Integration of ML models into GEANT4

to simulate plasma acceleration
Use case : PALLAS experiment
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Context and Objectives

Context:

Laser-plasma accelerators are compact sources of high-energy electrons
(PALLAS experiment & LWFA)

Simulations are needed to understand and optimize these systems

Problems:
Full-scale simulations are very resource-intensive (PIC models)

Objective:
Integrate ML-based models into Geant4 to efficiently simulate experiments
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PALLAS use case & ez v, @ Yo (Inen

PALLAS is laser-plasma accelerator test facility under construction at 1PIPALLAS beamiine

Parameters phase 1 phase 2 unit

UCIab energy 150 200 MeV

- Aiming for “high-quality beam” laser-plasma injector (LPI) facility charge  15-30 30 pC

working in Continuous 10 Hz operation frep 15 10 Hz

. . oge . energy spread <5% <3% rms

- Achieve reliability and control comparable to conventional RF S - =
accelerators standards stability 5% <3%
reproductibility 5% 3%
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PALLAS is laser-plasma accelerator test facility under construction at 1PIPALLAS beamiine

Parameters phase 1 phase 2 unit
UCIab energy 150 200 MeV
- Aiming for “high-quality beam” laser-plasma injector (LPI) facility charge  15-30 30 pC
working in Continuous 10 Hz operation fep 15 10 Hz
. . oge . energy spread <5% <3% rms
- Achieve reliability and control comparable to conventional RF S > =
accelerators standards stability 5% <3%
reproductibility 5% 3%
- < Sm »
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Laser Imjection Focalisation (LIF) module Plasma module g g g
s - g 3 e- beam compact
Vi g o 5 l} o | I " — = characterization :
b teees - \ L . - Down to 500 keV
"""""" o opecs (0D (e g energy
Optical compressor (COMP) I | - ReSOIUtion
40-50 TW laser driver | active wavefront correction [ H
beam pointing stabilzation clectron beam characterization line (eBCL) em It.l_:a n C.e
- Longitudinal
Beam Transport : phase space

Plasma target development :

) - Coline Guyot. PhD Thesis,
- P.Drobniak et al. PRAB 26, 091302 (2023)

Université Paris-Saclay, 2025.
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PrinCiple . Parameters phase1 phase2 phase3 unit
. laser strengh, a;, 1.15-1.4 1.15-1.4 >1.8
A laser travels through a gas - creating a plasma laser duration, £, 40 % 30 fo (FWHM)

- The laser pushes electrons aside, forming a wave laser waist, wy 18 18 18 um
- Injected electrons "surfing" on this wave are accelerated heilainen] e fan ) oh -

beam pointing, du;  <0.5 <0.5 <0.5 urad

stability 1% <1% <1% =

Key facts : frep 10 10 10 Hz
- Acceleration gradients > 100 GeV/m target type multi-cell multi-cell multi-cell

injection ionisation ionisation ionisation

- Experiments are highly sensitive to the laser/plasma configuration P ———— oL .

Trapped

electrons Intense laser

/ 7, - pulse duration

_ 3
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lonization Front
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Challenges of plasma simulations pEEc I

Laboratoire de Physique
des 2 Infin

PIC simulations (Particle-ln-CeII) . Injection par ionisation: un probleme multi-échelle

- Very accurate but substantial computational resources needed Défi numeérique:

] . ) Différence entre les échelles a simuler et a résoudre
- Numerical challenge (slides Francesco Massimo — GdR APPEL
2022)

Enveloppe du laser~10 pym

Longueur de de
propagation ~ mm, cm

I_I

| | Longueur d'onde
Cavité accélératrice~10 pm du laser~1 pym
Solution dans Smilei)
méthode PIC avec un modéle d’enveloppe

Laser “Enveloppe”|A |

Résolution Laser “Enveloppe” _

=10
Résolution Laser “Standard”

Laser “Standard” A
Avantage: réduction d’ordres de grandeur des temps de calcul
Exemple en géométrie cylindrique, L=800 pm:

558k minutes-coeur Simulation “Standard”

30 minutes-coeur Simulation Enveloppe

F. Massimo et al., Phys. Rev E (2020) > Ressources pour le resultat
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Challenges of plasma simulations MNEEE " Eavam

PIC simulations (Particle-ln-CeII) . Injection par ionisation: un probleme multi-échelle
- Very accurate but substantial computational resources needed " Défi numérique: .
] . ) Différence entre les échelles a simuler et a résoudre

- Numerical challenge (slides Francesco Massimo — GdR APPEL
2022)

Enveloppe du laser~10 pym

Longueur de de

Consequences : & . propagation ~ mm, cm
- Difficult to explore large parameter spaces (nonlinear, multi- | |~ Longueur d'onde
. . Cavité accélératrice~10 pm du laser~1 pym
parametric, coupled physical processes) Solution dans Smilei)
- Not viable for full start-to-end simulations methode PIC avec un modele d’enveloppe

- Machine Learning use case !!!

