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Abstract

Precisionsimulationsof the electroncloud atthe Fermi-
lab Main Injector have beenstudiedusingthe plasmasim-
ulation codeVORFAL. Fully 3D andself consistensolu-
tionsthatincludesk.M. field mapsgeneratedy the cloud
andtheprotonbunchesave beenobtainedaswell detailed
distributionsof the electrons 6D phasespace.We planto
include suchmapsin the ongoingsimulationof the space
chage effectsin the Main Injector. Simulationsof the re-
sponsef beampositionmonitors retardingfield analyzers
andmicrowave transmissiorexperimentsareongoing.

MOTIVATION AND SCOPE

The electroncloud (EC) effect in high intensity proton
storagerings andsynchrotronganseriouslylimit the per
formanceof suchmachineq1, 2, 3]. The FermilabMain
Injector(MI) is no exception.While themachinecurrently
delivers the designedbeamintensity the factor ~ 3 in-
creasdan beampower projectedfor the Project X [4] era
could inducestrongerbeaminstabilitiesandrelatedbeam
losses. A simulation effort in the context of the Com-
PASS|[5] aimedatsupportingheexperimentaktudiescur
rently being pursuedat the Main Injector [7, 8] hasbeen
initiated. In this brief paper our goalis limited to a quan-
titative descriptionof themorphologyanddynamicsof the
EC, via full 3D andself-consistenE.M. code,i.e. VOR-
PAL [9]. Suchstudiesarenecessaryor a detailedandac-
curatecomparisorwith experimentsand,in fact, do sug-
gestnew typesof instruments.They arealsocomplemen-
tary to otherbroadersimulations basedon the conceptof
iterative EC maps[10].

SIMULATION CONDITIONS

Relevant detailson the Main Injector configurationare
listed in reference[8]. VORFAL [9] is a Particle In Cell
(PIC) simulationcodeusedfor advancedbeamor plasma
problems.Our physicalconfigurationconsistsof a ellipti-
cal stainlessteelbeampipe(minorandmajoraxisare2.34
and5.88cm, respectiely locatedin a staticmagnetidield.
Two configurationsverestudiedin details:a shortsection
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(~ 0.25 mlong) anda longersection(16 m. ) of atyp-
ical Ml arc, consistinga5 m. long dipole, followed by a
quadrupolefollowedby a dipole, separatedby a field free
region. The magneticfields are approximatelythosecor
respondingo a Ml enepgy of 20 GeV. This s closeto the
transitionenegy, wherethe bunchlengthis the shortest,
and, therefore,whenthe EC problemis mostacute. The
protonbunchesare3D Gaussian-shape@,3m long (1 o)
andabout3 mmradius.Thenumberof particlesperbunch
rangefrom a few 10°, to 0.7 10! (maximumallowable
undercurrentrunningcondition),to 3.0 10!! the designed
valuefor Project-X.The bunchspacingis 18.8ns. There-
fore, only onebunchcanbe studiedat a giventime in the
shortsection,while the long sectioncomprisegypically 2
or 3 bunchat ary giventime. The protonbeamcurrentis
assumedo be perfectlyrigid. Of course thisis incorrect
over long time periods,asthe beamwill ultimately by the
field createdby the EC. However, overthe courseof a few
hundredhanosecondsuchperturbationganbeneglected.
At alaterstagewe planto inserttheVORFAL electricfield
mapsobtainedin this work into the Synegia [13] frame-
work to look at suchbeamdynamicsssues.

In additionto the beamparametersa key componentn
the EC problemis the SecondaryEmissionYield (SEY)
model. Most of our simulationswereperformedassuming
arelatively high SEY [11] for the stainlesssteel,peaking
above slightly two electronsper incidentelectrons.More
recently a new interfaceto VORFAL hasbeenprovided,
allowing the userto setthe SEY dependencen incident
electronenegy. ReducedSEY peakvalues[12 have been
studied.

