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» BLAST: Beam plLasma
Accelerator Simulation Toolkit

» |O, Standardization & Open
Development

» HPC: The Exascale Computing
Project and Beyond
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Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

Source Injector Booster

Injector

Storage Ring

Goal
Start-to-end model-

ing in an open BLAST

SOftwa re eCOSyStem - BEAM PLASMA & ACCELERATOWULA N TOOLKIT




Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

t-based electrostatic
or electromagnetic PIC

Injector

Storage Ring

Goal
Start-to-end model-
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Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

(S)RF Gun

{ Source Injector Booster

t-based electrostatic
or electromagnetic PIC

Goal
Start-to-end model-

ing in an open BLAS | —

software eCOSyStem- BEAM PLASMA & ACCELERATORGIMULATION TOOLKIT 3D visualization of the plasma proton density during the
f:\\ . . acceleration process of a few-fs, 1.15nC beam
EL)P =5 @sbac......... Hilz, Ostermayr, Huebl et al.; Nat. Comm. 9.432, 2018




Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

(S)RF Gun

{ Source Injector Booster

t-based electrostatic
or electromagnetic PIC

Quasistatic PIC
separates the timescale
for plasma wakefield
and beam evolution

A laser-wakefield stage

Goal
Start-to-end model-

ing in an open BLAST ! il

software ecosystem. | ..weiasma & ACCELERATORGIMUL 3D visualization of the plasma proton density during the

f:\\ o acceleration process of a few-fs, 1.15nC beam
E\(C [ e Hilz, Ostermayr, Huebl et al.; Nat. Comm. 9.432, 2018




Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

(S)RF Gun || LPA/LPI

{ Source —‘ Injector Booster

s-based PIC
m uses s instead of t as

independent variable

t-based electrostatic + symplectic maps for
or electromagnetic PIC accelerator elements

Storage Ring

Quasistatic PIC
separates the timescale
for plasma wakefield
and beam evolution

Goal
Start-to-end model-

ing in an open BLAST

SOftwa re eCOSyStem - BEAM PLASMA & ACCELERATOWULA N TOOLKIT




Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

(S)RF Gun || LPA/LPI

Plasma Stage Plasma Stage

{ Source

—‘ Injector

Booster

t-based electrostatic
or electromagnetic PIC

Quasistatic PIC

separates the timescale

for plasma wakefield

and beam evolution

Goal

Start-to-end model-
ing in an open
software ecosystem.

BEAM PLASMA & ACCELERAT

BLAST 4

ULA N TOOLKIT
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Scientific Discovery through Advanced Compuring

Injector
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Iaser—driven

electron beam-driven

s-based PIC

uses s instead of t as
independent variable
+ symplectic maps for
accelerator elements

Left: Laser-driven wakefield accelerator (LWFA) stage with the
drive laser propagating to the right shown in red; right: plasma
wakefield accelerator (PWFA) driven by the electron beam from
the LWFA stage (figure credits: Thomas Heinemann/Strathclyde

and Alberto Martinez de

Ossa/DESY).

T. Kurz, T. Heinemann, et al. Nat. Comm. 12.2895 (2021)




Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

(S)RF Gun || LPA/LPI

{ Source

|

Injector

Plasma Stage

Plasma Stage

Booster _‘

t-based electrostatic
or electromagnetic PIC

Quasistatic PIC

separates the timescale

for plasma wakefield
and beam evolution

Goal

Start-to-end model-
ing in an open
software ecosystem.
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s-based PIC

uses s instead of t as
independent variable
+ symplectic maps for
accelerator elements




Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

(S)RF Gun || LPA/LPI

{ Source

|

Injector

Plasma Stage

Booster

Plasma Stage

t-based electrostatic
or electromagnetic PIC

Quasistatic PIC

separates the timescale

for plasma wakefield

and beam evolution

Goal

Start-to-end model-
ing in an open
software ecosystem.

BLAST 4

BEAM PLASMA & ACCELERATOWULA N TOOLKIT
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Storage Ring

buildup of electron clouds,
secondary electron yield

s-based PIC

uses s instead of t as
independent variable
+ symplectic maps for
accelerator elements




Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

(S)RF Gun || LPA/LPI

{ Source

—‘ Injector

Plasma Stage

Plasma Stage

Booster

t-based electrostatic
or electromagnetic PIC

Quasistatic PIC

separates the timescale

for plasma wakefield
and beam evolution

Goal

Start-to-end model-
ing in an open
software ecosystem.

