Progressin the Study of Mesh Refinement for
Particle-In-Cell Plasma Simulations and its application to
Heavy lon Fusion

J.-L. Vayy
1 LawrenceBerkeley Nationd Labordory, Berkeley, CA, USA

A. Friedman, D. P. Grotef
i LawrencelivernoreNationalLabaatory, Livemore,CA, USA

Abstract. Thenumeical simulationof the driving beamdn a heary ion fusionpower plant

is a challengng task, and, despiterapid progressin compuer power, one mustconsiderthe

useof the mostadwencednurrerical techniges. Oneof the difficulties of thesesimulations
residesin the disparity of scalesin time andin spacewhich mustbe resohed. Whenthese
disparitiesarein distinctive zonesof the simulationregion, a methodwhich hasprovento be

effective in otherareas(e.g fluid dynamicssimulatiors) is the Adaptive-Mesh-Refinemen
(AMR) techniqe. We follow in this article the progessacconplishedin thelastfew morths
in the meing of the AMR techniaie with Particle-In-Cell (PIC) method This includes a
detailedmodelirg of the LampelTiefenba& solutionfor the one-dmension& diode using
novel technigesto suppessundesirdle numeical oscillationsandan AMR patchto follow

the headof the particledistribution. We alsorepat new resultscorcerningthe modelirg of

ion sourcesusingtheaxisymnetric WARPRZ-AMR prototype shaving theutility of anAMR

patchresolvingthe emittervicinity andthebeamedge.

1. Intr oduction

The numericalsimuationsof the beamionstransportin a Heary lon Fusion[1] accelerator
and reaction chamber currrently model different stagesof the processseparately A
completelyself-consistensimulation, which is ultimately needed requiresan end-to-end
simulation from the ion sourceto the fusion target. This represents real challengeeven
extrapolatirg nearfuture compuer power from currentstateand pastprogressandwe must
considerthe useof the mostadvancednumericaltechniques Oneof the difficulties of these
simulationsresidesin the disparity of scalesin time andin spacewhich mustbe resohed.
Whenthesedisparitesarein distinctive zonesof the simulationregion, a methodwhich has
provento be effective in otherareaqe.g. fluid dynamcs simulatians)is the Adaptve-Mesh-
Refinemen{AMR) technique.We have begunat LBNL the explorationof introdwcing this
techniqueinto the methodthat we usethe most(i.e. Particle-In-Cellor PIC) and starteda
collaborationwith NERSCresearcherto developan AMR library of subroutinegargetedat
providing AMR capabilitiesfor existing plasmaPIC simulation codes[5]. In [5], we have
exposedthe main issuesassociatedvith the couplingof the AMR andPIC techniquesfor
both electrostati@andmagnetostati simulatons. In this article, we presentadditioral results
obtainedwith aone-dimensionandatwo-dimensionabxisymmetrt prototypesof Particles-
In-Cell+Adaptve-Mesh-Refinmentcode.
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2. Time-dependent modeling of transient effectsin diode with fast rise-time

Thecontrolof thebeamheadby usingappropriateshapesandrise-timeof theappliedvoltage
controlingthe beamextractionand acceleratiorin the sourceis of greatimportanceif one
needdo avoid ion lossto thewall andits adwerseeffects. Fig.1displyssnapshotsf thebeam
headin the matchingsectionof the High-CurrentExperiment{HCX[2]) conductedat LBNL
for two differentrise-time(usingthesamewaveformobtainedrom experimenal data).Using
arise-timeof 800ns the simulation predictsa significantmismatchof the headresultingwith
lossof a smallfraction of particlesat thewall. Accordingto the simulatians, shorteninghe
rise-timeto 400nsprovides a bettermatchof the beamheadwith outer particletrajectories
away from ary structure.

Shortpulse(200nsflat top) with very shortrise-time(j50ns)areervisionedfor the next
possibé HIF experiment,the IntegratedBeamExperiment(IBX[2]). The modelingin this
rangeof parameteis quite challengingand the simulation tools mustfirst be proven to be
efficienton similar problemsfor which the solutionis known.

