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Abstract

Precisionsimulationsof theelectroncloudat theFermi-
lab Main Injectorhave beenstudiedusingtheplasmasim-
ulation codeVORPAL. Fully 3D andself consistentsolu-
tions that includesE.M. field mapsgeneratedby thecloud
andtheprotonbuncheshavebeenobtained,aswell detailed
distributionsof theelectron’s 6D phasespace.We plan to
includesuchmapsin the ongoingsimulationof the space
chargeeffectsin theMain Injector. Simulationsof the re-
sponseof beampositionmonitors,retardingfield analyzers
andmicrowavetransmissionexperimentsareongoing.

MOTIVATION AND SCOPE

The electroncloud (EC) effect in high intensityproton
storageringsandsynchrotronscanseriouslylimit theper-
formanceof suchmachines[1, 2, 3]. The FermilabMain
Injector(MI) is noexception.While themachinecurrently
delivers the designedbeamintensity, the factor ��� in-
creasein beampower projectedfor the Project X [4] era
could inducestrongerbeaminstabilitiesandrelatedbeam
losses. A simulation effort in the context of the Com-
PASS[5] aimedatsupportingtheexperimentalstudiescur-
rently beingpursuedat the Main Injector [7, 8] hasbeen
initiated. In this brief paper, our goal is limited to a quan-
titative descriptionof themorphologyanddynamicsof the
EC, via full 3D andself-consistentE.M. code,i.e. VOR-
PAL [9]. Suchstudiesarenecessaryfor a detailedandac-
curatecomparisonwith experiments,and,in fact,do sug-
gestnew typesof instruments.They arealsocomplemen-
tary to otherbroadersimulations,basedon the conceptof
iterativeEC maps[10].

SIMULATION CONDITIONS

Relevant detailson the Main Injector configurationare
listed in reference[8]. VORPAL [9] is a Particle In Cell
(PIC) simulationcodeusedfor advancedbeamor plasma
problems.Our physicalconfigurationconsistsof a ellipti-
calstainlesssteelbeampipe(minorandmajoraxisare2.34
and5.88cm,respectively locatedin astaticmagneticfield.
Two configurationswerestudiedin details:a shortsection
�
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( �
	�� 
�� m long) anda longersection(16 m. ) of a typ-
ical MI arc, consistinga 5 m. long dipole, followed by a
quadrupole,followedby a dipole,separatedby a field free
region. The magneticfields areapproximatelythosecor-
respondingto a MI energy of 20 GeV. This is closeto the
transitionenergy, wherethe bunch length is the shortest,
and, therefore,when the EC problemis mostacute. The
protonbunchesare3D Gaussian-shaped,0.3 m long (1 � )
andabout3 mmradius.Thenumberof particlesperbunch
rangefrom a few ��	���� , to 	�������	���� (maximumallowable
undercurrentrunningcondition),to ��� 	���	���� thedesigned
valuefor Project-X.Thebunchspacingis 18.8ns. There-
fore, only onebunchcanbestudiedat a given time in the
shortsection,while the long sectioncomprisestypically 2
or 3 bunchat any given time. Theprotonbeamcurrentis
assumedto be perfectlyrigid. Of course,this is incorrect
over long time periods,asthebeamwill ultimatelyby the
field createdby theEC.However, over thecourseof a few
hundrednanoseconds,suchperturbationscanbeneglected.
At alaterstage,weplanto inserttheVORPAL electricfield
mapsobtainedin this work into the Synergia [13] frame-
work to look atsuchbeamdynamicsissues.

In additionto thebeamparameters,a key componentin
the EC problemis the SecondaryEmissionYield (SEY)
model.Most of our simulationswereperformedassuming
a relatively high SEY [11] for the stainlesssteel,peaking
above slightly two electronsper incidentelectrons.More
recently, a new interfaceto VORPAL hasbeenprovided,
allowing the userto set the SEY dependenceon incident
electronenergy. ReducedSEY peakvalues[12] have been
studied.