BLAST
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secondary electron yield
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space-charge effects
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uses s instead of t as
independent variable
+ symplectic maps for
accelerator elements




Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

(S)RF Gun || LPA/LPI

{ Source

—‘ Injector

Plasma Stage

Plasma Stage

Booster

t-based electrostatic
or electromagnetic PIC

HiPACE++

Quasistatic PIC
separates the timescale
for plasma wakefield
and beam evolution

Goal

Start-to-end model-
ing in an open
software ecosystem.

BLAST ¢

BEAM PLASMA & ACCELERATOWI.A N TOOLKIT

EXASCARALE
COMPUTING
PROJECT

Injector

Storage Ring

cooling

buildup of electron clouds,
secondary electron yield

modeling of radiative &
space-charge effects

FEL

ImpactX

s-based PIC

uses s instead of t as
independent variable
+ symplectic maps for
accelerator elements

Legend

BLAST:
Exascale




Simulation of Beam Sources & Dynamics Requires Different Types of PIC Codes

Imagine a future, hybrid particle accelerator, e.g., with conventional and plasma elements.

(S)RF Gun || LPA/LPI Plasma Stage Plasma Stage
{ Source —‘ Injector Booster
__________ . s-based PIC
| Injector uses s instead of t as
! independent variable
t-based electrostatic + symplectic maps for
———————— accelerator elements

or electromagnetic PIC

HiIPACE++ i : Storage Ring

QuasistatcPic cooling

separates the timescale e .
for plasma wakefield . | buildup of electron clouds,

and beam evolution - secondary electron yield

Goal : ' modeling of radiative &
: : space-charge effects

Start-to-end model- | - o o ome /Ll ___
ing in an open BL AST &oom ES or ' i

SOftwa re eCOSySte m . BEAM PLASMA & ACCELERATOWUI.

<
Q
wn
@)
<
@)
—
>
)
=




Ultimate goal: offer on-the-fly tunability of physics & numerics
complexity to users

Great for =y i Grea.\t for
ensemble physics ohysics detailed
runs for runs for
design 1D-1V 3D-3V physics

studies studies

Low High
resolution resolution

Surrogate First
models principles

Goal Start-to-End Modeling R&D

Start-to-end model- | e advanced models: numerics, Al/ML surrogates
ing in an open BLAST / e speed & scalability: team science with computer sci.

software eCoSyStem. | s puswa s ccasmar o flexibility & reliability: modern software ecosystem




Overview of the Particle-In-Cell code WarpX

Available Particle-in-Cell Loops

e clectrostatic & electromagnetic (fully kinetic)
x,v = f(E,B)

Push particles

/ \\ ] =)

Gather fields Deposit

E B = f(b,b’)\ currents

g5 =fg| Solve fields

Advanced algorithms

boosted frame, spectral solvers, Galilean
frame, embedded boundaries + CAD, MR, ...

Multi-Physics Modules
field ionization of atomic levels, Coulomb
collisions, QED processes (e.g. pair creation),
macroscopic materials

—
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Overview of the Particle-In-Cell code WarpX

Available Particle-in-Cell Loops Geometries Y el (3
) PS o . 1D3V,2D3V,  } By syl ﬁwfuB
e electrostatic & electromagnetic (fully kinetic) 3D3V and % Fe R \@X@E\g
x,v=f(E,B R ARG L B
Pushf(par‘)cicles RZ (SPeCtl’a| TR
/ \ Cyl in d rica |) 3D Cartesian grid Cylindrical grid (schematic)
/= fCov)
L oather fields Depost Multi-Node parallelization
\ — * MPI: 3D domain decomposition
55— s Solve fields  dynamic load balancing

B On-Node Parallelization

Advanced algorithms
boosted frame, spectral solvers, Galilean « GPU: CUDA, HIP and SYCL e
frame, embedded boundaries + CAD, MR, ... .« CPpU: OpenMP OS
Multi-Physics Modules
field ionization of atomic levels, Coulomb Scalable, Parallel I/0 .

