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The numerical shoulation of the deiving beans in o heavy jon fusion power plant & & challenging
tagk, and simulagion of the pewer plant as o whole, oz even of the doiver, is nob yet possible, Despite
the rapid progress in computer power, past and anficipated, ooe must consider Lhe wse of the mest
advanced mmmerical fechniques, if we are to reach our goal expeditiously, One of the difficuliies of
these simulations resides in the dizparity of scales, in time and in space, which must be resolvad.
When these digperiviss are in distinctive zones of the simulation regiom, 2 method which has proven
G0 be effective in other areas (e, finid dynamics simalations) is the mesh refinement technique, We
will discnas the challenges posed by Lhe oplementadion of this teeheigoe nbo plasma sizrbativoe
(due to the presence of particles and electromagnetic waves). We will present tlie prospects for and
projected benefits of its application fo heavy ion Bision, in pacticular te the simalation of the jon
sonre: gnd the final beam propagation in the chambar, A collaboration project i nnder way at
LBNL between the Applicd Numerieal Algorithms Group (ANAG) and the HIF group to couple
the Adaptive Mesh Reofwewent (AMR) Ubrary CHOMEBO developed Ty the ANAG group to she
Particle-Tn-Cell accelerator code WARFE developed by the HIFSVYNL, We deseeibe our poogross ol

presemt, omr initial findings.

Feyworde: plesma simulation, Mesh-Refinament, Particle-In-Cell, Heavy-Ion-Tusion

I. INTHODUCLION

Dntegeraled ead-lo-end stirmulations of 4 Heavy-Ion Fu-
sion facility, or even the driver, is not yet pogsible with
current software and hardware copabilities. Given the
ranpe of parameters that should be seanned by such types
of sirnulations, relying solely on the progress in compuler
hasrdware power is nor sufficient. Develapment and intro-
duction into our codes of mwore eflicienl nunerical Lech-
nigues must be part of the effort. Tn this paper, we re-
port on the states of an ongolog elloet atmed ac nleo-
duciny the Adaptive Mesh Refinement {AMB) technique
into Marticle-In-Cell (PIC) modeling. This iz part of a
more gonerad oflort Lo apply AMR o plastua modeling,
While we currently concentrate on implementing AMIL
into clestrostatic PIC codes, we also consider il applica-
tiem fo electromagnetic models and Viasov simulations.
In the first pact of this paper, we will presenl Uhe mesh
refinement concept, a hrief history of AMI (which was
successhully developed lor [luid modeling), and its po-
tenrial henefits o Heasry-Ton fusion.  The second part,
will examine the main issues n applying AME Lo models
which contain particles and waves, The ongoing dewvel-
cproent of an electroslabic AMRB-PIC code 1s based ou
the coupling of two existing packages: Chombo [3] for
AMR and WARP 9] for PIC. We present the approach
and stelus of this effort in the third part, while results
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of AMER-PIC sinulations realized with o RE prototyps
developed in WAL are presented in the last part.

II. THE MESH REFINEMENT METHOQD

The Meash Befinement mechod (MR) 35 & technigne
tor refining cortain reglons of the plwsical domain in o
gride-based calentation. MR serves as a "numerical micro-
gcope", allowing researchers to "zoom n" on the specitic
repions of o probden that are mmost mportant to its so-
Intion. Wather than requiring thad the whale caleulation
have Ahe sarne spatisl reaclution, ME allows dilferent ros-
clution in different regions of the problem. Aress of inter-
est are coverod with a fincr mesh than the surrounding
rapions; for thne-dependent prohlems, the finer meshes
are also in pencral advanced with a smaller thoe step.
The svoidanee of having to perform the entire calenia-
tion at the fnest resclution makes possible the solution
of & wider ranpy of problems, Somerimes, the sreas of the
physical domain that need refincrcent evalve and auto
matic radistriburcion of the refinement becomes necessary
as the simulation untolds; this Is known as Adapltive dMesh
Refinernent {AMER).