A microwave field canbe usedto probethe permittivity
of the EC [8]. It hasbeenverified that this field doesnot
affect the shapenor density of this cloud. This allowed
usto explicitly simulatethe microwave experimentwhile
studyingthe propertiesof the EC.

The PIC grid sizeusedhasbeensetto obtainaboutone
percentrelatve accurag in the averageelectrondensity
anda few percentaccurag in the integratedelectricfield
createdby the electronacrosghe verticalgapbetweerthe
two electrodef a typical BeamPositionMonitor (BPM)
usedin the microwave absorptiorexperiment.Most of the
runwhereperformedwith acell sizeof 2.6 x 1.1 x 2.7 mm,
wherethe coarsedimensionis alongthe beamline andthe
finestone alongthe vertical axis, which is the minor axis



of thebeampipe.

For the short(long) beampipe, thetypical physicalgrid
Sizeis 384 x 48 x 48 (6144 x 48 x 48), respectiely. Our
intentis to simulatethe EC in aninfinitely long beampipe.
Thus,onemustaddat bothendsof thesephysicalsections
two setsof perfectlymatchedayersto absordvave enepy.
Their size mustbe eachat leastabout25% as big asthe
physicalregionto correctlyhandlethepropagatiorof E.M.
wave closeto the frequeng cutoff of the pipe. To achieve
numericalstability, oncethe cell sizeis set,sois thetime
step,typically 3.1 psin our case.

The small simulationwere performedon a small clus-
ter comprisedf 4 nodesgachwith 4 cores(16 processes),
while the large oneran on the Intrepid systemat the Ar-
gonnelLeadershigComputingFacility [14], runningon 512
processors An explicit decompositiorof the grid to pro-
cessomappinghasbeenusedto run optimally, whereby
all cellsin a givenrangealongthe beamaxiswererunning
onthe sameprocessar

At the onsetof the simulation,the EC densityprofile is
uniform alongthe beamdirectionandroughly matchedo
the trans\ersebeamprofile. Fortunately the seeddensity
profile is quickly (few bunch crossings)orgottenduring
theexponentialgrowth phaseof theEC occuringatthestart
of thebunchtrtain. The seedeC might betoothin earlyin
the bunchtrain to be detectedat thattime, the durationof
this quiettime is difficult to predict,asoneneedsto know
residualEC densityfrom previousturnsandothersources
of electronssuchasbeamlossesandresidualgaspressures.

As the EC phenomends analogousto multipacting,
therea phasewherethe EC densityis growing exponen-
tially. To getgoodaccurayg from the initiation to the sat-
urationphasejt is necessaryo changethe ratio of macro
particlesto real electronsthroughoutthe simulation. To
avoid biases,if the numberof macro-particleger cell in
thedenseregionis largeenoughatthe onsetiit is sufficient
to simply cull theentirecloudby theadequateatio usinga
flat probability schemewhereeachmacropatrticleis kept
or discardedor the next stageof the calculationbasedon
theroll of the dice with a fixed probability, irrespectvely
of thelocationof the macro-particldocationin 6D phase
space.Dependingof the growth speedof the cloud, from
3 aboutto 10 culling phasesare neededbeforereaching
stablesaturation.

RESULTS

By saturationwe meanthat the averageelectronden-
sity no longerchangesaverageover the time scaleof few
bunchcrossingsThis occurswhentheelectricfield sensed
by electronsaway from thebeamregion becomesoosmall
to acceleratéhem. Thatis, the spacechage onthe EC on
itself limits thegrowth of thecloud. Themorphologyof the
EC atthe onsetandat saturationdiffer: thefieldsinduced
by the protonbunch, this EC spacechage effect andthe
staticmagnetidfield dictatethe shapeof the cloud. Shavn
on figure 1 is a trans\erseprofile of the cloud in between

bunchesandduringthe pinchcausedy the passagef the
bunch. This hasbeenobtainedat saturationjn the dipole
casewith 10! protonsperbunch. Averagecdover the vol-
umeof thebeampipe, the peakdensityin the beamregion
is ~ 2.410'3m~3. Thelinear densityof the cloud aver-
agedover ~ 1o of the bunchis about75% of the average
linear densityof the protonbunch. This wasobtainedwith
the shortbeampipe. Thefactthatthelineardensityof the
EC is commensuratevith the linear densityof the bunch
appliesfor thelong beamline aswell. Showvn on figure 2
is thelongitudinalprofile of the ECin thelong dipolecase.