collisions, QED processes (e.g. pair creation), * AMReX plotfile and
openPMD (HDF5 or ADIOS) N

macroscopic materials
P N — * in situ diagnostics
E\(\g\)F’ S g




WarpX supports a growing number of applications

Laser-ion acceleration - Plasma mirrors and high-field
Plasma advanced mechanisms (LBNL) physics + QED (CEA Saclay/LBNL)
accelerators TGS e e
(LBNL, DESY,
SLAC) I
Plasma confinement,
fusion devices o
Laser-ion (Zap Energy, T,\qe(rjmloné? cc:nverter Pulsars, magnetic
acceleration - Avalanche Energy) ( ° ,e ¢ ron) reconnection (LBNL)
laser pulse et

shaping (LLNL)

Magnetic fusion sheaths (LLNL)

Microelectronics (LBNL) - ARTEMIS

—
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ImpactX: GPU-, AMR- & Al/ML-Accelerated Beam Dynamics

Last month, we open sourced ImpactX as an
early developer preview.

Particle-in-Cell Loop
e clectrostatic

o with space-charge effects (in dev.)
e s-based

o relative to a reference particle

o elements: symplectic maps

Fireproof Numerics
based on IMPACT suite of codes, esp
IMPACT-Z and MaryLie |

Triple Acceleration Approach
* GPU support T i
« Adaptive Mesh Refinement (in dev)
 AI/ML & Data Driven Models (in dev.)

O github.com/ECP-WarpX/impactx




ImpactX: GPU-, AMR- & Al/ML-Accelerated Beam Dynamics

User-Friendly

ZZ? rgzs:(’)weerofeeaesvc\)lumed ImpactX as an * single-source C++, full Python control
y perp ‘ « fully tested
Particle-in-Cell Loop « fully documented
e clectrostatic
o with space-charge effects (in dev.) Multi-Node parallelization
e s-based * MPI: 2D/3D domain decomposition

o relative to a reference particle « dynamic load balancing (in dev.) W
o elements: symplectic maps A

On-Node Parallelization
« GPU: CUDA, HIP and SYCL

« CPU: OpenMP o~

OS

Fireproof Numerics
based on IMPACT suite of codes, esp.

IMPACT-Z and MaryLie

Triple Acceleration Approach Scalable, Parallel 1/O (in dev.)

* GPU support SIS -+ openPMD
+ Adaptive Mesh Refinement (in dev.) * in situ analysis/visualization .

 AI/ML & Data Driven Models (in dev.) . -

O github.com/ECP-WarpX/impactx




ImpactX: Physics Benchmark Examples

FODO cell

magnetic bunch compression chicane

stationary beam in a const. focusing channel

Kurth-distr. beam in periodic isotropic

focusing channel

e stable FODO cell + short RF (buncher)
cavities for longitudinal focusing

e chain of thin multipoles

e nonlin. focusing channel (IOTA nonlin. lens)

e Fermilab IOTA storage ring (linear optics)




ImpactX: Physics Benchmark Examples

FODO cell

magnetic bunch compression chicane
stationary beam in a const. focusing channel
Kurth-distr. beam in periodic isotropic
focusing channel

stable FODO cell + short RF (buncher)
cavities for longitudinal focusing

chain of thin multipoles

nonlin. focusing channel (IOTA nonlin. lens)
Fermilab IOTA storage ring (linear optics)

Berlin-Zeuthen Chicane
* rms-matched 5 GeV electron beam with initial

normalized transverse rms emittance of 1 um
« LCLS (@5GeV) & TESLA XFEL (@500MeV)-like

z=0.0 6.0 7.5 15.0 [m]

10 4 . 1 ;
0 - : | 1
—10+ H : 1 1

-0.50.0 0.5 —050.0 0.5 —0.50.0 0.5 —0.50.0 0.5
ct [mm] ct [mm] ct [mm] ct [mm]

p: [1073]

* longitudinal phase space: 10x compression
 emittance coupling: recovered at exit