Dimensionnement d’expériences par Machine Learning

Laser “Enveloppe”|A |

: : Spectres optimisés
~102-103 Simulations
avec enveloppe cylindrique

Résolution Laser “Enveloppe” _

10

Résolution Laser “Standard”
Une (/ou plusieurs)

simulation(s) PIC rapides

Avantage: réduction d’ordres de grandeur des temps de calcul
( O ) Exemple en géométrie cylindrique, L=800 pm:

Analyse des résultats POV A T e 558k minutes-coeur Simulation “Standard”
de la (des) simulation(s) e P. Drobniak and IJClab, 2021 . . .
W _ Voir aussi Présentation K. gassoujeudi 12 30 mantes'Coeur SlmUIat|0n EnVEIOppe
Algorithme d’optimisation 3 5 s
(e.g. Optimisation bayesienne, CMA-ES, k!}gmlégt: !,TLTJ,'

- » Ressources pour le résultat
Particle Swarm Optimisation) e PALLAS F. Massimo et al., Phys. Rev E (2020) P

Laser “Standard” A
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Solution : ML surrogate model P2 i @ Mo

calin] ol
—1000 0 1000 2000 3000

Idea : PALLAS gas cells*

2.00 I
-- % (sim.)

. & 15 = s ) 1.75 :

- Train an ML model on the results of Fast Gas density profile . e 0 o 2

PIC simulations generated* using s m— L

. . L. . 5 2 o5} 100 g

- Predict beam characteristics from input OpenFOAM® code < btk NN
Pumping tees direction )

para meters Differential holes 0-00=1000 2000 3000 4000 5000 -

Distance along longitudinal axis, x [pm]

1. V. Kubytskyi, Optimisation and surrogate models for PALLAS project, Journée
modélisation LWFA GdR APPEL 2023

Gueladio Kane, Surrogate modelling for laser plasma acceleration, GdR SCIPAC 2025
A. Sytov et al. arXiv:2503.12154.

P.Drobniak et al. PRAB 26, 091302 (2023)

https://www.openfoam.com/

J.Derouillat et al. Smilei: CPC, 222:351-373, 2018; https://smileipic.github.io/Smilei/
G. Kane et al. arXiv2408.15845 (2024).

NoukwnN
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Solution : ML surrogate model P2 i @ Mo

TR Zoff [um] ‘ "\ Diferencal hotes
Idea : PALLAS gas cells* =" T |
° = -- % (sim.)
- . ; & 1L5f o — e gy LTS :
- Train an ML model on the results of Fast Gas density profile 2 A g
PIC simulations generated* using £ =R P
- Predict beam characteristics from input OpenFOAM® code < s AN\ ™
Pumping tees direction \
para meters Differential holes 0-9="1000 2000 3000 4000 5000 -

Distance along longitudinal axis, x [pm]

Numerical setup [ PIC simulations with SMILEF® |

» target configuration z = [ ag, z,f, p1 = P2, CN, |

;T o :EZ::;:L.LL“QFUZ)
« Smilei) open source PIC code with envelop T 6l SE i ier
. . .. . . = o |('(‘|'1ng£, n°7516)
approximation coupled to ionization[1], azimuthal z
modes[2] and low ppc : 2 4
~ 12-24 h.cores/mm.(running with 240 cores on 96k &
computing-core HPC SKL) o}
» simplified profiles from CFD simulations and confined S
high-Z dopant. C ol

50 100 150 200 250 300 350
Energy [MeV]

1. V. Kubytskyi, Optimisation and surrogate models for PALLAS project, Journée
modélisation LWFA GdR APPEL 2023

Gueladio Kane, Surrogate modelling for laser plasma acceleration, GdR SCIPAC 2025
A. Sytov et al. arXiv:2503.12154.

P.Drobniak et al. PRAB 26, 091302 (2023)

https://www.openfoam.com/

J.Derouillat et al. Smilei: CPC, 222:351-373, 2018; https://smileipic.github.io/Smilei/
G. Kane et al. arXiv2408.15845 (2024).

