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The nomerical simulation of the driving boarss o a beavy Jon fusion power plané & & chullengiug
task, and simulation of the power plant o5 a whole, or even of the ddver, & nob yet possible. Despite
the rapid progreass in computer power, past and anticipated, ome must cousider Wie use of the moel
ndvanced mmarical techniqnes, if we are to reach oor goal expeditionsly. One of the difficalties of
these simulacions resides in the disparity of seales, in time and in space, which mnst be resolved.
When these disparicies are in distinctive zones of the simulation region, 2 method which has proven
10 be effective iu obber wrews (g, Buid dynamics simulations) is the mesh refinement technique. We
will discoes the challenges poscd by Lhe implementation of ths techmgue ke plasma sunulationg
{tlue to the presonce of particles and slectromagnetic waves). We will present rhe prospects for and
projected benefits of its application to heavy ion fusinn, in partirnlar to the simmlation of the fon
wourer und the final besm propagation in the chamber, A collaberation project is nnder way ab
LBNL beiween the Applicd Numerical Algorithms Group (ANAG) and the HIF group to couple
the Adaplive Mesh Refwewent (AMR) library CHOMBO developed by the ANAG group to che
Particle-In-Cell accelarator code WARP developed by the HIF-VYNL. We deseribc our progress anod

presemt, onr initial findings,
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I, INTRHODUCTION

Inlegraled cad-lo-end stondubions of o Heavy-Ion Fu-
sion facility, or aven the drivar, I8 not yet possible with
current sofbwore and hardware capabilities. Glven (he
varye 0f paramelecs thal should be seanned by such types
of simulations, relying solely on the progress in compuler
hardwnre power & nor sufficient. Development and intro-
duction Into our codes of more eflicient numerical Lech-
nigues must be part of tha afforr. In this paper, we re-
port on the status of an ongoing elfoel aimed al inkro-
ducing bhe Adaptive Mesh Refinement, (AMR) rechniome
into Particle-In-Cell (1PIC) modeling, This is part of a
more general effoct 1o apply AMR w plasma modeling,
While we currently concentrate on implementing AMIL
into clectrostatic PIC codes, we also consider ils applica-
tion to electromagnetic models and Vlasov simulations.
In the first part of this paper, we will present the mesh
refinement concept, a hrief history of AMR (which was
successfully developed for Ouid modeling), and its po-
tenrial henefits to Heavy-lon fusion. The second part
will examine the main issues in applying AMR Lo models
which contain particles and waves. The ongoing devel-
opracat of an clecwrostatic AMR-PIC code is bused on
the coupling of two existing packages: Chombo [3] for
AMR and WARP 9] for PIC. We present the approach
and stutus of chiv effort in the third parr, whils results
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of AME-PIC sitnolations reslized with o RZ prototypa
developed in WAL are presented in the lagt part.

II. THE MESH REFINEMENT METHOD

The Mesh Refinement method (MR) s a techunigue
for refining certain regions of the plysical domain in o
grid-based calenbation. MR serves as a "numericeal micro-
scope”, allowing researchers to "zoom in" on the specitic
regions of 4 problen that are most roportant ks so-
lution. Wather than requiring that the whala ealenlation
have the same spatial resolution, MR allows different res-
olution in different regions of the problem. Areas of inter-
st are covered with a finer mesh than the surrounding
regions; for time-dependent problams, the finer meshes
are also in general advanced with a emaller tine step.
The avoidance of having to perform the entire ealenls-
tion at the finest resolution malkes possible the solution
of & wider range «f problems, Sometimes, the areas of tha
physical domain that need refinement evolve and auto
maric: redistriburion of the refinemeant becomes necessary
as the simwlation unfolds; this is known as Adaptive Mesh
Refinement {AMR).