The hierarchiral structured grid approach now known
as AMR was (irsl developed by Berger and Oliger 13,
(1954) for hyperbolie partial differential equations. The
approgeh to adaptive pridding used here was developed
[or conservation laws and demonstrated to be highly aue-
cesstul for gas dynamics by Berger and Colella [4] [1086)
in two dimensions.  Bell, Berper, Saltzman and Wel-
corne [1] (1891) extended the methodolopy to thres di-



rensions,.  More recently, AME bhas been extended Lo
a variety of problems and algarithm choices, including,
bt not limited Lo, solving the variable-coelficient Pois-
son equation, the Helmhalrs eguation, the system of hy-
parlbiolic conservalion laws governing inviseid gas dynam-

equations, and the equations that govern reacting flows,
such s Lhose Lhat ccour in premixed and ponpremixed
combustion. The Heavy-Ton-Tugion progeam will henedit,
fvore the ntroduction of the AME technigue in several
areas of its modeling effart, leading to integrated simula-
tions of the driver, fom source o targel. The modeling
of the particle injector in detail affers a specific challange
dus to the presence of o siogularily in the solution at
the emitéing surface. Convergence studies of the High-
Current, Experiment (HCX) injector ot LBNL, using an
axisymmettic {1U2) prototyps AMR-Poizson solver, have
ahasen Lhat o very line regoludion is needed around the
emitting surface (see helow). Tn the accelerator, aceu-
o modeling of halo gencration calls for a detailed de-
geviption of the beam edes which the AMER technigue
will render aceegeible through both mesh refinement and
adaptivity capabilities. In Lhe [usion chamber, a self-
gonsistent simulation of a beam array is still out of reach,
and the introduction of AME would allew more rapid
progress. I order to tale full advantage of different ap-
procimations of the Viesow-Masxwell syatern, we plan o
introduce AME into our PIC electrostatic and elecrro-
mapnetic models, and ullimacely into our Vlasor model.
The implementation of the PIC elactrostatic capability
ig under way, while the other irnplementations have heen
left for future work.

III. APPLICATION TO PARTICLE-IN-CELL
PLASMA SIMULATION

The application of the mesh refinement, technicgne o
PIC plasmma simulation needs special caee in order o
avoid the introduction of spurions effects into the modsl,
or oat least o minimize them. The main new chalicnge
is the presence of macroparticles. The introduction of
AMR inlroduces a spurious foree that may potentially
alter the particle motion to an unaeceptable level. Also,
some mplamentations of AMIL may violate conservarion
laws and/or introduce non-plysical nos-lincarities {an-
harmonic forces). Finally, In the case of electromagnetic
PIC simulations, the introduction of AMRE s challeng-
ing due Lo Lhe rellection of high frequency saves at the
boundare of a refinement. pateh and, in general, straighd-

forward inplementations of AME into electromagnetic

codes yield nnerable algerithms,

A, Gauss theorem und Geld non-liovarilics

Several methods can be envisioned to couple a fine grid
and the coarser rrid in which it 1s enclosed; we discuss bwo

of them. The most straightforward method congists, onee
the solurion has been coleulated Lo the desived precision
on the conrse grid, petting the fine grid pacch boundary
values (for Dirichlet boundaries) through interpolation
from the coarse grid solution. All the Dirichlet bouad-
aries having been sol on the fine grid, a solurion iz than
computed in the interior and the procedure is recursively
performed for any refinement patch that it contains [this
is the procedure that has been used in the example given
in the nest subsection “issnes with macroparticles™).

Anocther method, which is the default in the Chowmbo
package [5], consists of lterating the solution back and
forth between a parch and itz mother prid, As in the
other method, Dicichlet boundary values for the fine grid
are interpolated from the coarse prid solution. Then, a
specified number of iterations are performed in the fine
grid and the fine and eoarse prid sclulions ace reconciled
during a “synchonization” step which consists in enforcing
the fine prid aolution on the coarse grid nodes located
inside che fine grid patch, This procedure is iterated
umntil comvergence.

