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Abstract. Thenumerical simulationof thedriving beamsin a heavy ion fusionpowerplant
is a challenging task,and,despiterapid progressin computer power, onemustconsiderthe
useof the mostadvancednumerical techniques. Oneof the difficulties of thesesimulations
residesin the disparityof scalesin time andin spacewhich mustbe resolved. Whenthese
disparitiesarein distinctive zonesof thesimulationregion, a methodwhich hasprovento be
effective in otherareas(e.g. fluid dynamicssimulations) is the Adaptive-Mesh-Refinement
(AMR) technique. We follow in this articletheprogressaccomplishedin thelastfew months
in the merging of the AMR technique with Particle-In-Cell (PIC) method. This includes a
detailedmodeling of the Lampel-Tiefenback solution for the one-dimensional diode using
novel techniquesto suppressundesirable numerical oscillationsandanAMR patchto follow
theheadof theparticledistribution. We alsoreport new resultsconcerningthemodeling of
ion sourcesusingtheaxisymmetricWARPRZ-AMR prototypeshowing theutility of anAMR
patchresolvingtheemittervicinity andthebeamedge.

1. Intr oduction

Thenumericalsimulationsof thebeamions transportin a Heavy Ion Fusion[1] accelerator
and reaction chambercurrrently model different stagesof the processseparately. A
completelyself-consistentsimulation, which is ultimately needed,requiresan end-to-end
simulation from the ion sourceto the fusion target. This representsa real challengeeven
extrapolating near-future computer power from currentstateandpastprogressandwe must
considertheuseof themostadvancednumericaltechniques.Oneof thedifficultiesof these
simulationsresidesin the disparityof scalesin time andin spacewhich mustbe resolved.
Whenthesedisparitiesarein distinctive zonesof thesimulationregion,a methodwhich has
provento beeffective in otherareas(e.g. fluid dynamicssimulations) is theAdaptive-Mesh-
Refinement(AMR) technique.We have begunat LBNL the explorationof introducing this
techniqueinto the methodthat we usethe most(i.e. Particle-In-Cellor PIC) andstarteda
collaborationwith NERSCresearchers to developanAMR library of subroutinestargetedat
providing AMR capabilitiesfor existing plasmaPIC simulation codes[5]. In [5], we have
exposedthe main issuesassociatedwith the couplingof the AMR andPIC techniques,for
bothelectrostaticandmagnetostatic simulations. In this article,we presentadditional results
obtainedwith aone-dimensionalandatwo-dimensionalaxisymmetric prototypesof Particles-
In-Cell+Adaptive-Mesh-Refinementcode.
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2. Time-dependent modelingof transient effectsin diodewith fast rise-time

Thecontrolof thebeamheadby usingappropriateshapesandrise-timeof theappliedvoltage
controlingthe beamextractionandaccelerationin the sourceis of greatimportanceif one
needsto avoid ion lossto thewall andits adverseeffects.Fig.1displayssnapshotsof thebeam
headin thematchingsectionof theHigh-CurrentExperiment(HCX[2]) conductedat LBNL
for two differentrise-time(usingthesamewaveformobtainedfrom experimental data).Using
arise-timeof 800ns,thesimulationpredictsasignificantmismatchof theheadresultingwith
lossof a small fractionof particlesat thewall. Accordingto thesimulations,shorteningthe
rise-timeto 400nsprovidesa bettermatchof the beamheadwith outerparticletrajectories
away from any structure.

Shortpulse(200nsflat top) with very shortrise-time(¡50ns)areenvisionedfor thenext
possible HIF experiment,the IntegratedBeamExperiment(IBX[2 ]). The modelingin this
rangeof parameteris quite challengingandthe simulation tools mustfirst be proven to be
efficientonsimilarproblemsfor which thesolution is known.