At | — | &%
Ee : o Ex Ec
m.__. . [—
L} 3
< 0.0 0o ¢

0 2 4 6 8 10 12 14




ImpactX: Physics Benchmark Examples

FODO cell

magnetic bunch compression chicane
stationary beam in a const. focusing channel
Kurth-distr. beam in periodic isotropic
focusing channel

stable FODO cell + short RF (buncher)
cavities for longitudinal focusing

chain of thin multipoles

nonlin. focusing channel (IOTA nonlin. lens)
Fermilab IOTA storage ring (linear optics)

FODO Cell

stable FODO lattice with a zero-current phase
advance of 67.8 degrees per cell
rms-matched 2 GeV electron beam with initial
unnormalized rms emittance of 2 nm

o test also checks if emittance stays flat

N

geo.oa- — O

5.E T Oy

2 0.06 ' : : '
0 1 2 3

Z[m]

-y z=0.0 1.25 1 By 4. 2.75 3.0 [m]

® 0.1 T 1 :

e . ) [ [N [#] [#]

= -0.1

Q -0.2 0.2 -0.2 0.2 -0.2 0.2 -0.2 0.2 -0.2 0.2

x [mm] x [mm] x [mm] X [mm]

vl d [,
b

w02 02 =02 02 =02 02 =02 02 =02 02
y [mm] y [mm] y [mm] y [mm] y [mm]

X [mm]

py [mrad]




ImpactX: Physics Benchmark Examples

» sim.set_particle_shape(2)

1 charge_C = 1.0e-9

from impactx import ImpactX, RefPart, \
distribution, elements

sim = ImpactX() # simulation object

# set numerical parameters and I0 conirol

# B-spline order

sim.set_slice_step_diagnostics(True)

sim.set_space_charge(False)

# domain decomposition & space charge mesh

» sim.init_grids()

# load a 2 GelV electron beam with an initial

s # unnormalized Tms emittance of 2 nm

energy_MeV = 2.0e3 # reference energy

# used with space charge
mass_MeV = 0.510998950 # mass

qm_qeeV = -1.0e-6/mass_MeV # charge/mass

» npart = 10000 # number of macro particles

Same Script
CPU/GPU & MPI

~

"\'| LDRD

BERKELEY LAB

EXASCALE
COMPUTING
PROJECT

ECP

23

24

2

» distr = distribution.Waterbag(
sigmaX = 3.9984884770e-5,
sigmaY = 3.9984884770e-5, °
sigmaT = 1.0e-3,
sigmaPx = 2.6623538760e-5,
sigmaPy = 2.6623538760e-5,
sigmaPt = 2.0e-3, °
muxpx = -0.846574929020762,
muypy = 0.846574929020762,
mutpt = 0.0)
2 sim.add_particles(

qm_geeV, charge_C, distr, npart)

v # set the energy in the reference particle

43

“

45

6

S50

51

52

sim.particle_container().ref_particle() \
.set_energy_MeV(energy_MeV, mass_MeV)

the accelerator lattice
steps slicing through ds

fodo = [
elements.Drift(ds=0.25, nslice=ns),
elements.Quad(ds=1.0, k=1.0, nslice=ns),
elements.Drift(ds=0.5, nslice=ns),
elements.Quad(ds=1.0, k=-1.0, nslice=ns),
elements.Drift(ds=0.25, nslice=ns)

]
# assign a fodo segment
sim.lattice.extend(fodo)

# run simulation
sim.evolve()

FODO Cell

stable FODO lattice with a zero-current phase
advance of 67.8 degrees per cell
rms-matched 2 GeV electron beam with initial
unnormalized rms emittance of 2 nm

o test also checks if emittance stays flat

N
;e 0.081 — O
5.E T Oy
2 0.06 ' : : '
0 1 2 3
Z[m]
L=y z=0.0 1.25 1 By 4. 2.75 3.0 [m]
c 0.1 3 1 1 ) - :
L. ) W (N [ [
01 4 : 1 i
Q -0.2 0.2 -0.2 0.2 -0.2 0.2 -0.2 0.2 -0.2 0.2
x [mm] x [mm] x [mm] x [mm] X [mm]
® 0193 ;
t aiw] [#F]
S =0:1 ' i v
Q -0.2 0.2 -0.2 0.2 -0.2 0.2 -0.2 0.2 -0.2 0.2
y [mm] y [mm] y [mm] y [mm] y [mm]