While the sscond method has been shown to be of
higher order in acenracy, it violates Gauss’ Law under
a nodal immplernenlation and modifies the coarse grid so-
hution, eventually introducing otherwise non-presenl nos-
lineurities into Lhat solution, These two effects may be
ssues for acceleratar modeling, Both methuds are being
implemented and will be compared,

B. Issues with macropartieles

One cornerstone of PIC modding consists of defining
the charge deposition {(from macroparticles to the grid)
and field gathering (from the grid to the macroparticles)
in such a way to aveid gemerating spurious seli-force.
However, it can be shown that, for electrosratic, the in-
troduction of mesh refinement doss create a spurious im
age of & particle at the interface between a coarse amd
a fine grid refinement pateh, I I easy to demonstrate
this ellect on o simple example: a G4%64 square regular
grid Fmother’” grid) of undinensioned length L with &
local refinement patch consisting of a 32452 square repu-
lar grid of length L4, The ccnters of the ‘mother” prid
and the patch prid coincide. A single pacticle is initial-
tzed ab w position [Xy, Yo} o the fine grid. For each fime
step, the charge (undimensioned) of the parlicle iz de-
posited on both grids using lincar weighting. The field is
computed on the coarse prid vsing a Polssen sobver, as-
enming Dirichlet boundary condition @ = 0 a4 the bound-
aries. The solution is then linearly interpolated from the
coarse rrid onto the fioe grid boundaries and the field
solution is solved on the fine grid (frst methiod descriled
in the preceding subsection), The field is then linearly
interpolated back to the particle using the same weight-
ing function as for the charge deposirion. The particls is
finally advanced nsing a leap-frog pusher. IE the parsicle
i5 outside the fine prid, only the soarse grid s considered
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Figure 1: Effect of mesh refinement on a singls particle mo-
tiom, a) shows the grids confipuration. A test particle is
initialised in the foe grid paleh and is sliacted by He inage
due ta the metallic boundary {at the coarse grid horder). In
b), the time evoluticn of the particle position is given for an
Uecaet” case (pladn line) and for & cese with mesh refinement
[deshed Boe). The perturbation of the trejectory suggests
bliak the equivalent of o spurions “mage® of the real pazticle
ie introduced Ty the mesh eelincment.

for e caleuladion. Coee Lhe pacticle reaches the coarse
grid homndaries, it experiences a specular refleciion. The
fine grid is reactivated as seon as the pavticle reenters it.

Tip.1 displays the results for a particle initialized at
{186 Yo =126.32] (in the coarse grid mesh size nnits) and
2o = Uyn — 0. The results nsing the set of two grids as
deseribed above are compared to a reference case whers
the same problem is run on a unitorm 128%1%8 sguare
regnlar grid (so that it has the same resclurion as the
fine grid pateh).

The particle is attracted by it image at the boundary
and moeves towards the closest, boundary. As it should
normalty do and does in the reference case, the particle
meves boward the closest boundary snd bounces back,
and g0 on. Bur in the case of the 2-grid set, the particle
ig reflected at the interface botween the fing grid patch
anel the coarse mother grid, meaning that an effect, sguiv-
alent fo the presence of o spurlous repulsive mage ores
has been creared af the interface by the local refinement.
Techrigues (not deseribed here) o mitipate this effsct
have heen explored and will he implemented if tesis on