For aone-dimensioal diode,LampelandTiefenbacK4] demonstratethatananalytical
solution for a waveform of the appliedvoltage producinga Heaviside stepfor the current
profile existedandis given by

viy= %ttr:nst [4_ <ttr:nst)3

whereVmaxis the voltagethatis appliedat steadystateandt,, ¢
particlefrom the emitterto the collector Thelatterquantityis givenby

Vimax 1)

is thetransittime of a

m
=3.d-
ttranst qumax

whereq andm representhe chage andmassof particlesandd is the distancebetween
theemitter andthecollector

In WARP[3], the standardhlgorithmfor injecting particlesusesa virtual surfacelocated
at distanced; from the emitting surface. After afield solve, the potental dropV, computed

betweenthe emitter and the virtual surfaceis usedto evaluatea current!l = )(Vi3/2/di2

assuminga Child-Langmuiremisson betweenthe two surfaces(x = gem/Zq/m). The
obtainedccurrentis usedto launchN new macroparticlesisingtheformulaN = | 8t /qm where
Om is thechage of amacroparticleand ot is thetime step.

Usingthis algorithmon a uniform grid of 160cells,a diodelengthof 0.4 metersatime
stepof 1nsanda steady-stateurrentof 30A with the Lampel-Tiefenbackvaveformasgiven
in (1), we have obtainedthe currenthistay givenin Fig.2,a). We obsenre thatwe getlarge
amplitwe low-frequeny oscillatiors slowly dampingin time. The history of the numberof
particlesinjectedat eachtime stepthatis givenin Fig.3 alsofeatureshigh amplitudelow-
frequeny oscillations which may be the causeof the oscillations obsered on the current
history.

(2)

2.1. Application of the Lampel-Tefenba& methodat the discretelevel

Theonly parametecontrolingthenumker of particlesinjectedat eachtime stepis thevoltage
dropV, compued betweenthe emitterandthe virtual surface. Gettinga Heaviside current
profile implies to emit a fix numkber of particlesper time stepfrom time zero, implying to
startwith a non-zeroappliedvoltage,in contradictionwith the Lampel-Tiefenbackprofile. In
orderto circumwentthis contradictionrwhichwasdueto theapplicationof a soluion obtained
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usinginfinitesimal calculusto discretizedsimulatons,we decidedto apply the methodthat
LampelandTiefenbackusedto derivetheir solution atthediscretizedevel directly. Knowing

thecurrentl andthedistanced,, thequantily V; is uniquelydeterminedy V; = (I diz/x)z/sand
mustbe a constanto ensurea constannumberof particlesemitted pertime step. Usingthe
linearity of the Poissonequation,we can separatehe overall soluion into one component
V, resultingfrom the emittercollector systemwith appliedvoltagebut no chage between
theelectrodesindanothercomponenvg resultingfrom the systenwith chage but grounded
electrodes\We nameV,, andVgi the potentialscorrespondingo thesetwo componentst the
virtual surfacelocation. At ary givenstep,we wantV; = Vg; +V,; = Congart. The chage
densityprofile is known from the particle distribution at all time steps. ThusVgi is always
definedandwe cancompue Vy; =V, —V;;. Remarkingthat, is a scalingof the solution at

maximumvoltagewithout chage, we get thatthe voltagethatis to be appliedbetweerthe
electrodest a giventime stepis givenby Vapplied = Vimax: Vgi/Vimax = Vmax (Vi —Vgi) /Vimax
whereV,,., is the voltageon the virtual surfaceat maximumvoltagewith no chage. The
history of thevoltagethusobtaineds displyedin Fig.4,a)andcomparedo theinfinitesimal

Lampel-Tiefenbacksoluion. As expected the voltagedoesnot startat zerobut at almosta
guarterof themaximumvoltage.lt is quiteremarkabldo noticethatfor timesgreaterfrom the
transittime of particlesfrom the emitter to the virtual surface,the computedvoltagehistory
catch-upwith the infinitesimal profile andbecomendistinguishablefrom it. As canbe seen
on Fig.2,b), startingat a non-zerovalue for the voltagein orderto geta constanthumber
of particlesemitted at eachtime stepprovidesa currenthistay profile which is closerto a
Heaviside step,exceptfor a peakat thefront.