ImpactX: |IOTA (v8.4) Lattice Benchmark @2.5 MeV protons

bare (linear) lattice of the Fermilab IOTA storage
ring; an rms-matched proton beam with an un-

normalized emittance of 4.5 ym propagates
over a single turn

—
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ImpactX: |IOTA (v8.4) Lattice Benchmark @2.5 MeV protons

Preservation of Second Moments

bare (linear) lattice of the Fermilab IOTA storage . ) .
nnl. element: conserve invariants of motion

ring; an rms-matched proton beam with an un-

. : * check emittance preservation
normalized emittance of 4.5 ym propagates ) .

: * rms beam size evolution:
over a single turn

_ — ——— IMPACT-Z vs ImpactX

NV, 5V,
0 4 8 2 3

A V \
12 16 20 24 28 3
distance s [m]

beam size
[mm]
(§,]

0

36 40

Preliminary Performance

e on Perlmutter (NERSC) CPU / GPU
* order-of-magnitude perf.” w/o dyn. LB (yet)

speedup
O N B OO

: 1 core 8 cores 16 cores 32cores 1A100 2 Al100
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An open interface with the community IDEAS

productivity

Online Documentation: Open-Source Development & Benchmarks:
warpx|hipace|impactx.readthedocs.io github.com/ECP-WarpX

_ _ ° All checks have passed
Run WarpX For a complete list of all example input files, have a look at our 04 successhiland i netibalichecks

Examples/ directory. It contains folders and subfolders with self-

Input Parameters

‘ ’ . describing names that you can try. All these input files are automatically v ¥ macOS / AppleClang (pull_request) Successful in 40m (Required)  Details
Python (PICMI) tested, so they should always be up-to-date. > g
8 Examples Vv - Windows / MSVC C++17 w/o MPI (pull_request) Successful in 58m Details
Beam-driven electron acceleration Beam-driven electron acceleration
1 (Reauired ) etail
Uaerdiven electron accatartion 7 () CUDA / NVCC 11.0.2 SP (pull_request) Successful in 31m ((Required ) Details
AMReX inputs :
Plasma mirror v () HIP / HIP 3D SP (pull_request) Successful in 29m Details
Laser-ion acceleration e & 2D case
Uniform plasma +. & 20 case T boosted Frame v () Intel / oneAPI DPC++ SP (pull_request) Successful in 38m Details
e . o X 3D case in boosted frame = 3
Capacitive discharge . [@) () OpenMP / Clana pvwarpx (bull reauest) Successfulin 37m (" Reauired Details

188 physics benchmarks run on every code change of WarpX
8 physics benchmarks + 32 tests for ImpactX

—_—
\\ EXASCALE
) COMPUTING
\ PROJECT
s




An open interface with the community IDEAS

productivity

Online Documentation: Open-Source Development & Benchmarks:
warpx|hipace|impactx.readthedocs.io github.com/ECP-WarpX

° All checks have passed

For a complete list of all example input files, have a look at our

Run WarpX 24 successful and 1 neutral checks
Examples/ directory. It contains folders and subfolders with self-
Input Parameters = ; ¢
‘ / . describing names that you can try. All these input files are automatically v ¥ macOS / AppleClang (pull_request) Successful in 40m (Required)  Details
Python (PICMI) tested, so they should always be up-to-date. = g
E Exampies v - Windows / MSVC C++17 w/o MPI (pull_request) Successul in 58m Details
Beam-driven electron acceleration Beam-driven electron acceleration
.0. il ired ) Detail
Uaerdiven electron accatartion 7 () CUDA / NVCC 11.0.2 SP (pull_request) Successful in 31m ((Required ) ails
AMReX inputs :
Plasma mirror v () HIP / HIP 3D SP (pull_request) Successful in 29m Details
Laser-ion acceleration e & 2D case
Uniform plasma +. & 20 case T boosted Frame v () Intel / oneAPI DPC++ SP (pull_request) Successful in 38m Details
e . o X 3D case in boosted frame = 3
Capacitive discharge . [@) () OpenMP / Clana pvwarpx (bull reauest) Successfulin 37m (" Reauired Details