NoukwnN
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Solution : ML surrogate model

[ ] 5 o 5o o
LP2i universite “Cub
CZ) Bordeax  “BORDEAUX CNrs Ja

Idea :

- Train an ML model on the results of Fast
PIC simulations

- Predict beam characteristics from input
parameters

- (re)use knowledge of already computed
configurations -> construct surrogate
model of the accelerator'2

- New configuration can be estimated from
the surrogate model and validated with
SMILEI.

1. V. Kubytskyi, Optimisation and surrogate models for PALLAS project, Journée
modélisation LWFA GdR APPEL 2023

Gueladio Kane, Surrogate modelling for laser plasma acceleration, GdR SCIPAC 2025
A. Sytov et al. arXiv:2503.12154.

P.Drobniak et al. PRAB 26, 091302 (2023)

https://www.openfoam.com/

J.Derouillat et al. Smilei: CPC, 222:351-373, 2018; https://smileipic.github.io/Smilei/
G. Kane et al. arXiv2408.15845 (2024).

NoukwnN

y | I o aan
o, Zoff [um] ‘ Differential holes
ke —1000 0 1000 2000 3000
PALLAS gas cells* L'—“L e |
= — N sim.
- ; _ut B A
. : s |/ N\ e gy | B
Gas density profile | 1o gy | B
. R Laser ag 1.25 .82
generated* using 8 : "s
g 1.00 §
OpenFOAM?” code = My - 3
Nozzles - propagati 0.75
Pumping tees o direction Nj 50

Differential holes 0 1000 2000 3000 4000 5000
Distance along longitudinal axis, x [pm]

Numerical setup [ PIC simulations with SMILEF® |

» target configuration z = [ ag, z,f, p1 = P2, CN, | = _ betal s
= (Config. n°3702)
Smilei) open source PIC code with envelop S o e 1o
. . .. . . . T (Config. n°T516)
approximation coupled to ionization[1], azimuthal z
modes[2] and low ppc : :5 4t
~ 12-24 h.cores/mm.(running with 240 cores on 96k &
computing-core HPC SKL) o}
» simplified profiles from CFD simulations and confined _3
high-Z dopant. R TR T T T

Energy [MeV]

ML surrogate model**’

Hidden Layers

Layer (type) Output Shape Param #
Input Layer Output Layer Input Layer (InputlLayer) (None, 4) e
Hidden Layer 1 (Dense) (None, 1e@) 5ee
PRelU activation 1 (PReLU) (None, 1@@) 1ea
AO ,vac, max . 8Emad [A)] Hidden Layer 2 (Dense) (None, 1) 10,100
0 ] [ ] PRelU activation 2 (PReLU) (None, 10@) 108

CNZ[A "' \ 9‘0‘ . ’\". Qlc
'I' O [ ] Hidden Layer 3 (Dense) ( e, 1ee) 18,168
[mba r] ‘ \\¥ g// ‘ Sy n um PRelU activation 3 (PReLU) (None, 1@@) 1ee
Output Layer (Dense) (Mone, 4) 404
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GEANT4 & ez i, @ ¥ (INFN

.
Ove rv I ew L 6 GEeanT4 About Download Documentation User Forum © Bug Reports © Events Contact Us
L A

- C++
C Geant4
- O bJ e Ct O rl e nte d Toolkit for the simulation of the passage of particles through matter. Its areas

of application include high energy, nuclear and accelerator physics, as well as

- Open Source PR & ) space et
- Toolkiti.e. collection of tools
- Geant4 defaults model DOES NOT EXIST !!! o R - —
- MUST provide the necessary information,

Geant4 available for download, with source code tutorials and guides, are available online.

Getting started

under an open source license. Ee\%'aji:WW zhete
choose the GEANT4 tools

Latest: 11.1.2

2023 Planned Features

Release 11.04

Release 11.1.1

GEANTA4 provides

some features https://geant4.web.cern.ch/
(building blocks)
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GEANT4 L e g, @ Y (AR

.
Ove rvl ew L 5 GEeanT4 About Download Documentation User Forum © Bug Reports © Events Contact Us
L A

- C++
C Geant4
- O bJ e Ct O rl e nte d Toolkit for the simulation of the passage of particles through matter. Its areas

of application include high energy, nuclear and accelerator physics, as well as

- Open Source PR & ) space et
- Toolkiti.e. collection of tools
- Geant4 defaults model DOES NOT EXIST !!! o R - —
- MUST provide the necessary information,

Geant4 available for download, with source code tutorials and guides, are available online.