2.2. Subgriddng of the emitterto virtual surfaceregion

As informative andusefulthe applicationof the Lampel-Tiefenbackiechniqueat the discrete
level to obtainanideal currentprofile is, it is of little help for modelingthe beamresponse
to profilesthat differ from the ideal profile, asmay be imposed by experimentalconstrains.
However, if we cangetto lower the initial voltagevalue asobtainedby this techniqueto a
negligible value,thenapplyingthis techniqueor applying the infinitesimal voltagesolution
will beequvaent.

If we setthe maximumvoltageto startthe simulaton with to be one percentof Vimax
thenwe getfrom thepreviousrelationsandallittle algebrahatwe would have to augmenthe
resolutionby a factorof 10000,meaninga grid of 1.6 million meshedor a 1-D simulatian.
It is clearthatthe useof anirregularmeshimposestself at this point For easyextenson to
2-D and 3-D (which descriptionis differedto anotherarticle), we have optedfor a subgrid
patchwhich extendsfrom theemitter to thevirtual surface.In orderto beableto getto avery
fine resoluton closeto the emitter we setthe meshspacingsoasto obtaina uniform chage
densityin the patchat steady-statéassumingChild-Langmuirflow). At eachtime step,the
potentialis first obtainedon the mainregular grid andthe boundaryvaluesof the patchare
interpolatedrom the maingrid soluion. Thefield is thensolved insidethe patch(notethat
chage densitydepositionis performedinside both the main grid andthe patch). Using 200
cellsin the patchallows for aninitial appliedvoltageto be lessthanonepercentof Vimaxand
we cancheckon Fig.4,b)thatthe voltagehistory profile obtainedfrom the simulationis now
undistnguishabldrom theinfinitesimalLampel-Tiefenbacksolutian from the start. This has
beenobtainedwithout deterioringthe currentprofile, ascanbeenchecledin Fig.2,c),which
is almostidenticalto the oneof Fig.2,b). The peak,however, thatwe mayhave assumedo be
causedyy thevoltagestartingat a non-zerovalueis still present.Ourassumptn wasatthis
pointthatthe peakis dueto anunderresoledfront of the particledistribution.
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2.3. Application of an Adaptive-Mesh-Refinemgpatd following the particle distribution
front

In orderto checkthis assumptionwe have addedan Adaptatve-Mesh-Refinemenpatch
followingthefront of theparticledistribution. The patchhadaresolutionsixteentimeshigher
thanthemaingrid andits position wasresetat eachtime stepaccordingto the front positian,
computedy locatingthemaximumabsolutevalueof thecurrentprofile spacederivative. The
resultis displayedin Fig.2,d)andshaws thatthe peakhasnow disappearedgiving a result
remarkablycloseto the infinitesimal soluion. Another calculationwas madeat four times
the resolutionusedso far (meshsize x4, nb particlesx4, time step/4)and snapshot®f the
resultsaredisplayedin Fig.5. It shawvs thatall the computedquantitesarevery closeto the
infinitesimal solution.