vl problems show thal 1L is needed,

2, Electromagnetic waves

The modeling of electromagnetic waves posss a specific
challenge to the use of mesh refinement and, more pener-
ally, to the use of non-Carlesian regular geids. This is due
t0 the fact that wave propagarion in vacuum is a process
thal has an “infinile memory™ of past events 50 thal ereors
tend to accummlate, leading to nstability, Dy nature, a
piven prid can transport only waves whose wavelengihs
exceed roughly twice the mesh spacing, Hence, when re-
fining an ores by palching o One prid on o cosrse one,
a band of wavelengths that can be resnlvad on the finar
grid cannot be rezolved on the conrse one, and arc re-
flocted at the fine-coarse prid interface. Such reflections
are ovidently unphysical and can build the ficld encrey
up by multiple reflections on the honndaries of the fine
grid, Morcover, as shown in [11], the reflection of these
waves al the interface 2 azanciated with an amplification
of the reflected wave that can reach o factor of 10 in the
gase of refinement both n space and in time (smaller time
steps in the refined region) of a factor of 3, for a scheme
based on “umps” of fne grid poiuts over alternate coarse
grid points and linear interpolations to conmect the two
grids, Somme Inprovernent can be obtained by applying an
enerpy conserving schema [6] which forees, hy constrie-
tion, the reflection factor to be unity. Adjustable damgp
ing, =4 developed In [8], can also help by deenping the
ghort wavelenpthe that constitute thege spurious reflecrad
waves, af the price of damping physical waves al the same
frequencies.  Another approach [11] consists in reduc-
ing the reflection factor by formally rewriting the mul-
tidimeneional wave equation into monodimensional wave
guuations that are split upon the direction of propagalion
of the waves along an axis.  Ahsorption of the congid-
cred waves ab efficicney comparable to the frst order, or
eventually second crder, Engguist and Majda absorbing
boundary condition [T} can be achieved vsing this tech-
nigue. Further reduction of the reflection factor by orders
of magnitudes may require the use of patches surrounded
by Perfectly-hatched-Layer (PMLY |2, 12| regions, For
such a technique, for each refinement patch applied to a
courser prid, an additional pateh having the same resolu-
tion as the coarse prid one will be needad, 'his technique
relies on the fact thao short waveleneihs present in the
fine-gricded patch will be created by sources located in-
side this same pateh only. Hence, the short wavelsngthy
can be computed on the fine patch, independently of the
whoede domain caleulation, and be added o Lthe coorse
gricd solution, provided that the long-wavelength infor
mation related to the same sources have also been cal
enlated independently on the coarse prid pateh and sob-
stracted from the whole domain solution. Compared o
usual mesh refinement. technigues, this approsch has the
advantage of removing Lhe voupling belween the coarse
erid and the patch houndaries, removing associated prob-




lers pad fociliceling the tnplementation.

IV, DEYELOPMENT OF THE WARDI'-CHOMBEO
PACKAGE

A nodal implementation of a multigrid AME solver
for the Poisson equalion wsing Shortly-Weller Mot call™
discretizarion of the Taplacian operator (to account for
internal boundarics al subeefl resolution) has been de-
veloped in Chombo.  In our confipuration, a library
comtaining Chorbo’™ execneable rontines is provided to
the WAND linker which merges the two packages to-
pether, Appropriate ealls to Chombo rontines are made
by WARDP FORTIANS routines which are trigeered by
o [ag which iz sel up by the wser in WARP's Python
aeript interface. Tor specialized use, some of the Chombo
routines, such as s AMR Polsson solver, are collable di-
rectly from WART s Python interface,

While the prodoction-level general three-dimensional
AMIY Poisson solver {6 being developed n the Chombo
package, we lave buill a prolotype axdsymmetric (RZ)
AMR-Priszon solver on the foundations of WALz -2
Poisson solver. This has allowed us 0 begin Lo explore
the henefits of AMR, for injector simulation, az described
in Lhe nexl seclion.