For aone-dimensional diode,LampelandTiefenback[4] demonstratedthatananalytical
solution for a waveform of the appliedvoltageproducinga Heaviside stepfor the current
profileexistedandis given by

V � t ��� 1
3

t
ttransit

	
4 
�� t

ttransit 
 3�
Vmax (1)

whereVmax is thevoltagethat is appliedat steadystateandttransit is thetransittime of a
particlefrom theemitterto thecollector. Thelatterquantityis givenby

ttransit � 3 � d ��� m
2qVmax

(2)

whereq andm representthechargeandmassof particlesandd is thedistancebetween
theemitter andthecollector.

In WARP[3], thestandardalgorithmfor injectingparticlesusesa virtual surfacelocated
at distancedi from the emitting surface. After a field solve, the potential dropVi computed
betweenthe emitter and the virtual surface is usedto evaluatea current I � χV3� 2

i � d2
i

assuminga Child-Langmuir emission betweenthe two surfaces(χ � 4
9ε0 � 2q� m). The

obtainedcurrentis usedto launchN new macroparticlesusingtheformulaN � Iδ t � qm where
qm is thechargeof amacroparticleandδ t is thetimestep.

Usingthis algorithmon a uniformgrid of 160cells,a diodelengthof 0.4meters,a time
stepof 1nsandasteady-statecurrentof 30A with theLampel-Tiefenbackwaveformasgiven
in (1), we have obtainedthe currenthistory given in Fig.2,a). We observe thatwe get large
amplitude low-frequency oscillations slowly dampingin time. Thehistoryof thenumberof
particlesinjectedat eachtime stepthat is given in Fig.3 also featureshigh amplitudelow-
frequency oscillations which may be the causeof the oscillations observed on the current
history.

2.1.Application of theLampel-Tiefenback methodat thediscretelevel

Theonly parametercontrolingthenumberof particlesinjectedateachtimestepis thevoltage
dropVi computed betweenthe emitterandthe virtual surface. Gettinga Heaviside current
profile implies to emit a fix number of particlesper time stepfrom time zero, implying to
startwith anon-zeroappliedvoltage,in contradictionwith theLampel-Tiefenbackprofile. In
orderto circumventthiscontradictionwhichwasdueto theapplicationof asolution obtained
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usinginfinitesimal calculusto discretizedsimulations,we decidedto apply the methodthat
LampelandTiefenbackusedto derivetheirsolution at thediscretizedlevel directly. Knowing

thecurrentI andthedistancedi, thequantity Vi is uniquelydeterminedbyVi ��� Id2
i � χ � 2� 3and

mustbea constantto ensurea constantnumberof particlesemittedper time step.Usingthe
linearity of the Poissonequation,we canseparatethe overall solution into onecomponent
V0 resultingfrom the emitter-collectorsystemwith appliedvoltagebut no charge between
theelectrodesandanothercomponentVg resultingfrom thesystemwith chargebut grounded
electrodes.We nameV0i andVgi thepotentialscorrespondingto thesetwo componentsat the
virtual surfacelocation. At any givenstep,we wantVi � V0i � Vgi � Constant. The charge
densityprofile is known from the particledistribution at all time steps. ThusVgi is always
definedandwe cancomputeV0i � Vi 
 Vgi. RemarkingthatV0 is a scalingof thesolution at
maximumvoltagewithout charge, we get that the voltagethat is to be appliedbetweenthe

electrodesat a giventime stepis givenby Vapplied � Vmax � V0i � Vimax � Vmax � Vi 
 Vgi � � Vimax

whereVimax is the voltageon the virtual surfaceat maximumvoltagewith no charge. The
historyof thevoltagethusobtainedis displayedin Fig.4,a)andcomparedto theinfinitesimal
Lampel-Tiefenbacksolution. As expected,thevoltagedoesnot startat zerobut at almosta
quarterof themaximumvoltage.It is quiteremarkableto noticethatfor timesgreaterfromthe
transittime of particlesfrom theemitter to thevirtual surface,thecomputedvoltagehistory
catch-upwith the infinitesimal profile andbecomeindistinguishablefrom it. As canbeseen
on Fig.2,b), startingat a non-zerovalue for the voltagein order to get a constantnumber
of particlesemitted at eachtime stepprovidesa currenthistory profile which is closerto a
Heavisidestep,exceptfor apeakat thefront.

