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Abstract. The concept and designs of plasma-based advanced accelerators for high energy
physics and pholon science are modelled in the SeiDAC COMPASS project with a suile of
Particle-In-Cell codes and simulation technigues including the full elechomagnetic medel, the
envelppe model, the boosted frame approach and the quasi-siatic moedel. In chis poper, we
report the progress of the development of these models and techoiques and present receat
results achizved with large-scale parallel PIC simulations. The simudation needs for smodelling
the plasma-bnged advanced accelerator at the encrgy fronter is discussed and a path towards
this goal is outlined.

1. Introduction
Particle accelerators have bean the major tool for experimental high enerpy physies and phaton
science, The largest particle accelerator ever built 1o date, the Large Hadron Collider (LHC) at CERN,
is based on the superconduciing RF acceleratar technolagy. It is 27 kilometers in length and cost &
billions dellars. Similarly the world®s first hard X-ray fres electron laser, the Linac Coherent Light
Source (LCLS), also relies on a kilometer-long conventional RF accelerator to accelerate an election
beamn to 14.35 GeV for x-ray FEL production. A possible way to reduce the size and cost of next
generalion accelarators by an order of magnitude or mare is 0 nse reladvistically moving plasma
waves as the aceelerating structure [1, 2]. Relativistic plasma waves can be excited by the spsce
charge forees of a charged particle beam in the Plasma Wakefield Acceleration (PWFA) scheme or by
the radiation pressure of a high intensity laser in the Laser Wakefield Acceleration {LWFA} scheme.
Recent sxpenments on plasma-based asdvanced accelerators have achieved 30-50 GeV/m
acceleration gradient and produced Ge'¥ class electron beams with percents of energy spread from the
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LWFA scheme over cm distances. In recem PWFA experiments similar gradients were demonstrated
over meter distances and BO GeV electrons were produced, Simulations show that properly phased
electrons can be accelerated while keeping the energy spread nesr or below a pertent using the PWFA
scheme. However, the energy frontier for high energy physics is in the TeV range, while 1-2CG GeY
electron beams with small angular divergence are desirable for applications in photon science. The key
challenge to use plasma-based accelerators for these applications is 1o ¢xtend the acceleration length
over meters oF plasma with stringent requirements on the beam parameters and quality. It is also a
challenge to accurately simulate thega naxt generation eXperiments.

The interactions among the plasma particles and with the driver in the self-consistent
electromagnetic fields they produce are fully modeled with Particle-In-Cell (PIC) codes [3, 4). Thesa
models provide the most fundamental, microscopic level description of the interactions through
Maxwell’s equations and Newton's laws; therefore, they are also very computation intensive, PIC
maodels are diffarentiated by the kinds of fields retained in the modal, the manner in which the fields
are solved, and the charge density and current density are deposited.

Within the SeiDAC COMPASS {Community Petascale Project for Accelerator Science and
Simulation) praject, a suit of paralle] PIC codezs (VORFAL, OSIRIS, WARP, QuickPIC} are aclively
maintained and enhanced to model particle beam generation, acceleration for the energy froniier and
radiation sources for bialogical and matarial applications using the plasma-based accelerator concapts.
¥ORFPAL [3], OSIRIS [6], Warp [7], are state-of-the-art, fully explicit, multi-dimensional, fully
pasallelized . fully relativistic, PIC codes. Thesz PIC endes are capable of reproducing the detailad
physics at the expense of compotation power. They have also been successfully benchmarked against
each other and used to valilate other reduced algornthms [8], Recently the speed of these PIC codes
has bean greatly snhanced through a boosted frame algorithm by utilizing the fact that the range of
spaceftime scaie is not a Lorentz invarant [9]. This speed improvement enables 3D full scale
simulations of near term LWFA expenments in great detail.

