel(thin-light-green).

calculatethe� -functionthatwouldgive thesamepotential
at thoselocationsin thecaseof aroundbeam.Wecanthen
de�ne a roundbeamapproximationfor theentireERL lat-
tice by usinga free drift from onepotentialmaximumto
thenext. Fig.3 (bottom)shows that this is a goodapprox-
imation. The longitudinalion velocitiesnearthecenterof
thebeam(wheremostof theionsarelocated)dependonly
on this potential. Fig.1 shows that ions which arenot in
thecenterhave thesamevelocity to agoodapproximation.
This clearingspeeddeterminesthe linear ion densityalso
for non-roundbeams,andour roundbeammodelshould
thereforebeagoodapproximation.

Integrating over the relevant upstreampoints from the
nearestpotentialmaximumto s yields the total local ion
densityat s
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Usingthismethod,andassumingthattheresidualgasden-
sity in thelinacsectionsis reducedby afactor100asspeci-
�ed in Tab. 1,we�nd thelinearion densitiesfor theCornell
ERL shown in Fig. 4.

Theexamplein Fig.1 representsthesectionof theERL
with the largestlinear ion density. To reducethe impact
of high densitysectionslike this, additionalclearingelec-
trodescanbeplacedbetweenthemaximumandminimum
of thepotential. We �nd thatby includingoneextra elec-
trode,theemittanceincreasecausedby this sectioncanbe
reducedfrom 1.04pmto 0.46pm.

To getabetterestimateof theion effectsin thefull ERL,
we also simulatedthe ion distribution in a 34m long re-
gion arounds = 1530m, which correspondsto oneof the
mediumhigh peaksin Fig. 4. Sendingthe beamthrough
this section1000timesresultsin thephase-spacedistribu-
tion in Fig.5. We�nd that6.2%of thebeamelectronsleave

Figure4: Estimateof the linear ion densityat theCornell
ERL for a round beamapproximationand clearingelec-
trodesat theminimaof thelinearpotential.

Figure5: Electronbeamphase-spaceplot after transvers-
ing a 34mlong region with mediumhigh ion density1000
times.

themainbunchandmigrateto thefour separatedislandsin
phasespace.
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