The hierarchical structnred grid approach now known
as AMR was [rst developed by Berger and Oliges |3
(1954) for hyperholic partial differential equations. The
approach to adaptive gridding used here was developed
[or consereation laws and demsenstrated to be highly sue-
cessful for gas dynamics by Derger and Colella [4] [1080)
in two dimensions, Bell, Berger, Saltzman aud Wel-
corme |1] (1991) extended the methodology to three di-




rengions. More recently, AME bas been extended Lo
a variety of problems and alporithm choices, inchiding,
bt not limited Lo, solving Lhe variable-coelliclenl Pols-
son equation, the Halmhbolts eguation, the system of hy-
perbolic conservalion laws governing inviseid zas dynam-
ica, the compressible and incompressibls Navier-Stokes
cquations, and the equations that govern reacting flows,
such s Lhose that ccour in premixed and nonpremixed
combustion. The Heavy-Ton-Tusion progeam will henedit,
frone 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 spacific challange
dus to the presence of o siogulacily ln the solution at
the ernitéing surface. Corvergence studies of tha High-
Current Experiment (HOX) injector at LBNL, using an
axisymmettic {1U2) prototyps AMR-Poizson solver, have
ahawen Lhat o very fine segoludion is needed around the
gmitting surface (see helow). Tn the accelerator, acou-
rade nodeling of halo gencration calls for a detailed de-
geviption of the beam edes which the AMR technigue
will render accegeible through both mesh refinement and
adaptivity capabilities. In ke [usion chamber, a sell-
gonsistent simulation of a beam array ie still out of reach,
and the introduction of AME would allew more rapid
progeess. Iy order to take full advantase of differant ap-
procimationg of the Viesow-Masxwell syatem, we plan to
inteoduce AME into our PIC electrostatic and elerrro-
mapnetic models, and ullimacely into our Vlasor model.
The implamentation of the PIC elactrostatic capability
ig nuder way, while the other irplementations have hean
laft for futurs work.

1II. APPLICATION TO PARTICLE-IN-CELL
PLASMA SIMULATION

The application of the mesh refinement, technicgue o
PIC plesmma sunulation oeeds special cape in order co
avoid the introduction of spurions effects into the maodsl,
oroat least o minimiee them, The main new chalicnge
is the presence of macroparticles. The introduction of
AMR inlroduces & spurions foree that may potemtially
alter the particle motion to an unaeceptable level. Also,
some Implementations of AMIY may violate conservarion
laws and/or introducs non-physical nos-lincarities {an-
harmonic forees). Finally, in the case of electromagnetic
PIC simulations, the imroduction of AMRE s challens-
ing due Lo Lhe rellection of high frequency seaves at the
boundare of a refinement. pateh and, in general, stoaighd-
forward inplementations of AME into electromagnetic
codes yiald nnetable algorithms,

A. Gaupss theorem und Geld non-lionvarilics

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

of them. The most straightforward method consists, onee
the solurion has been coleulated Lo the desived precision
on the conrse grid, petting the fine grid parch houndary
values (for Dirichlet boundarices]) through interpolation
from the coarse grid solution. All the Dirichlet bouud-
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™).

Ancther method, which is the default in the Chowbo
package [5], consists of lterating the solution back and
forth between a parch and itz mother prid, As in the
other meathod, Dicichler boundary vatues for the fine grid
are interpolared fram the coarse prid solution. Then, a
specified number of iterations are performed in the fine
grid and the fine and coarse prid scluliongs ace reconciled
during o “gynchonization” step which consists in enforcing
the fine prid aolution on the coarse grid nodes located
inside the line grid pateh, Thiz procedure is iteraced
umntil comvergenoe,

While the sscond method has been shown to be of
higher order in acouracy, it violates Gauss' Law under
a nodal implermentation and modifies the coarge grid so-
hutiemn, eventually introducing otherwise non-presenl mon-
lineurities indo Lhat solution. These two effects may be
ssues for acceleratar modeling, Both methuds are boing
implemented and will be compared,

B. lssues with macropartieles

One cornerstone of PIC modding consists of defining
the charge deposition {(from macroparticles fo the grid)
and field guthering (from the grid to the macroparticles)
in such a way to avoid senerating spurious seli-force.
Howewver, it can be shown that, for slectrosratic, the in-
troduction of mesh refinement dows creawe a spurious m
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 B4%64 square regalar
grid Fmother” grid) of undinensioned length L with &
local refinement patch consisting of a 32452 square repu-
lar grid of length L/4. The conters of the “mocher” 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 paclicle iz de-
posited on both grids using lincar weighting. The field is
computed on the coarse prid vsing a Poissen sobver, as-
enming Dirichlet boundary condition @ = 0 a4 the bound-
aries. The solution is then linearly interpelated from the
coarse rrid onto the fioe grid boundaries and the field
sotution is solved on the fine grid (frst metlod described
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 particle is
finally advanced nsing & leap-frog pusher. IE the parsicle
i5 outside the fine prid, only the eoarse grid s considered
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Figure 1: Effect of mesh refitement on & singls particle mao-
tiom, u) shows the grids configuration. A test particle is
initialised in Uhe Aoe grid paleh and is sloacted by He mage
dua ta the metallic boundary {at the coarse grid horder). In
b), the time evolnticn of the particle position is given for an
Mecaet™ cuse (plain loe) and for & cese with mesh refinement
[diwihed ling). The pertarbation of the trejectory suggests
bliak Lhe eguivadent of o spurions “mage® of the real pazticle
ie mtrodwced Ty the mesh eelincmeot.