For the LWEFA problem, the ponderomotive guiding center approximation can be used o remove
the need of resolving the finest time scale of the laser oscillation. In the VORPAIL code, this is
implemented in the laser envelope model, which applies the approximalion without loss of kinetic
effects such as particle trapping [L0]. Polse depletion is also modeled accurately for long propagation
distances, although the comesponding spectral broadening eventually breaks the assumptions of the
algonithin. The mode] is charefore suitable o simulate both long propagarion distances and injection
mechanisms, with orders of magnitude speedup relative to the standard PIC algorithm, depending on
application. The QuickPIC code s a highly cfficient, fully parallelized, fully relativistic, three-
dimensional PIC code for simulating LWFA/PWEA schemes [11] that chtilizes the quasi-static
approximation together with the penderomotive goiding center approximation. Under the quasi-staic
approximation, the time scale of the evolution of the driver is separated out from the plasma evoluiion
and a fully three-dimensional eiectrnmagnetic field solve and particle push is reduced to a sequence of
transverse two-dimensional field solves and particle pushes, Overall, this algorithm speeds up the
computational time by 2 to 4 crders of magnitude without lozing accuracy for preblems of interest.

Using this collection of PIC codes with peta-scale computers, we can carry out high resolubon high
fidelity full-scale simulations o determine if there are physics obstacles to a plasma based accelerater
design before large capital expenditures are spent building key companents. Currenily, a 1-5 GeV
single stage LWFA can be modeled in 3D using full PIC codes. Redoced models and t=chrniques are
being developed to allow simulation of multi-Ge¥ stages, including the boosted frame algorithm,
dengity scaled simulation, and the envelope or quasi-siatic models, and with careful benchmearking
these are making it possible ta simulate 10~50 GeV single stage LWFA/PWFA in 3D. In this paper,
we describe recent large-scale kinetic simulations of plasma-based accelerators by the SeiDAC
COMPASS project. Section 2 describes recent progress and results from simulations to madel future
PW clags LWFA experimenis towards a Laser-Plasma Linear Collider (LPLC}. Section 3 describes
medeling of a TeY PWFA Linear Collider (PWFA-LC) concept using the quasi-static model. Section



4 provides an averview of the needs for modeling LWFA/PWTFA for the energy frontier, Finally, the
paih towards peia-scale anki beyond simulations of LWFA/FWEA is outlined.

2. Recent progress and results of simulation of LWFA
2.1. Modelling next generation LWEFA experiments and LPLC designs

The simulation of Ihe long distances associated with the next generation of lasers systems can be
achievad with the use of reduced codes and methods including QuickPIC, VORPAL envelope, and
also with the boosted frame approach. These techaigues, combined with benchmarkings against fufl
PIC simulations far shart distances and sealed simulations, allow one to address the range of physics
required for LPLC modules and other applications.

Three dimensional simulation with QuickPIC in the laboratory frame and OSIRIS in the boosted
frame [12] were performed for different possible configurations for next generation experiments with
a ~300] laser using weakly-nonlinearfnonlinear regimes and self-injected/externally-injected electron
beams. QuickPIC resulis for self-injection and external-injectionfexternal-guiding regimes are shown
in Fig. 1. Self-injection (modeled with test particles) is obtained with a moderate intensity pulse
{45=5.8) propagating in a 2.7x10"" cm™ density plasma. The external-injection case uses a;=2.0, and a
plasma density of 2.2x10" cm™, Results agree with theoretical scalings [13} for the accelemating
gradients and the final electron beam ensrgies. These scalings show how to scale results from one
density 1o another for matched lager spot sizes. We alse note the exiremely stable propagation and
wake excitation in the excernal injection scenario was seen for the mecer scale distance.

Figore I ;: QuickPIC results for (a) self-injection regime with thearetical scaling predicting 13GeY
after 22 cm propagation, and (b) an angoing simulation of the external-injection/zxternal-guiding
configuration, with theoretical scaling predicting 53GeV after 5.23m.

The same scenarios were simulated in OSIRIS in the boosted frame, since a common full PIC
simulation cannot be accomplished vwith the computational power currently availalle: this would take
mere that 1 vear on hundreds of processors. The hoosted frame scheme leverages an the Lorentz
transformation of the laser pulse and plasma column ko reduce the oumerical requirements, in
particular the number of time steps involved. This enables fully kinetic three-dimensional simulation
of EWFA with congiderably smallar compuiationsl cost [14]. The scheme can be applied to the design
af cotrent experiments in the mm scale, allowing fast parameter scans, but can also be used to simulate
new scenarios to be available with the next generation of laser systems. Fully kinetic simulations in
the Lorentz boosted frame were performed for the configurations described above, snd confirmed the
possibility to achieve energies in excess of 10 GeV with self-injected electrons, and nearly 50 GeV for
externally-injected bunches with a 3007 class laser.