2.2.Subgriddingof theemitterto virtual surfaceregion

As informativeandusefultheapplicationof theLampel-Tiefenbacktechniqueat thediscrete
level to obtainan ideal currentprofile is, it is of little help for modelingthe beamresponse
to profilesthatdiffer from the idealprofile, asmaybe imposedby experimentalconstraints.
However, if we canget to lower the initial voltagevalueasobtainedby this techniqueto a
negligible value,thenapplyingthis techniqueor applying the infinitesimalvoltagesolution
will beequivalent.

If we setthe maximumvoltageto startthe simulation with to be oneper-centof Vmax,
thenwegetfrom thepreviousrelationsanda litt le algebrathatwewouldhaveto augmentthe
resolutionby a factorof 10000,meaninga grid of 1.6 milli on meshesfor a 1-D simulation.
It is clearthat theuseof an irregularmeshimposesitself at this point. For easyextension to
2-D and3-D (which descriptionis differedto anotherarticle), we have optedfor a subgrid
patchwhichextendsfrom theemitter to thevirtual surface.In orderto beableto getto avery
fine resolution closeto theemitter, we setthemeshspacingsoasto obtaina uniform charge
densityin thepatchat steady-state(assumingChild-Langmuirflow). At eachtime step,the
potentialis first obtainedon themain regular grid andthe boundaryvaluesof the patchare
interpolatedfrom themaingrid solution. Thefield is thensolved insidethepatch(notethat
charge densitydepositionis performedinsideboth themaingrid andthepatch). Using200
cellsin thepatchallows for aninitial appliedvoltageto belessthanoneper-centof Vmax and
we cancheckonFig.4,b)thatthevoltagehistoryprofile obtainedfrom thesimulationis now
undistinguishablefrom theinfinitesimalLampel-Tiefenbacksolution from thestart.This has
beenobtainedwithout deterioringthecurrentprofile, ascanbeencheckedin Fig.2,c),which
is almostidenticalto theoneof Fig.2,b).Thepeak,however, thatwemayhaveassumedto be
causedby thevoltagestartingat a non-zerovalueis still present.Our assumption wasat this
point thatthepeakis dueto anunderresolvedfront of theparticledistribution.
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2.3.Application of anAdaptive-Mesh-Refinementpatch following theparticle distribution
front

In order to check this assumption, we have addedan Adaptative-Mesh-Refinementpatch
followingthefront of theparticledistribution. Thepatchhadaresolutionsixteentimeshigher
thanthemaingrid andits position wasresetat eachtimestepaccordingto thefront position,
computedby locatingthemaximumabsolutevalueof thecurrentprofilespacederivative. The
result is displayedin Fig.2,d)andshows that the peakhasnow disappeared,giving a result
remarkablycloseto the infinitesimalsolution. Anothercalculationwasmadeat four times
the resolutionusedso far (meshsizex4, nb particlesx4, time step/4)andsnapshotsof the
resultsaredisplayedin Fig.5. It shows thatall thecomputedquantitiesarevery closeto the
infinitesimal solution.

3. Progresson the simulation of ion sourceusing WARP axisymmetric AMR prototype

Wehavealsopursuedthesimulationof theconfigurationof thesourceusingtheaxisymmetric
PIC-AMR modelprototype implementedin WARP, asdescribedin [5]. We have showed in
[5] thatsettingameshrefinementpatcharoundtheemitterregionwashelpful in gettingresult
almostasaccurateasa run at higherresolution,at a fourth of the computational cost. The
edgeof thebeam,however, did not seemto beaswell modeledasthecoreandwehavedone
the samesimulation usingthis time an Adaptive-Mesh-Refinementpatchwhich coversthe
vicinity of theemitterbut alsofollows thebeamedge(seeFig.6,top). Fig.6,bottom) displays
a comparisonof the emittanceprofilesobtainedoncethe beamhasreachedsteady-statefor
threedifferent resolutionswithout using AMR (ngf: factor of numberof grid meshesfor
eachdimension, npf: factornumberof particles)andonecaseusingAMR. Thephase-space
projectionin the spaceR-R’ andthe charge densityprofilestaken at the exit of the source
arealsogiven in Fig.7. Using four timeslessparticles,the run usingAMR usesa fourth of
thememoryanda fourth of the run time necessaryto achieve essentiallythe sameresultas
obtainedfrom arunonauniqueregulargrid at thehighestresolutionusedin this test.