A microwave field canbeusedto probethepermittivity
of the EC [8]. It hasbeenverified that this field doesnot
affect the shapenor densityof this cloud. This allowed
us to explicitly simulatethe microwave experimentwhile
studyingthepropertiesof theEC.

ThePIC grid sizeusedhasbeensetto obtainaboutone
percentrelative accuracy in the averageelectrondensity,
anda few percentaccuracy in the integratedelectricfield
createdby theelectronacrosstheverticalgapbetweenthe
two electrodesof a typical BeamPositionMonitor (BPM)
usedin themicrowaveabsorptionexperiment.Most of the
runwhereperformedwith acell sizeof 
��  "!#�$���%!&
���� mm,
wherethecoarsedimensionis alongthebeamline andthe
finestonealongthe vertical axis,which is the minor axis



of thebeampipe.
For theshort(long) beampipe,thetypical physicalgrid

sizeis �('�)*!+)�',!-)�' ( ���)()+!*)(',!+)(' ), respectively. Our
intentis to simulatetheECin aninfinitely longbeampipe.
Thus,onemustaddat bothendsof thesephysicalsections
two setsof perfectlymatchedlayersto absordwaveenergy.
Their sizemustbe eachat leastabout25% asbig as the
physicalregionto correctlyhandlethepropagationof E.M.
wave closeto thefrequency cutoff of thepipe. To achieve
numericalstability, oncethe cell sizeis set,so is the time
step,typically ����� psin ourcase.

The small simulationwereperformedon a small clus-
ter comprisedof 4 nodes,eachwith 4 cores(16processes),
while the large oneran on the Intrepid systemat the Ar-
gonneLeadershipComputingFacility [14], runningon512
processors.An explicit decompositionof the grid to pro-
cessormappinghasbeenusedto run optimally, whereby
all cellsin a givenrangealongthebeamaxiswererunning
on thesameprocessor.

At theonsetof thesimulation,theEC densityprofile is
uniform alongthebeamdirectionandroughlymatchedto
the transversebeamprofile. Fortunately, the seeddensity
profile is quickly (few bunch crossings)forgottenduring
theexponentialgrowthphaseof theECoccuringatthestart
of thebunchtrtain. TheseedEC might betoo thin earlyin
the bunchtrain to bedetectedat that time, the durationof
this quiet time is difficult to predict,asoneneedsto know
residualEC densityfrom previousturnsandothersources
of electronssuchasbeamlossesandresidualgaspressures.

As the EC phenomenais analogousto multipacting,
therea phasewherethe EC densityis growing exponen-
tially. To get goodaccuracy from the initiation to thesat-
urationphase,it is necessaryto changethe ratio of macro
particlesto real electronsthroughoutthe simulation. To
avoid biases,if the numberof macro-particlesper cell in
thedenseregion is largeenoughat theonset,it is sufficient
to simplycull theentirecloudby theadequateratiousinga
flat probability scheme,whereeachmacroparticleis kept
or discardedfor thenext stageof thecalculationbasedon
the roll of the dice with a fixed probability, irrespectively
of the locationof the macro-particlelocationin 6D phase
space.Dependingof the growth speedof the cloud, from
3 about to 10 culling phasesare neededbeforereaching
stablesaturation.

RESULTS

By saturation,we meanthat the averageelectronden-
sity no longerchangesaverageover the time scaleof few
bunchcrossings.Thisoccurswhentheelectricfield sensed
by electronsawayfrom thebeamregionbecomestoosmall
to acceleratethem.That is, thespacechargeon theEC on
itself limits thegrowthof thecloud.Themorphologyof the
EC at theonsetandat saturationdiffer: thefields induced
by the protonbunch, this EC spacecharge effect and the
staticmagneticfield dictatetheshapeof thecloud. Shown
on figure 1 is a transverseprofile of the cloud in between

bunchesandduringthepinchcausedby thepassageof the
bunch. This hasbeenobtainedat saturation,in the dipole
case,with ��	���� protonsperbunch.Averagedover thevol-
umeof thebeampipe,thepeakdensityin thebeamregion
is ./
�� )���	��10�24350 . The linear densityof the cloud aver-
agedover �6�$� of thebunchis about75%of theaverage
lineardensityof theprotonbunch.This wasobtainedwith
theshortbeampipe. Thefact that thelineardensityof the
EC is commensuratewith the linear densityof the bunch
appliesfor the long beamline aswell. Shown on figure2
is thelongitudinalprofileof theECin thelongdipolecase.