Getting started

Release 11.2.beta
under an open source license.

choose the GEANTA4 tools

Latest: 11.1.2

-. . v
'\‘. T 5
= e —— ’

2023 Planned Features
Release 11.04

Release 11.1.1

GEANTA4 provides
some features
(building blocks)

https://geant4.web.cern.ch/

Users construction in
order to describe the
problematic

Many examples provided :
https://geant4-userdoc.web.cern.ch/Doxygen/examples doc/html/index.html
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GEANT4

Ove rvi ew ° 6 GEANT4 About Download Documentation User Forum @ Bug Repor[sz Events Contact Us
L] A=A

- C++
Geant4 :

- O bJ e Ct O rI e nte d Toolkit for the simulation of the passage of particles through matter. Its areas Getting started
of application include high energy, nuclear and accelerator physics, as well as :

- n SO U rce studies in medical and space science.

Ope p

- Toolkit i.e. collection of tools
- Geant4 defaults model DOES NOT EXIST !!!
- MUST provide the necessary information,
choose the GEANT4 tools

() Get started + Download B Docs N News

Release 11.2.beta
Release 11.1.2

2023 Planned Features

Release 11.04

Release 11.1.1

GEANTA4 provides
some features
(building blocks)

https://geant4.web.cern.ch/

Users construction in
order to describe the
problematic

MC methods :

- Independant particles @&

- No collective behaviour €

—> Does not model the plasma acceleration
itself

Many examples provided : — Link SMILEI — ML surrogate — GEANT4

https://geant4-userdoc.web.cern.ch/Doxygen/examples doc/html/index.html
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Requirements :

- Full simulation of the experiment (from acceleration to detection)

- Adaptable to different experimental scenarios

Needs :
- Use of GEANT4's « ParticleGun »
- Data from the ML model (spectrum, direction, position,

Jgun/setstatusONNX true
/laser/Set0OffsetLaserFocus 1680 ## um
/laser/SetNormVecPotential 1.23
/laser/SetFracDopTargetChamber 0.0617 # %(/100)

#ifndef BlPrimaryGeneratorAction_h

#define BlPrimaryGeneratorAction_h 1
#include "G4VUserPrimaryGeneratorAction.hh"
#include
#include
#include

"globals.hh"
"G4GeneralParticleSource.hh"
"G4ParticleGun.hh"

s
<onnxruntime_c_api.h>
<onnxruntime_cxx_api.h>

ss G4Partcre COOCITTS
G4Event;

( ].}“‘H

)

Keras function (Python) -> tf2onnx.convert.from_keras -> ONNX file (C++)

PrimaryGeneratorAction: :PrimaryGeneratorAction(): GaVUserPrimaryGeneratorAction(),
fParticleGun(0),
fEnvelopeBox(0)

G4int n_particle = 1;
fParticleGun = new G4ParticleGun(n_particle);

// default particle kinematic
fParticleGun->SetParticleDefinition(
G4ParticleTable: :GetParticleTable()->FindParticle("e-"));

//Neural network: session
Ort::Env env(ORT_LOGGING_LEVEL_WARNING,
Ort::SessionOptions session_options;
on_options.SetIntraOpNumThreads(1);
to sessionlLocal =

std: :make_unique<Ort::Session>(env,
fSession =

create onnx

"plasma");

"model2,.onnx", session_options);

std: :move(sessionLocal);
// Get input node information
fMemory_info = Ort::MemoryInfo::CreateCpu(

OrtAllocatorType: :0rtArenaAllocator, OrtMemTypeDefault);
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Results and benefics & e i, @ Yo (IR

Key points :

- Full geometry of the PALLAS beamline using GDML
- MT on CPU possible

- Easy exploration of varied scenarios

| 1) ;
II-I‘H:-—?‘CII

Results :
- Particle generation consistent with PIC model
- Complete implementation of beam transport in GEANT4

f— Input Positions X-Z Input Emittance X Input Emittance Z
RMS x=0.001 mm £=0.002 mm-mrad
RMS z=0.002 mm LW @=0.00, p=0.00 4

0.075 1

10°

0.050 4

2 e . j ' Particle

- generation

—0.075 - | il

nts

Z [mm]
& _x [mrad]
o
u
z [mrad]

i=1
Counts

-4

=0.100 T T T T T T T
-0.100-0.075-0.050-0.025 0.000 0.025 0.050 0.075 0.100

x [mm]
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Results and benefics & ez v, @ Yo (Inen