Designs for an LPLC [15] have indicated that accelerator stages in the 10 GeV range may be
optimal for such a machine, and next peneration lasers including the propaosed BELLA project at
LBNL will access this regime. Stages were simulated in the less strongly driven, quasi-linear regime,
where dynamics are similar for electrons and positrons, using a combination of scaled, envelope, and



Lorzntz boosied simolations to access the required physice. VORPAL simulations demonstrated that
scaling the laser spot size and pulse length with the plasma wake wavelenpth aliows a shorter
simulation at high density uvsing explicit PIC 1o deduce the properties of 10 GeV stages, and
characterized the wake structure and evelution [16, 17, 18], A wide range of laser and plasma
parameters were simulated, sstablishing conditions for a stage that efficiently transfers laser snergy
into the particle bunch while mainteining high beam quality, including efficient daplation of the laser
anargy into the accelerating field of the wake and high transfer of laser energy deposited in the wake
to the particles. These simulations showed thai low energy spread 10 GeV bunches of bath elecirons
and positrons can be obtained using a petawatt laser. In this regime, the transverse fields of the wake
are alse shaped by the shape of the laser spot. Simolations are now using this feature, snd further
tailoring of the laser and plasma, to control beam propagadon and further increase achievable
performance [19]. An advantage of scaled simulation using a fell PIC code is that because the laser
period is resolved, laser evolution up to depletion can be modeled to evaluate efficiency.

Te accurately model laser and electron bunch ostillation, VORPAL envelope simulatiens have
bean used to moadel 0.6m of a 10 GeV stage at the design density of 10"/cm™ [10]. Fig. 2 compares
the tmnsverse profiles of the {aser pulse using the envelope model and & scaled simulation; one sees
that the envelope model correctly capturss the self-focusing oscillations. These simulations also
established designs for other applications, including Thomson gamma sources [20].
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Fipure 2 : Evolutions of the transverse profiles of the laser pulse for a 10 GeV LWEFA stage with
the envelope model (top) and the scaled simulation (bottom) using VORPAL.

Simulations of 10 GeV singes in the boosted frame are also being conducted in Warp and
VORPAL. Warp simulations of scaled 10 GaV stages at plasma density n=10""cm™ were performed
m 2-1/21} (see [21]) and 3-D (see Fig. 3) using Lorentz boosted reference frames with celativistic
faclor ¥ between 1 {Jaboratory frame) and 10, The high density simulations result in shott cun time for
effective benchmarking between the alporithms. Two figures of merit are considered (both compared
in the laboratory frame): {a} the pzak energy of the accelerated electron beam; {b) the average energy
history of the electron beams. Agreement within a few percent is abserved on the baam peak snergy
between calculations in all frames, with 8 speedup of 100 measured between the caleulations in the
laboratory frame (total time ~335,000 sec. ~10 hours} and in the frame at =10 {total time ~353 see. ~G
min.). The average beam energy history reveals agreement at a few percents level for the accelerating
phase, followed by a growing discrepancy during the decelerating phase, when using a low dispersion
electromagnetic solver [14], The agreement in the deceleration phase is much improved if the standard
Yee solver is used, at a cost in CPU time, but nonetheless achieving a maximum measured speedup of
10. The pain in efficiency scales roughly as 1/n where n is the plasma density. Studies are hence in
progress to use boosted frame simulations to directly simulate 10 Ge'V stages at plasma densities of
10%em™, which are not presently computationally accessible using conventional explicit simulations,
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Figure 3: {i=ft) average beam energy versus longitudinal position in the laboratory frame from 3-D
Warp calculations in 2 frame moving aty=1, 2, 5 and 10; (right) CPU time recorded as the beam
Cros5es successive stations in the laboratory frame (all rung performed using 256 cores on LENL

Linux clusier). The symbols (YY) and (K} indicate respectively whether the standard Yee scheme ora
low-dispersion solver was used.