L 188 physics benchmarks run on every code change of WarpX

Rapid and easy installation on any platform: 8 physics benchmarks + 32 tests for IMpactX

A

Qape brew tap ecp-warpx/warpx cmake -S. -B build
python3 -m pip install. .i] brew install warpx cmake --build build --target install
conda install spack install warpx
-c conda-forge warpx spack install py-warpx module load warpx

module load py-warpx

~
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Portable Performance through Exascale Programming Model

. =\ _ —
AMReX library £(C)P gap| o Smmcsrecrs e
EEEEEEEEEEEEEEEEEEEEEEEE g : ‘,
H e E 102_5 /‘/ ®
= Domain decomposition & MPI A P P
communications: MR & load balance g ., e ‘»‘
8 ] . v
% 100_- /’/., ,.’,‘
FET L
g x4
R L .
Y .
T S S

Number of Summit nodes

= Performance-Portability Layer: GPU/CPU/KNL

--------------
llllllllllllll

oooooooooooooo

Data Structures

without tiling with tiling

=\ e e A. Myers et al., “Porting WarpX to GPU-accelerated platforms,” Parallel Computing 108, 102833 (2021)
EK\(\&C\)F’ S g o g RS




Portable Performance through Exascale Programming Model

AMReX library )P

EEEEEEEEEEEEEEE

= Domain decomposition & MPI
communications: MR & load balance

= Performance-Portability Layer: GPU/CPU/KNL

Il
LIl —
il J

103 4
102 E
10! E

10° E

Number of particles per ns (full PIC loop)

] ® Summit: using GPUs ,®
- 7
1 ® Summit: using CPUs -
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with tiling

10! 102 103
Number of Summit nodes

Data Structures

= Write the code once, specialize at
compile-time

ParallelFor (/Scan/Reduce)

amrex: :ParallelFor( n_particles,
[=] AMREX_GPU_DEVICE (long i) {

UpdatePosition( x[il, y[il, z[il,

ux[il, uyl[il, uzl[il, dt );

= Parallel linear solvers
(e.g. multi-grid Poisson solvers)

« Embedded

boundaries \
|

= Runtime parser for user-provided
math expressions (incl. GPU)

A. Myers et al., "Porting WarpX to GPU-accelerated platforms,” Parallel Computing 108, 102833 (2021)
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Transitioning to an Integrated Ecosystem

Containers, Communication,
Portability, Utilities
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Transitioning to an Integrated Ecosystem

QED events
PICSAR : _ :
i ABLASTR library: common PIC physics
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Transitioning to an Integrated Ecosystem
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Transitioning to an Integrated Ecosystem

8!

OS

WarpX

full PIC, LPA/LPI

BLAST

Python: MOdUleS, PICMI interface, Workflows BEAM PLASMA & ACCELERAT L/%OLKIT

. ImpactX Object-Level |
I
HlPACE++ ARTEMIS accelerator I Python Bindings '
quasi-static, PWFA R microelectronics R |attice design extensible, AUML !
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We Standardize & Develop Scalable Data Methods

Start-to-end accelerator modeling requires _ Warp pelrs
T age E

data compatibility and control usability 20 iios =

Eo i e
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Figure 8: Longitudinal electric field (in V/m) in a
laser-driven plasma acceleration stage at two times
(top: t ~ 300fs, bottom: ¢t ~ 600fs) along the laser
propagation from 2-D PIC simulations with (left) Warp;
(right) Osiris. Plots are based on rendering from the
openPMD-viewer.




We Standardize & Develop Scalable Data Methods

Start-to-end accelerator modeling requires
data compatibility and control usability

..............................

Particle-In-Cell
Modeling Interface!

eicmi
Standard

open Particle Mesh
Data standard

Osiris
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Figure 8: Longitudinal electric field (in V/m) in a
laser-driven plasma acceleration stage at two times
(top: t ~ 300fs, bottom: ¢ ~ 600fs) along the laser
propagation from 2-D PIC simulations with (left) Warp;
(right) Osiris. Plots are based on rendering from the
openPMD-viewer.