Key points :

- Full geometry of the PALLAS beamline using GDML
- MT on CPU possible

- Easy exploration of varied scenarios

Results :
- Particle generation consistent with PIC model
- Complete implementation of beam transport in GEANT4

(r Q1 End Positions X-Z Q1 End Emittance X Q1 End Emittance Z
RMS x=0.316 mm £=0.028 mm'mrad 104
L&l RMS z=0.500 mm LRl a=3.11, B=3.57 41 .10, &
102 %
2 1 2 10° 2
£ 3 3
I 2 E s E
o 04 5 "l 0 g N04
4 8 3 1023 g
[ < (=3
o 1 w =
b 10 o o
-2 A -2 1 -2
1
10! 10
-4 -4 4 -4
T T T T T 100 T T T T T 10° T T T T T 10°
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4

Q1EndPos_x [mm] Q1EndPos_x [mm] Q1EndPos_z [mm]
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Results and benefics & ez v, @ Yo (Inen

Key points :

- Full geometry of the PALLAS beamline using GDML
- MT on CPU possible

- Easy exploration of varied scenarios

Results :
- Particle generation consistent with PIC model
- Complete implementation of beam transport in GEANT4

(quadrupoles)

A 4

( Q2 End Positions X-Z Q2 End Emittance X Q2 End Emittance Z \
£ ! m-mras H ra ]

RMS x=0.302 mm
LRl RMS 2=0.478 mm

Counts
Q2End6_x [mrad]
Q2End6_z [mrad]
o
1

10!

Q2EndPos_z [mm)]

r T T T T T T T r T T T T T T
—4 =2 0 2 4 —4 -2 0 2 4 —4 =2 0 2 4
02EndPos x [mm] 02EndPos x [mml 02EndPos z [mm]
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Results and benefics & tp2 v, @ e (e

Key points :

- Full geometry of the PALLAS beamline using GDML
- MT on CPU possible

- Easy exploration of varied scenarios

II-I‘H:-—?‘CII

Results :
- Particle generation consistent with PIC model
- Complete implementation of beam transport in GEANT4

( Q3 End Positions X-Z Q3 End Emittance X Q3 End Emittance Z \
& 104
X= b £=0.048 mm-mrad €=0.119 mm-:mrad
41 S z= LRl 0=4.75, B=7.07 LRl a=4.80, B=7.13
10?
103
103
2 21 2
T 3 H
E & £ )
N, s = 2 = 1028
g 0 S % 01 1025 N o 5
a 8 @ Q =3 o
-] 1 ° o T o
=3 10 c =
" a B
o o o
-2 1 -2 -2 1
10! 10t
—4 4 -4 -4
T y T T T 10° T T T T T 100 T T T T T 10°
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
Q3EndPos_x [mm] Q3EndPos_x [mm] Q3EndPos_z [mm)]
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Results and benefics & e i, @ Yo (IR

Key points :

- Full geometry of the PALLAS beamline using GDML
- MT on CPU possible

- Easy exploration of varied scenarios

II-I‘H:-—?‘CII

Results :
- Particle generation consistent with PIC model
- Complete implementation of beam transport in GEANT4

( Q4 End Positions X-Z Q4 End Emittance X Q4 End Emittance Z
RMS x=0.234 mm £=0.045 mm:mrad 10¢ =0.113 mm:mrad
LRl RMS 2=0.368 mm LRl 2=0.30, B=1.20 LRl c=0.32, B 1 19
10°
24 2 10% 2
£ B g
£ e ©
5 g £ g €
2 0 s % o S N oq
[ o 10 3
2 S % s 2
§ g §
& -7 <3
-2 2 -2
10! 100 10!
4 -4 4

10° T T T T T 10° ™ T T T T 10°

2

0
Q4EndPos_x [mm)]

“a -2

Q4EndPos_x [mm] Q4EndPos_z [mm]

18/11/2025 Integration ML models into G4 to simulate plasma acceleration with PALLAS experiment — huber@Ip2ib.in2p3.fr



Results and benefics & ez v, @ Yo (Inen

Key points :

- Full geometry of the PALLAS beamline using GDML
- MT on CPU possible

- Easy exploration of varied scenarios

Results :
- Particle generation consistent with PIC model
- Complete implementation of beam transport in GEANT4