Similardensitymapshavebeenproducedfor othertypes
of magneticfield configuration. In a quadrupole,as ex-
pected,the densitystripesat �7���8� away from the beam
areon a )(��9 diagonal.

Thee-foldingtime scaleof theEC dependson theSEY
parameters,thebunchintensityand,to a lesserextend,the
magneticfield configuration.Undercurrentconditions,in
the MI dipoles,assuminga relatively high value for the
maximumSEY ( :�;=<5> ) of about2., this e-folding time
is about50 ns. If :�;=<5> is lessthan 1.05, the EC dies
away andmultipactingdoesnot occur. Thee-foldingtime
increasesto 60 ns if :�;=<5>@?/�$��� . Most importantly, the
spatialaveragedensityat �A��	(	$BDC (1/2bunchtrain length)
decreasesby a factor9. Thedecaytime of theEC is about
40 ns, in the dipole case. Again, this life time depends
on the trappingefficiency in the magneticfield. This is
unfortunatelynot shortenoughto kill the EC in between
MI bunchtrains.

Otherdynamicalpropertiescanbe studiedfrom the 6D
EC phasespacedistributions. For instance,onecan fol-
low the changein averagekinetic energy of the electrons
anddeducefrom thistheamountof energy absorbedby the
beampipewall. Preliminarycalculationshow thatabout40
W/m is transferredfrom thebeamto thewall dueto theEC,
for an averageEC densityof .@�E�F����	���0�2G3H0 . The mean
velocityof theECalongthebeamaxisin field freeregions
is foundto benegligible. Evenif not confinedby thestatic
magneticfield, the beamdoesnot appreciably“drag” the
cloud.TheEC phenomenais alwayslocalized.

The BPM have beencrudely simulatedvia the useof
VORPAL’s pseudovoltages. In a dipole, if the beamis
displacedvertically and if the EC linear density is large
enoughwith respectto thelineardensityof theprotonbeam
itself, thenoneought to be ableto detectthe echoof the
beampulsedueto theEC.Thatis, thevoltagerecordedon
the BPM shows the �6� nsbeamsignal,then,delayedby
�I� ns, a second,broader( �I
 ns wide) signalsignaling
thespatialre-arrangementof theshockedEC.

A FastFourierTransformanalysisof BPM responsere-
vealthattheECweaklyresonatedatthecutoff frequency of
the beampipe. TheEC, excitedby the beam,cariesE.M.
waves that can propagatein the beampipe. The lowest
modeis at 1.55GHz. This frequency doesnot matchwith
the electroncyclotron frequency in the dipoles. Also, be-
causethekineticenergydistributionof theelectronsis very
broad,electroncyclotronresonancesdo not play a signifi-



cantrole in themicrowaveabsorptionexperiment.

Figure1: Transverseprofile of theEC density. Top: at the
beginningof therelaxationphase,whenthedensityreaches
a maximum. Bottom: during the pinch phase,when the
density is minimum, as the electronshave just migrated
away from walls.

As foundin previous(2D) simulations[2], uncertainties
in the SEY dominates.While our simulationcannot pre-
dict ab-initio the EC densityand its impacton the beam,
thesefull 3D, self-consistentsimulationsprovide valuable
informationusedto guideandinterprettheongoingexper-
imentalprogram.For instance,anoptical (U.V.) detection
of suchinteractionshouldbefeasible.
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Figure 2: Longitudinal profile of the EC density for an
infnitly longdipoleandacontinuoussequenceof bunches,
at saturation.Theprotonbunchintensityis 	��F����	 ��� . The
protonbeam(red line) is displacedby 5 mm downwards,
which makestheEC top-down asymmetric.

ComputingFacility providedessentialhelpaswell.
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