We Standardize & Develop Scalable Data Methods

Osiris

Start-to-end accelerator modeling requires
data compatlblllty and control usablllty
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Figure 8: Longitudinal electric field (in V/m) in a
laser-driven plasma acceleration stage at two times
(top: t ~ 300fs, bottom: ¢ ~ 600fs) along the laser
propagation from 2-D PIC simulations with (left) Warp;
(right) Osiris. Plots are based on rendering from the
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openPMD: Open Standard for Particle-Mesh Data

markup / schema for arbitrary

hierarchical data formats
truly, scientifically
self-describing

basis for open data workflows
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openPMD standard (1.0.0, 1.0.1, 1.1.0)
the underlying file markup and defm/tlon
A Huebl et al., DOI:10.5281/zenodo0.33624
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base standard extensions

general description domain specific
wavefronts, particle species, particle beams,weighted
particles, PIC, MD, mesh-refinement, CCD images, ...
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openPMD: Open Standard for Particle-Mesh Data

open

M

b

e markup / schema for arbitrary

hierarchical data formats

openPMD standard (1.0.0, 1.0.1, 1.1.0)
the underlying file markup and definition
A Huebl et al., DOI:10.5281/zenodo0.33624

e truly, scientifically

self-describing

e basis for open data workflows

base standard extensions

general description domain specific
wavefronts, particle species, particle beams,weighted
particles, PIC, MD, mesh-refinement, CCD images, ...

Apids HF {JSON

openPMD-viewer openPMD-api openPMD-updater
quick visualization reference library auto-update to new standard, verify
explore, e.g., in Jupyter file-format agnostics API openPMD-validator




We Standardize & Develop Scalable Data Methods

... and integrate them for scientific productivity

including data analytics frameworks & graphical user interfaces

In [ ]:|ts 2d.slider()

Calling this method will insert the following panel inside the notebook. (Note that the panel below is an non-interactive image, which is here for the us

this notebook online. Calling the slider method in a live notebook, will produce a truly interactive panel.)
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We Standardize & Develop Scalable Data Methods

and integrate them for scientific productivity
including data analytics frameworks & graphical user interfaces

Out[4]: [<matplotlib.lines.Line2D at 0x10832b7f0>]
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We Standardize & Develop Scalable Data Methods

and integrate them for scientific productivity

including data analytics frameworks & graphical user interfaces

In [ ]: | ts 2d.slider()

Calling this method will insert the following panel inside the notebook. (Note that the panel below is an non-interactive image, which is here for the us

this notebook online. Calling the slider method in a live notebook, will produce a truly interactive panel.)
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Open standardization, i.e. openPMD, makes us flexible for 1/O
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WarpX: Runs Efficiently on the First Exascale Supercomputer

April-dJuly 2022: ran on world’s largest HPCs
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Demonstrated scaling 4-5 orders of magnitude
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WarpX: Runs Efficiently on the First Exascale Supercomputer

April-dJuly 2022: ran on world’s largest HPCs

L. Fedeli, A. Huebl et al., accepted in SC’22, 2022

Note: Perlmutter & Frontier are pre-acceptance!

Demonstrated scaling 4-5 orders of magnitude
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Figure-of-Merit over time

Date Machine N./Node Nodes FOM
3/19 Cori 0.4e7 6625 1.0ell
6/19 Summit 2.8¢e7 1 000 7.8¢ell
9/19 Summit 2.3¢e7 2560 6.8¢el1
1/20 Summit 2.3e7 2560 1.0e12
2/20 Summit 2.5¢7 4263 1.2e12
6/20 Summit 2.0e7 4263 1.4el2
7120 Summit 2.0e8 4263 2.5e12
3/21 Summit 2.0e8 4263 2.9¢e12 ><
6/21 Summit 2.0e8 4263 27¢12 O
7/21 Perlmutter 2.7e8 960 1.1el2 <
12/21 Summit 2.0e8 4263 3.3el12 -
4/22 Perlmutter 4.0e8 928 1.0el12
4/22 Perlmutterf 4.0e8 928 1.4e12
4/22 Summit 2.0e8 4263 3.4el2
4/22 Fugakuf 3.1e6 98304 8.1el12
6/22 Perlmutter 4.4e8 1088 1.0el12
7/22 Fugaku 3.1e6 98 304 2.2e12
7/22 Fugakut 3.1e6 152064 9.3el12
7122 Frontier 8.1e8 8576 1.1el3