4. Conclusion

We have extendedthe work presentedin [5] by performinga 1-D time-dependentand a
2-D axisymmetric converged to steady-statetestsusingboth the AMR methodcoupledto
theParticle-In-Celltechnique.For time-dependentsimulation, theuseof theAMR patchas
provedto be, togetherwith theuseof an irregulargriddedpatch,indispensablefor reaching
an accuratemodeling of thebeamfront. For steady-statesimulations,AMR is essentialfor
modelingthebeamedgewith accuracy while maintaining a goodlevel of statistic in thecore
of thebeam.TheobtainedresultsdemonstratethattheAdaptive-Mesh-Refinementtechnique
canbesuccessfullyusedwith theParticle-In-Celltechniqueandopentheway to simulations
thatwouldotherwisebeoutof reachoncurrentandnear-futurehardwares.
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[4] M. Lampel andM. Tiefenback,“An AppliedVoltageto EliminateCurrentTransientsin a One-dimensional

Diode”, Appl. Phys.Lett.43, No. 1, 1 (1983)
[5] J.-L. Vay et al, “Mesh Refinementfor Particle-In-Cell PlasmasSimulation:application- andbenefitsfor -

Heavy Ion Fusion”, LaserandParticle Beams, to bepublished
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Figure1. Snapshot of thebeamheadfor simulationsof theHCX experimentfor two different
rise-timeof the applied voltage. On the left, the rise-timewas of 800 ns (wavefrom and
rise-timeweregiven from actualexperimentaldata)andthesimulationpredicts anexplosion
of the beamhead,leadingto lossof particlesat the wall andraisingconcerns for potential
breakdowns and electroneffects. The samesimulation using a shorterrise-time (400ns)
predicts bettercontrol of thebeamhead.
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Figure 2. The current history is plotted versus time for four simulationsusing different
numerical techniques. The black curve represents the history profile obtained from the
simulation(averagedover ten time stepsto damphigh-frequency statisticalnoise). The red
curve is theanalyticsolution. Detailsof algorithmsaregiven in thetext.
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Figure3. History of thenumberof particlesinjectedpertime stepfor thefirst 660time steps
corresponding to thecaseof Fig.2,a.
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Figure4. Voltagehistoryusedin resultsdisplayedin Fig.2,b)andFig.2,c)respectively (black
curves).Theredcurvesis theinfinitesimalLampel-Tiefenbacksolution.
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Figure 5. Snapshotsof a) currentprofile, b) z-Vz phase-space,c) charge density, d) applied
voltage versusz (black curves). The red curves representthe infinitesimal steady-state
solutions except on a) wherethe steady-statecurrent solution is not displayedand the two
redmarks show thelimits of theAMR patchaslocatedat thetime stepof measurement(the
snapshots arefrom a calculationat four timestheresolutionof resultsdisplayedon previous
figures).
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Figure 6. Top: prototypeof AMR meshingusedto follow thebeamedge.Thefine gridded
areais remapped at eachtime stepto cover the emitter region and the edgeof the beam.
Bottom: comparisonof emittance resultsfor threedifferentresolutions without AMR andfor
onerunusingAMR.
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Figure 7. Left: phase-spaceprojection andcharge densityat grid exit for run on onegrid
at highestresolution. Right: samedatafor run at coarserresolution usingAMR patchto
compensate.Therun usingAMR takesabout a fourth of therun at highestresolution bothin
computermemory andrun time,for analmostequivalentresult.