3. Progresson the simulation of ion source using WARP axisymmetric AMR prototype

We have alsopursuedhesimulationof the configuratiorof thesourceusingtheaxisymnetric
PIC-AMR modelprototype implementedin WARP, asdescribedn [5]. We have shavedin
[5] thatsettingameshrefinemenpatcharoundthe emitterregion washelpfulin gettingresult
almostasaccurateasa run at higherresolution,at a fourth of the computatimal cost. The
edgeof thebeam however, did not seento beaswell modeledasthe coreandwe have done
the samesimulation using this time an Adaptive-Mesh-Refinementatchwhich coversthe
vicinity of theemitterbut alsofollows the beamedge(seeFig.6,top). Fig.6,botom) displays
a comparisorof the emittanceprofiles obtainedoncethe beamhasreachedsteady-statéor
three different resolutionswithout using AMR (ngf: factor of numberof grid meshedor
eachdimension npf: factornumberof particles)andonecaseusingAMR. The phase-space
projectionin the spaceR-R’ andthe chage densityprofilestaken at the exit of the source
arealsogiven in Fig.7. Usingfour timeslessparticles,the run usingAMR usesa fourth of
the memoryanda fourth of the run time necessaryo achiese essentiallythe sameresultas
obtainedrom arunonauniqueregulargrid atthe highestresolutionusedin thistest.

4. Conclusion

We have extendedthe work presentedn [5] by performinga 1-D time-dependenand a
2-D axisymnetric corvergedto steady-statéestsusing both the AMR methodcoupledto

the Particle-In-Celltechnique.For time-dependengimulation, the useof the AMR patchas
provedto be,togethermwith the useof anirregular griddedpatch,indispenablefor reaching
an accuratemodeling of the beamfront. For steady-statsimulatons,AMR is essentiafor

modelingthe beamedgewith accurag while maintainng a goodlevel of statisic in the core
of thebeam.The obtainedresultsdemonstrat¢hatthe Adaptive-Mesh-Refinemenrtechnique
canbe successfullyusedwith the Particle-In-Celltechniqueandopenthe way to simuations

thatwould otherwisebe out of reachon currentandnearfuture hardwares.
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Figure 1. Snapsht of thebeamheadfor simulationsof the HCX expeaimentfor two differert
rise-time of the apgied voltage. On the left, the rise-timewas of 800 ns (wavefrom and
rise-timeweregiven from actualexpaimentaldata)andthe simulationpredcts anexplosion
of the beamhead,leadingto loss of particlesat the wall andraising concers for potential
brealdowns and electroneffects. The samesimulation using a shorterrise-time (400rs)
predcts bettercontrd of thebeamhead.
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Figure 2. The current history is plotted versts time for four simulationsusing differert
nunerical techniques. The black curve represets the history prdfile obtaired from the
simulation(averagedover tentime stepsto damphigh-frequemy statisticalnoise). Thered
curweis theanalyticsolution Detailsof algaithmsaregiven in thetext.
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Figure 3. History of the nunber of particlesinjectedpertime stepfor thefirst 660time steps
correspondig to the caseof Fig.2a.
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Figure4. Voltagehistoryusedin resultsdisplayedn Fig.2,b)andFig.2,c)respectiely (black
curwes). Theredcunwesis theinfinitesimalLampel-Tiefenbacksolution.
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Figure 5. Snapsbts of a) currentprofile, b) z-Vz phase-sace,c) chage density d) applied
voltage versusz (black curves). The red curves representthe infinitesimal steady-state
solutiors excefd on a) wherethe steadystatecurrent solutionis not displayedand the two
red marks shawv thelimits of the AMR patchaslocatedat the time stepof measuement(the
shapshts arefrom a calculationat four timesthe resolutionof resultsdisplayed on previous
figures).
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Figure 6. Top: prototype of AMR meshingusedto follow the beamedge. Thefine gridded
areais remapped at eachtime stepto cover the emitter region and the edgeof the beam
Bottom: compaisonof emittane resultsfor threedifferentresolutiors without AMR andfor
onerunusingAMR.
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Figure 7. Left: phasespaceprojection and chage densityat grid exit for run on onegrid
at highestresolution Right: samedatafor run at coarsemresolution using AMR patchto
compensateTherunusingAMR takesabou afourth of the run at highestresolution bothin
computermemoy andruntime, for analmostequvalentresult.