for e caleuwladion. Coee Lhe pacticle reaches the coarse
grid hemndaries, it experiences a #pecular refleciion. The
fine grid is reactivated a5 soon as the paviicle reenters it.

Tip.1 displays the results for a particle initialized at
{185 Yo =126,32] (in the coarse grid mesh size nmits) and
tag = typ — . The results using the set of two grids as
deseribed above sre compared fo a reference case where
the same problem is run on a uniform 128%1%2 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 referénce case, the particle
moves boward the closest bonndary sod bounces back,
and g0 on. Bur in the case of the 2-grid set, the particle
ig reflected ot the nterface botween the fing grid patch
amel the coarsse mother grid, meaning that an effect, sguiv-
alent fo the presence of o spurlous repulsive mage lores
has besn creared at the interface by the lacal refinemant.
Techrigues [not deseriled here) Lo mitipate this effect
have heen explored and will he implemented if tests on

rea] problems show Uhal il is needed,

2, Electromagnetic waves

The wodeling of electromagnetic waves poses a specifio
challenpe to the tse of mesh refinetment and, more pener-
ally, to the use of non-Carlesian regular geids. This is due
to the fact that wave propagarion in vacuum is a process
thal has en “infinite memory™ of past events o thal ercors
tend to accunmalate, leading to instability, By nature, a
piven prid can transport only waves whose wavelengihs
exceed roughly twice the mesh spacing. Hence, when re-
fuing on ores by palching o fne grid on o cosrse one,
a hand of wavelengths that can be resolvad on the finer
grid connot be resolved on the coarse oo, and are ro-
flocted at the fine-coarse prid interface. Such reflections
are cvidently 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 8 azanciated with an amplification
of the reflected wave that can veach o factor of 10 in the
gase of refinement both n space and in time (smaller time
stops in the refined region) of a factor of 3, for a scheme
based on “unps" of fing grid points over alternabe coarss
grid points and linear interpolations to conmect the two
grids, Somme Tnprovernent can be obtained by upplying an
enerpy conserving schema [6] which forees, by constrie-
tiom, the reflection factor to be wunity. Adjustable damp
ing, =y developed In |8, can also help by deeoping the
ghort wavelenpthe that constitute thege spurious reflecrad
waves, 4t the price of damping physical waves al Lhe same
frequencies.  Anether 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 at officiency comparable to the Hrst arder, or
eventually second order, Enpgnist and Majda absorbing
boundary condition [T} can be achieved vsing this tech-
nigue. Further reduction of the reflection laclor by orders
of magnitudes may require the use of patehes surrounded
by Porfectly-hatched-Layer (PMLY |2, 12| regions, For
such a technique, for each refinement patch applied to a
comrser 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 pateh will be created by sources located in-
side this same pateh only, Hence, the short wavelsngthy
can be computed on the fine pateh, independently of the
whode domain caleulation, and be wdded o Lthe coorse
grric solution, provided that the long-wavelength infor
mation related to the same sources have also been cal
entlated indapendently on the coarse prid pateh and sob-
stracted from the whole domain solution. Compared to
usual mesh refinement. technigues, this approsch has the
advantage of removing Lhe coupling belween the coarse
zrid and the pateh houndaries, removing associated prob-




lers pad focilicating the tnplementation.