V., EXAMPLE: SMULATION OF THE HCX
SOTTROCE WITH WARP-RZ

Fig.2 shows o snapshot taken from s movie of an end-
toend CK elmatlation. As explalned n [10], & successful
snideto-end simulation requires s very detailed simnlation
of the front end. We present some results obtained on
the convergence study of the HOX souree simnlation. In
arder to focus on the soures, no quadrupole were coneid:
erad, which allowsd us to benefit from che adsymmetry
of the system, thus reducing the dimensionality of the
simulations. Assuming Lhat we are mnlerested only n the
sready-srate solution, the simulations were performed in
o “guasl time-dependent™ mode, where the eleclroslalic
field was solved every 10 time steps. In all the runs, we
have used a time step of 1ns and the run was stop af
ter 1000 timue steps §lps physical time), A snapshot of
the particles distribution at the end of the run is given
in Fig.d for & ealenlation using & prid of nr*nz—5H6%640
cells (giving dz & 3.6mm and Sz & 0.6mm). The mym
ber of cells was chogen ga that there are at least 10 grid
lines crossing the emitting regon in ench dimension [the
emitting surface has o radiug of 5.080m and an extension
of 6.45mm in z), We will refer to this nin as the *base
run”, We deline Lhe sinulalion peramelers of other runs
bw mwo integers, ngf and npf, which represent, respectively
the muliiplicative Tactor for the number of cells i cach
diménsion and the onmber of particles, with respect to
the base run. Hence, a run labeled {ngf=2, npf=4} had a
grid of 112*1280 rells and used four times the nnmber of

=04; pe=G+0

Figure 2: Image rom movie of an end-to-end WATLP simmla-
Lion of the HOX experiment.  This shows the bazm, emit-
ted from the souves (lef), propagading through the fivst
quadriupoles.

macroparticles of the base run. We ran Lhe coses {ngl=1,
npfl} (i.c., base grid), {ngf—2, npf=4}, {ngf=4, npf=14}
and {ngf=2, npf=4, with meysh refinement}. For the lasl
case, o mesh refinement patch having two times the res-
ohirion of the inftial prid in esch dimension was applied
on the emitter repion. The limits of the patch are shown
by a red ling on Figd. Let ce be the computing cost
of a run, then we haver colugl=4, npl=16)=4ceingi=2,
npf=d4)=16ec{ngf=1, npf=1)mdecingf=2. npf=4, with
mesh refinernent). Figd and Fig.d display respectively
the emittance as a function of 2 and a heam slice phase-
space projection, taken ol the end of the runs, From
Fig.d, it follows that higher resclurion means a reduc-
ticn of the emittenee. Froro Fig5, we can infer that this
ernittance reduction i linked to the lengih of 4 hook al
the edge of Lthe distribution, which also reduces when
the resalution rises. We remark that we oblained results
very close to the highest resolution case {npf=4, npf=16]
with the case {ngf—2, npl=4, will mesh relinement}, at
a fourth of the computational cost.

VI CONCLUSION

We have discussed the potential benefits of the inleo-
duction of the AMRE technigue Ior the Heavy-lon sion
program, as well as the diffienluies that arise in ils ap-
plication to plasma and accelerator modeling,. We have
presented the angoing effort of coupling s existing AME
package with the PIC code WANLDP and have shown thar
a sipnificant reduetion factor could be obialned in com
puter time eost on the simulation of a key issus for HIF,
We conelude [rom this preliminary study that the intro-
duction of the AMIL technigue inta heam and plasma
sirnutations offers e potential of mere efficlent calouba-
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Fipure 3 Snppubot of the pacticle distribotion (dark yellow)
at the end of 4 HOX source simularion. Caolar cantonr plot
of the electroskatic poteniial are rendered in vacuum areas
{Blacl areas represent conductars), ‘The red box ses the lim-
ite of the mesh refincment pateh that has been used inone of
the rans.
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Fignra 4 Mormalized rms emittance of the beaw as 2 fanction
of #, 25 measured at the end of four ruus {see toxt for Tuns
laheling deseription). A higher resolution leads to a lower
emittenee, Applying o mwesh refinement aronnd the emmitting
arca wlows to recover {ahmost) exactly the emittance profile
at & rechace cost (factor 4 in this case),

T

tioms; leading ws Lo reach Lhe goal of integrated end-to-
end simulation significantly sooner than would be possi-
ble otherwise,
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Figure 5 Phase-space projections of the beam slice dis.
tribution in the r-o' plane at the end of the runs for
39 cm-z-d0cm (see texc for runs labeling descriptiom). A
higher resalution leads to o soeller hook. Apolying o mesh
refinerment around Lthe cmiltieg arca allows o reeover Lhe cor-
ract lemgth of the honk ar a veduce cost {factor 4 in this case).
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