Horizontal Collimators Positions X-Z Vertical Collimators X-Z
4J 56.84% flux stopped by horizontal collimators , 4J 5.77% flux stopped by vertical collimators
S 10
2 2 102
£ Wy og g
E © 5 E © e S 5
N S W~ S
10!
-2 1 10! -2
-4 4 -4
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Results and benefics & ez v, @ Yo (Inen

Key points :

- Full geometry of the PALLAS beamline using GDML
- MT on CPU possible

- Easy exploration of varied scenarios

Results :

- Particle generation consistent with PIC model

- Complete implementation of beam transport in GEANT4
(quadrupoles)

YAG Positions X-Z Energy Distribution (Input vs YAG) Energy Distribution {Input vs YAG)
-250
3 Input Energy 10° 1 T3 Input Energy
—260 [ YAG Energy [ YAG Energy
210 ' w - 10
1 10?
=280
60000 10?
= =290 “
£ 2
E 5
N -300 8
40000 10
10!
-310
- 2
320 20000 10
-330
L 10°
-340 . y - - r 10° 04— y T r + . r v v - /
-4 -2 0 2 4 0 50 100 150 200 250 ] 50 100 150 200 250
x [mm] Energy [MeV] Energy [MeV]
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Results and benefics

Key points :

- Full geometry of the PALLAS beamline using GDML
- MT on CPU possible

- Easy exploration of varied scenarios

i
II-l‘i:-—?‘u‘ll

REL“S: Meshing algorithms GEANT4 with GDML files &
- Particle generation consistent with PIC model

- Complete implementation of beam transport in GEANT4
(quadrupoles)

- ML analysis with (Laser parameters, Qx values, Qx
distances, slits openings) in order to maximise Charge ——

3 Input Energy

and/or Energy beam g S e

10

20000 }

-340 - T T T - 10° 0 T - - v
-4 -2 0 2 4 0 50 100 150 200 250
x [mm) Energy [MeV]
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Results and benefics & ea i, @ Yo (INFR

Key points :

- Full geometry of the PALLAS beamline using GDML
- MT on CPU possible

- Easy exploration of varied scenarios

Results :

- Particle generation consistent with PIC model

- Complete implementation of beam transport in GEANT4
(quadrupoles)

- ML analysis with (Laser parameters, Qx values, Qx
distances, slits openings) in order to maximise Charge ———__

3 Input Energy

and/or Energy beam g S e

80000
10

60000

- Soon available as an “advanced example”

- ML model trained on particle-in-cell simulations of
laser-driven plasma wakefield acceleration as a
particle source and entire experimental setup o }
implemented using GDML AT T Ve T
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Conclusion & Perspectives P

< Reduced complexity and computational cost, while maintaining high-fidelity simulation accuracy.

< ML model used: multilayer perceptron (MLP) trained on PIC simulation data of laser-plasma
interactions

ONNX framework enabled seamless translation of the ML model from Python to C++ for
integration into Geant4.

\/Implementation in Geantd4, centered on the PALLAS facility, enabling start-to-end simulations
combining plasma acceleration physics with Monte Carlo modeling.

< Full experimental setup of PALLAS implemented in Geant4 using GDML files, including beam
transport and detector systems.

AOfficial example of GEANT4 collaboration

(5 scalable and adaptable framework for future experiments and applications.
(55 potential applications: synchrotron light sources, free electron lasers, nuclear physics, and
advanced radiotherapy.
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BACKUP

The LWFA 3D PIC simulation problem is enormous

111 SLIDE FRANCESO MASSIMO 1]
Example of 3D simulation scale

2D cartesian simulations: . . i
with “classic” electromagnetic PIC loop
Not accurate enouah y g i
and “classic” numerical schemes

0.1 ' ' — 3D Simulation
(b) S * Laser wavelength A;=0.8 pum ->0.016 um , Ax=0.016 um, cAt=0.99Ax
* Laser duration: 30 f2> Window size Lx = 40 um = 2500 * Ax
_ 0.05] 1 * W,=12 pm -> Ay=7=0.5um , Window size Ly = Lz = 125 um = 192 * Ay
< * Acceleration | =1 mm ~ 60000 c* At
3 ok — -/ | A\ ] * 8 macro-par#icles per cell -> 0*250*250*8 =
; / 10° nyacro-particles, pushed foreQk timesteps!
-0.05 t Largest scale to simulate
Smallest scale [space and time]
0.1 : - - to sample (Note: current LWFA studies
-50 -40 -30 -20 -10 [space and time] require several mm, up to

Position (pm)

X. Davoine et al., Phys. Plasmas 15, 113102 (2008) 10s of cm, or even m)
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