For collider and many light source applications, advances are requited in all of the methods o
accurately model the very light beam specifications required. Momeniom errors were reduced using
high order force weighting and smoothing, improving simulation of experimenig]l momentun spread
[22], and further develapment may be requirad for collider applications with extremely low emittance.

We collaborated with researchers in the YVACET project and st Tech-X 1o produce Vislt parallel 3D
renderings allowing visualization of large simulation outputs, and to improve analytics by beginning
to sutomate detection, characterization, and fast paralisl tracking of particle bunches in the simulations
[18,23,24].

2.2, Modelling radiation emission from LWFA

The zelf-injected electrons ina LWFA perform betatren oscillations in the ion channel associated with
the blowoul regicn created by the laser [25, 26], and will thetefore radiate. These oscillations cccur as
the particle is gaining energy fram the wakefield, and can be phserved in the trajectories depicted in
Fig. 4. The radiation is in the X-ray to gamma ray range and could be used as a light source.

Figure 4: Projection of the trajectories {colar represents enecgy) of the self-injected particles for the
~1.5Ge¥ LWFA configuraticn. Particles {moving from left of right) are mostly injected off-axis.

By post-processing [he particles trajectories, estimates for the radiztion can be obtained. A detailed
discussion of the radiation calculations nsing particle tracking in OSIEIS and the visualization
package VisXD [27] will be presented in a futurs publication {28). We note that, as conditions clese o
the energy frontier are reached, the energy losses associated with the betatron motion of the electrons
in the ion channel should be corsidered. For these scenarios where radiation losses are important,
numerical codes should include the radiation damnping physics [25), as QuickPIC and OSIRIS already
da. Particle tracking rasults in VORPAL have been nsed to analyze injection trajectories, formation of
high quality bunches, and betatren escillation [18, 23],



3. Recent progress and results of simulaton of PWFA.LC

For the next TeV scale linear collider, high snargy (300 GeV) eleciron/posicon beams with high
charpe and high quality are required. One possible design based on PWFA is the PWFA-LC concept
[38]. In this concept, 12 heam Irains cach with 250 (125x2) bunches and energy of 23 GeV are usad,
These beam trains are fed inte 19 meter-long plasma cells and drive the plasma wakefields in each
cell, respectively. The main baams that ara nsad for the collider also have initial anergies of 25 GaV.
Bach main beam immediately follows a drive bzam in the plasma cell and extract energy from the
wakefield. It is designed thai the main beams will gain 25 GeV in each cell while achieving small
encrgy spread (< 1%) and emittance presecvation. By staging the 12 plasma cells, the main beams will
be acceleraled (o 500 GeV required for collision. Preliminary and non-optimized simulations show
that »30% energy tansfer efficiency is obtained while keeping the energy spread < 1%.

The next linear collider also requires transverse beam size on the order of 10 nm to achieve high
luminosity, demanding high transverze reeolotion in the simulations. Forthermore, 3D affects such as
the hosing instability [31] and esymmetric main beam spot sizas require a 3D model. The quasi-static
model is a practical choice for such simulations doe 1o the glimination of the Courant conditbion.
Pecently the scalability of QuickPIC has besn improved with & pipeline algorithm and a new 2D
domain decompesition strategy for particle beams, significantly increasing the simulation throughput
and epable higher transverse resolution and thersfore more realistic spot sizes in the simulation.

3.1. Scaling quasi-static algorithm to 30,000+ processors

The quasi-static code CQickPIC is built on the UPIC Framework [32] with specoral space solver, A
strang sealing tesi has shown that the TIPIC Framewaork can scale to more than 8,000 processors for a
D electromagnetic problem of 512x25G=512 prids and 16 particles/cell on the latest homogeneous
compUter architecture with 2D spatial domain decomposition. The original implamentation of
CQuickPIC with 1D spatial domain decomposition hes similar but worse scaling property In compariscn
0 the UPIC Framework. In the QuickPIC computation cycle, the plasma response o the driver is
evaluated by sweeping a slice of plasma along the longitudinal direction and ealeulating the
trajectories of the plasma particles a5 the slice moves from the front of the driver to the back (11, 33).
The latency in the Fourier space field solver for each update of the transverse 2D slice eventually
limits the number of processors QuickPIC will scale to. For example, for 10*<10? grids and 4
particles/cell in the 2D slice, the field solver can scale to 512 homogeneous processors.