IV, DEYELOPMENT OF THE WARDI-CHOMBEO
PACKAGE

A nodal implementation of a multigrid AME aobver
for the Poisson equelion wsing Shortly-Weller "ot 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 Chornbo’™ execneable rontines is provided to
the WAND linker which merges the two paclages to
gether, Appropriate ealls to Chombo rontines are made
by WARP FORTHAN: routines which are trigeored by
o ag which iz sel up by the user in WARP's Python
acript 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 galver ie being developed n the Chombo
package, we liave bulll & prololype axdsymmetric (RZ)
AMR-Priszon solvar on the foundations of WALz r-n
Poisson solver. This has allowed us w0 begin Lo explore
the henefits of AMR, for injector simulation, az described
in Lhe nexl seclion.

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

Fig.2 shows o snapshot taken from a movie of an end-
to-end CX elmulation. As explained in [10], a successful
snid-to-end simulation requires & very detailed simnlation
of the front end. We present some results obtained on
the convergence study of the HOX source simnlation. Tn
arder to focus on the soures, no quadrapole were consid-
sred, which allowsd us to benefit from the adsymmetry
of the system, thus reducing the dimensionality of the
simulations. Assuming Lhat we are inlerested only n the
sready-state solntion, the simulations were performed in
o “guasl time-dependent™ mode, where the eleclroslatic
field was solved svery 10 time steps. In all the runs, we
have used a time step of 1os and the run was stop af
ter 1000 timue sieps §lps physical time), A snapshot of
the particles distribution at the end of the run is piven
in Fig.5 for & ealenlation using & prid of nr*nz—h6%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
linee crogsing the emitting regon in ench dimension [the
emitting surface has o radius of 5.080m and an extension
of 6.45mm in #), We will refer to this mm ag the *hase
run™, We deline Lhe sinulalion peramelers of other runs
bw mwo integers, ngf and npf, which represent respectively
the multiplicative actor for the number of cells in cach
diménsion snd the mnmber of particles, with respect to
the base run. Hence, a run labeled {ngf=2, npl=4} had a
grid of 112*%1280 rells and used fonr times the nnmber of

=04; me=G40

Figure 2: Image rom movie of an end-to-end WATP simmla-
Lion of the HOX cxperiment.  This shows the basm, emit-
ted from the sonves (lef), propagating through the fivst
quadripoles,

marroparticies of the base run. We ran the coses {ngl=1,
npfl} (i, base grid), {ngf—2, npf=4}, {npgf=4, npf=16}
and {ngf=2, npf=4, with mesh refinement}. For the last
case, o mesh refinement patch having two times the res-
olirion of the inftial grid in esch dimension was applied
on the emitter repion. The limits of the patch are shown
by a red line oo Figd. Let cc be the computing cost
of 4 run, then we haver colugl=4, npl=10)=4ccingf=12,
npf=d)=16ec{ngf=1, npf=1)mdecngf=2. npf=4, with
mesh refinernent). Figd and Fig.d display respectively
the emittance as a function of z and a heam slice phase-
space projection, taken ol the end of the runs. From
Figd, it follows that higher resclurion means a redue-
ticn of the emittenee. Froro Fig.5, we can infer that this
ernittancs reduction i linked to the lengih of 4 hook al
the edge of Lthe distribution, which also reduces when
the resalntion rises. We remark that we oblained results
very close to the highest resolution case {npf=4, npf=16}
with the case {npf—2, upf=4, will mesh relinement], at
a fourth of the computational cost.

VI CONCLUSION

We have discussed the potential benefits of the inloo-
duction of the AME technigue [or the Heavy-lon asion
program, as well as the diffienlues that arise o its ap-
plication io plasme and accelerator modeling, We have
presented the angoing effort of coupling sa exisuiog AME
package with the PIC code WANLP and have shown thar
a sipnificant reduetion factor could be obiained in com
puter time eost on the gimulation of akey issus for HIF,
We conelude [rom this preliminary study that the intro-
duction of the AMIL technigue inta heam and plasimna
sirnubations offers e potential of more efficlent calouba-
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IHpnra 4 Normalized rms emittance of the beuw as o function
of 2, as measured at the end of four ruws (sce text for Tuns
Iaholing deseription). A higher resolution leads to a lower
emittance. Applying o mesh refincament aronnd the emitting
wres allows Lo recover {(almnst) exactly the emictance profile
ai a raduce cost (faczar 4 i this case),

T

tions, leading us Lo reach Uhe goal of inteprated end-to-
end simulation significantly sooner thus would be possi-
ble otherwise.
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