Similar densitymapshave beenproducedor othertypes
of magneticfield configuration. In a quadrupole as ex-
pected,the densitystripesat ~ 3.0 away from the beam
areona4b° diagonal.

The e-folding time scaleof the EC depend®on the SEY
parametersthe bunchintensityand,to alesserextend,the
magneticfield configuration.Undercurrentconditions,in
the MI dipoles, assuminga relatively high value for the
maximumSEY (SEY,,) of about2., this e-folding time
is about50 ns. If SEY,, is lessthan 1.05, the EC dies
away andmultipactingdoesnot occur Thee-foldingtime
increasedo 60 nsif SEY,, = 1.7. Mostimportantly the
spatialaveragedensityat ~ 700n.s (1/2 bunchtrainlength)
decreaseby afactor9. Thedecaytime of the EC is about
40 ns, in the dipole case. Again, this life time depends
on the trapping efficiency in the magneticfield. This is
unfortunatelynot shortenoughto kill the EC in between
MI bunchtrains.

Otherdynamicalpropertiescanbe studiedfrom the 6D
EC phasespacedistributions. For instance,one canfol-
low the changein averagekinetic enegy of the electrons
anddeducdrom thistheamountof enegy absorbedy the
beampipewall. Preliminarycalculationshov thatabout40
W/mis transferredrom thebeamto thewall dueto theEC,
for an averageEC densityof ~ 1.110*¥m~3. The mean
velocity of the EC alongthebeamaxisin field freeregions
is foundto benegligible. Evenif not confinedby the static
magneticfield, the beamdoesnot appreciably‘drag” the
cloud. The EC phenomends alwayslocalized.

The BPM have beencrudely simulatedvia the use of
VORRL'’s pseudwoltages. In a dipole, if the beamis
displacedvertically and if the EC linear densityis large
enoughwith respecto thelineardensityof theprotonbeam
itself, thenone oughtto be ableto detectthe echoof the
beampulsedueto the EC. Thatis, the voltagerecordedon
the BPM shavs the ~ 1 nsbeamsignal,then,delayedby
~ 3 ns,asecondproader(~ 2 nswide) signalsignaling
the spatialre-arrangemeruf theshocledEC.

A FastFourier Transformanalysisof BPM responsee-
vealthattheECweaklyresonatea@tthecutoff frequeng of
the beampipe. The EC, excited by the beam,cariesE.M.
waves that can propagaten the beampipe. The lowest
modeis at 1.55GHz. This frequeny doesnot matchwith
the electroncyclotron frequeng in the dipoles. Also, be-
causehekineticenegy distribution of theelectronds very
broad,electroncyclotronresonancedo not play a signifi-



cantrolein the microwave absorptiorexperiment.
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Figurel: Trans\erseprofile of the EC density Top: atthe

beginningof therelaxationphasewhenthedensityreaches
a maximum. Bottom: during the pinch phase whenthe

densityis minimum, as the electronshave just migrated
away from walls.

As foundin previous (2D) simulationg2], uncertainties
in the SEY dominates.While our simulationcannot pre-
dict ab-initio the EC densityandits impacton the beam,
thesefull 3D, self-consistensimulationsprovide valuable
informationusedto guideandinterpretthe ongoingexper
imentalprogram.For instance anoptical (U.V.) detection
of suchinteractionshouldbefeasible.
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Figure 2: Longitudinal profile of the EC densityfor an
infnitly long dipoleanda continuoussequencef bunches,
at saturation. The protonbunchintensityis 0.7 10'!. The
protonbeam(red line) is displacedby 5 mm downwards,
which makesthe EC top-dovn asymmetric.
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