In order to scale to 10,000+ processors, an algerithm that can allocate more computation taske 1o
the problem is needed. For a fully-explicit PIC code, this can be done through dividing the simulation
domain o finer grains ar in more spatial dimensions (at mast 3 spatial dimensions). While for the
quasi-static algorithm, a software pipelining technique can be uged [34]. The pipelining algerithm adds
another leve] of parallelism to QuickPIC by dividing the job inte many pipeline stages along the
direction of propapation. Each pipeline stage consists of a group of processors that works on its own
domain. However, unlike conventional demain decomposition for which each processor does the
caleulation on its own input and communicates with its neighbors threngh the boondary, tha initial
state of the whole 2D plasma slice for a particular pipeline stage is transferred from an updated 2D
slice from the previous stage {the exception is the first pipeline siage which always starts with a fresh
uniform plasma shice}. Therefore, pipeline stages are separated not only spatially but also in time.

The pipeline algorithm enables the efficient wse of more than 1000 processors, dramatically
decreasing the twrn-around time of a PWEFA simulation. It has been successfully implemented into
both the basic and full quasi-static versions of QuickPIC for the pariicle beam driver and verified 1o
produce the same resuli as the non-pipalining version. The HDEF IO routine has also been modified to
allow data merging of each processor gronp on the fly without post-processing. Performance
measurement shows that the spesdup of the 2D plasma saolver in the pipelining mode is nearly ideal.
Thiz is because the data tranzfer between two successive pipaline stages is relatively inaxpengive
compared to the ime spent on the solver itself and the transfer alse ovetlaps with the compuiation. For



the whele computation cycle including the 3D beam update, the overall efficiency of each processor
group in the pipelining mode reaches 85% (with 2048 processors in 64 pipeline stages) relative to the
non-pipelining mode. Thus using &4 pipeling stages leads o a 54 times raduction in wm-around Hme
for a long simulation (assuming filling time of the pipeline is neghigible].

The pipeline algorithm works without particular raquirements on the domain dacompesition,
therafore cne can still choose an appropriate domain decomposibion strategy within each pipeline
stage. In the first implementation of the pipelined QuickPIC code, 1D daomain decomposition the
longitndinal direction was vsed, same as the pipeline decomposition diraction. This sstup eventually
limits the maximum number of processors to the number of grid points evaileble in he longitudinal
ditection which is typically on the order of 1000. Recently, we further improved the pipeling algorithm
with a 2D demain decomposition in the pipeline singes. Preliminary scaling tesis show that it will
scale to at least 16,384 processors for a PWFEFA simulation with 2048x2048x256 grid points (Figure 3).
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Figure 3 : Strong scaling of QuickPIC en the WERSC Franklin platform with 2048x2048x256
grids and 4 particles/cell. 128 cores per pipelioe stage ars used and 1 to 128 stages are tested. The
smallest domain sizs is 2048x16x2, The blue diamonds and the red squares ars measured speedup

for the calcalaticn of a plasma shice in the 2D solver and for one 3D step, respectively.

3.2, High resolution simnlarion of the PWFRA-LC concepis

A PWFA stapge that can provide a large aceeleration gradient and high total efficiency (30% ~ 90%
from drive beam to main beam) and acceleraie sufficient charge (~10" electrons) with high baam
quality and low energy spread (0.1% ~1%) iz eszential ta the PWFA-LC concept. An ideal design for
the first stage (25GeV) and the last stage (473GeV) of the PWFA-LC was investigaled using
QuickPIC [35]. In this design, the beam laading thenty [36] based on the theoretical framawork [37]
of nenlinsar wake excitation was used to derive the optimal cument profiles of the drve and main
beams. In the simulation, the main beam with 1.73x 10" electrons gains 25 GeV in 0.6 meter with an
acceleration gradient of 42.7 GeV/m. Less than 1% energy spread of the main beam was achieved and
the efficizncy of energy transfer from the drive beam to the main beam is 51%.