GPU Computing at

Scale Requires Advanced Load Balancing

Application Challenges

« Plasma Mirrors & Laser-lon
Acceleration: moving front

« Laser Wakefield Accelerator:

Injected Beam Particles

Z-order space filling curve
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domain decomposition
example

M. Rowan, A. Huebl, K. Gott, R. Lehe, M.
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Thévenet, J. Deslippe, J.-L. Vay, “In-Situ Assessment of Device-Side Compute Work for Dynamic
Load Balancing in a GPU-Accelerated PIC Code,” PASC21, DOI:10.1145/3468267.3470614 (2021)
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GPU Computing at Scale Requires Advanced Load Balancing

Appllcatlon Challenges
Plasma Mirrors & Laser-lon
Acceleration: moving front

« Laser Wakefield Accelerator:
Injected Beam Particles
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* larger simulation: mitigate local memory spikes

M. Rowan, A. Huebl, K. Gott, R. Lehe, M. Thévenet, J. Deslippe, J.-L. Vay, “In-Situ Assessment of Device-Side Compute Work for Dynamic
Load Balancing in a GPU-Accelerated PIC Code,” PASC21, DOI:10.1145/3468267.3470614 (2021)
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Novel Visualization Techniques

Particle Adaptive Sampling

e emphasis on “uncommon” properties
* inverse sampling to incidence of a property

A. Biswas et al., “In Situ Data-Driven Adaptive Sampling for
Large-scale Simulation Data Summarization,” ISAV18 @SC18 (2018)

ALPINE: 4#Ascent AABiswaS, Larsen, Lo



Novel Visualization Techniques

Particle Adaptive Sampling Physics-Informed Flow Tracelines
« emphasis on “uncommon” properties « traditional flow vis. depends only on local field values
* inverse sampling to incidence of a property « plasma particles:

o inert: track relativistic momentum on a traceline
o Lorentz-Force: 6 fields (electromag.), leap-frog
» chance to significantly reduce particle 1/O in real-life
workflows through savings on temporal fidelity

SSSSSS
DB: 5L

A. Biswas et al., “In Situ Data-Driven Adaptive Sampling for e
Large-scale Simulation Data Summarization,” ISAV18 @SC18 (2018)

user: abhishek
Tue Dec 822:21:33 2020

ALPINE: #Ascent AA Biswas, Larsen, Lo VTK-" Yenpure, Childs, Pugmire



Postdocs Welcome - Come work with us!

jobs.lbl.gov/jobs/search/3151872

rrererner
 Modeling & Theory BERKELEY LAB
— Exascale & Wakefields , w
#92244
— Beam Dynamics & ML
#96603

 Experiment

— Wakefields, kHz-MHz (LPA)
#96321 #93729

— Laser-Proton/lon (LPI)
#95498

EXASCALE > A% »
EL )P == ciDAC
o

iscovery through Advanced Computing



https://jobs.lbl.gov/jobs/search/3151872

presented by: Axel Huebl (LBNL)
Summary E' axelhuebl@lbl.gov

= BLAST is an open suite of PIC codes for particle accelerator modeling,
increasingly build on top of the AMReX library, using code-sharing through
the ABLASTR library and leveraging the U.S. DOE Exascale software stack.
ECP WarpX is our first Exascale app, for relativistic plasma & beam modeling;
ImpactX enhances these developments with Al/ML for s-based beam dynamics.

» AMReX for CPU/GPU Mesh-Refinement, ABLASTR shares PIC methods
= Portable CPU/GPU frameworks that avoid code duiation

‘e ..

WarpX: longitudinal electric field
in a laser-plasma accelerator
rendered with Ascent & VTK-m

= Efficient data structures, memory & comms.

= Reuse numerical methods in various PIC loops
= Vibrant Ecosystem and Contributions

= Runs on any platform: Linux, macOS, Windows |
= Specialized codes & advanced physics modules (QED, collisions, ionization, ..%
= Advanced computer science research (load-balancing, I/O, visualization, ...)

= Public development, automated testing, review & documentation

0 github.com/ECP-WarpX