Using the QuickPIC code with the latast improvements in simulation capability described in
sectien 3.1, a mote detailed study of a PWFA-LC stage with main beam parameters ¢lose 10 the
requirements of a fulure TeV collider can be carrizd out, Far such 2 matched beam with tight spot
sizes, the peak beam density would be 10°~10" times higher than the plasma density, possibly causing
the plasma fons to move even on the sub-picosacond time scale of the beam duration [38]. This issue
also needs to be considered for LWEA collider design not vsing a weakly nonlinear wake. The ions
are attracted to the center of the beam, therefore, 1o include the jon dynamics in the simolatdon also
demands a transverse resolution of ~10 nm. As a first step, 2 preliminary high resolution stimulation of
a nominal PWFA-LC stage has been conducted. The drive and main beams have 2.9x10" clectrons
and 1x10'® electrans respectively and they are both modeled with ~&,200,.000 macro-particles. Their
initial energies are 25 GeV, The emittance of the main beam is ¢.093 mm-mrad and the matched spot
sizes are 100 nm for n,=1x10" ¢m™, The drive beam spot size can be larger as il is not used in the final
collision. An emitiance of 1G mmemrad is chosen which is typical for current state-of-the-art electron



beams from a linac. The maiched spot size is 1 pm. The resolution of the simulation is
d9nmx4%nmx304nm and it is carried out with 3192x3192x 1024 grid points using 5192 processors on
Franklin. There are 4 particles per cell for the plasma electron and jon respectively. Their separation is
comparable to the real ztom separation of ~20 nm ai 1x10' cm™. We note that this is the first ime in

PIC simulation of PWFA that one can sinueiate nearly all the particles in & real plasma. Figure 6 shows
the results from the simulation.,
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Figure 6+ High resolution QuickPIC simulation of the FWFA-LC concept with mobile ions. The spot
sizes of the beams are matched to the plasma density. Lefi: the drive and the main beam (moving
down); right: the density of the ion background showing ion concentration near the axis.

4. Future challenges of PIC simulations and the path towards the energy Frontler

The recent progress on the development of the boosted frame technique and reduced models (envelope
model for LWFA only and quasi-static medel for LWFA and PWFA} and the usage of massive
paralle] computing resources have enabled simolaiion sindies of the near term LWFA/PWFA
experiments end concepinal designs of the next generation facilities. However, the needs io faithfully
simulate the laserfbeam driver evoluticn and the main beam dynamics in a future plasma-based
collider are still challenging. The computation cost of the former simulation can be reduced by using
the boosted frame technique or envelopefquasi-static model. Here we estimate the computation
requirements for the main beam. For exampie, the smallest emittance of the main beam im a TeV
collidet is 0.04 mmemrad. The matched spot size of the main beam at 500 GeV in a plasma of 1x10"
cm™* will be 3¢ nm, which is three crders of magnitudes smaller than the longimdinal spot size or the
plasma wavelength. Furthermore, at the {inal focus where a plasma lens may be used to focus the
beam te the interaction point, the smallest beam size in the transverse dimension is § nm requining nm
resolution in the simulation. However, the transvarse box size needs to be arcound 20 collisonless skin
depths, which is ~300 microns. This is 10" times larger than the required resolution. In the longitudinal
direction, the plasma wavelength needs to be well rasolved nsing O(1000) grids. Therefare a rmalistic
3D high-resalution simulation of the accelerated beam would need 107x10°x 1003 = 1x10'"? grids and
4x10" particles {assuming 4 particlesfcell), demanding extremely large amount of memory and
processors. The time step and the number of time steps for meter-long propagation distance are ~
0.002 fs and 1x10° for a fuli PIC simulation, or ~ 16 ps and 208 for a quasi-static simulation. Such
simulation 15 difficult to run even using the quasi-static mode] and the largest computers in the world.
Alwernatively, as described above, in the linear regime, the fecusing fields can be shaped, and
simulations are investigating how this ean allow use of larger diameters beams [19].

To increass the capability of large-scale PIC simulation for the energy frontier, a comprehensive
approach needs o be taken. This will include algorithm development to enhance the single cors
performance of the PIC algorithm and to optimize PIC codes to scale efficiently on many-core sysiem
and to adapt them to heterogeneous archiieeture. On the other hand, mesh refinement, further
development of the boost frame algorithm and the envelopefguasi-static models might also play
important roles to reduce the computational demands substantially.

The snit of PIC codes in the SciDAC COMPASS project are constantiy being improved oo run
efficiently on latest hemegenous platforms. For cxample, OSIR1S performs well on a single processor



while maintaining high paraliel efficiency with load-balancing, i.£., >85% for strong scaling and »95%
for weak scaling on greater than 32,000 processors of the Arponne BlueGene Intrepid Computer
{Figure 7). Additional work on performance also focuses on better utilization of the vector umit of
modern CFUs, Preliminary work has shown a 2-2.5x speedup on the Nehalem architecture with
vectorized field interpalation, particle push and current deposit routines.
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Figure 7: Stong scaling for OSIRES on up to 32 768 processors on the Intrepid BlueGene machine
(left) and timing results {middle and right) vs. load balance frequency when the particle push and
field solve are load baianced together.

However, nsar-isrm petascale platforms will likaly make a paradigm shift to the heterogenzous
architecture with miilions threads and processing wnils. One has to ensure that the key PIC algorithms
will continue to scale well on such a plafarm. Corrently, sfforts are being made at TICLA 1o rewrite
critical pieces of the PIC algorithm te ake advantage of new architectures such as GPUs. As a first
step, the kemel of the UPIC framework has been ported to the GPU and optimization of the key
routines is under way. On the other hand, the latest version of OSIRIS already supporis arbitrary
precision floating poicts {which allows the data o be moved to and from GFTs}.

In addition, the Adaptive Mash Refinement (AMR) technique can be used to significantly reduce
the requirements for computer memory and the number of operations for large scale simulations. Its
application 1o the fully self-consistent modeling of beams and plasmas is especially challenging, dus
ke propedies of the Vlasov-Maxwell system of equations, but successful PIC simulatiens nsing AMR
have been reported [39]. The application of AMR to the modeling of LWFA is being explored with
Warp. For the simulation of a 10GeY LWFA stage, the wake wavelength is O{100um) while the
glectron bunch and laser wavelength are typically submicron in size. As a result, the resolution
requirad for different parts of the problem may vary by more than two orders of magnitude in eech
direction, corresponding to up to € orders of magnitude of possible {theoretical) savings by use of
mesh refinement. While algorithm limitations will most probably limit the acmal speedup o lower
values, we anticipate that speedups of one order of magnitide or more are achizvable. We note that the
savings offerad by mesh refinement will apply in addition o the savings provided by the various
techniques already employed {envelope, quasi-static, floid, boosied frame}.

5. Conclusions

The plasma-based advanced accelerator is a promising technology to reduce the size and cost of a
linear collider or a X-ray light source by providing orders of magnitude higher accelerating gradient
than the conventicnal RF technelogy. Large scale PIC simulations have provided insight into the
proof-of-principle LWFA/PWFA experiments and elucidated the relevant physics. Recantly,
developments of various PIC models and techniquas, such as the implementation of the envelope
model and boosted frame approach, the enhancement of the quasi-static model with a pipelining
algorithm and the performance and sczling optimization of the full PIC model, pave the way of using
large-scale PIC simulations to model the next generation LWEA/PWFA experiments with PW class
{asers or state-of-the-art electron beam drivers. Conceptual designs of 10 GeV LWFA module or 25
GeV PWFA moditle are now being developed and refined with PIC simulations as a guide. In the



future, adaptation of PIC codes to the latest vector units in 2 modern processor and innovative many-
corz/heterogeneous computing architecture and algorithm development such as the AME tzchnigque
will be pursued ro mest the simulation requirement for the energy frontier of 1 TeV or more.
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