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Context and Objectives
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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
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PALLAS is laser-plasma accelerator test facility under construction at
IJClab.
- Aiming for “high-quality beam” laser-plasma injector (LPI) facility

working in Continuous 10 Hz operation
- Achieve reliability and control comparable to conventional RF

accelerators standards
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PALLAS is laser-plasma accelerator test facility under construction at
IJClab.
- Aiming for “high-quality beam” laser-plasma injector (LPI) facility

working in Continuous 10 Hz operation
- Achieve reliability and control comparable to conventional RF

accelerators standards

Plasma target development :
- P.Drobniak et al. PRAB 26, 091302 (2023)

Beam Transport :
- Coline Guyot. PhD Thesis,
Université Paris-Saclay, 2025.

e- beam compact 
characterization :
- Down to 500 keV 

energy
- Resolution

emittance
- Longitudinal 

phase space



https://cuos.engin.umich.edu/researchgroups/hfs/research/laser-wakefield-acceleration/

LWFA
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Principle :
A laser travels through a gas → creating a plasma
- The laser pushes electrons aside, forming a wave
- Injected electrons "surfing" on this wave are accelerated

Key facts :
- Acceleration gradients > 100 GeV/m
- Experiments are highly sensitive to the laser/plasma configuration
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Challenges of plasma simulations
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PIC simulations (Particle-In-Cell) :
- Very accurate but substantial computational resources needed
- Numerical challenge (slides Francesco Massimo – GdR APPEL

2022)

Consequences :
- Difficult to explore large parameter spaces (nonlinear, multi-

parametric, coupled physical processes)
- Not viable for full start-to-end simulations
- Machine Learning use case !!!
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Solution : ML surrogate model
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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 accelerator1,2

- New configuration can be estimated from
the surrogate model and validated with
SMILEI.
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1. V. Kubytskyi, Optimisation and surrogate models for PALLAS project, Journée 
modélisation LWFA GdR APPEL 2023

2. Gueladio Kane, Surrogate modelling for laser plasma acceleration, GdR SCIPAC 2025
3. A. Sytov et al. arXiv:2503.12154.
4. P.Drobniak et al. PRAB 26, 091302 (2023)
5. https://www.openfoam.com/
6. J.Derouillat et al. Smilei: CPC, 222:351-373, 2018; https://smileipic.github.io/Smilei/
7. G. Kane et al. arXiv2408.15845 (2024).

https://www.openfoam.com/
https://smileipic.github.io/Smilei/
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GEANT4
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Overview :
- C++
- Object oriented
- Open Source
- Toolkit i.e. collection of tools

- Geant4 defaults model DOES NOT EXIST !!!
- MUST provide the necessary information,

choose the GEANT4 tools

• Basics :
• Obligation :

• Geometry information
• Primary particles
• Physics models

• Possibility :
• Visualization
• Output files generation

GEANT4 provides
some features

(building blocks)
Users construction in 
order to describe the 

problematic

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

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

MC methods :
- Independant particles
- No collective behaviour
 Does not model the plasma acceleration 

itself
 Link SMILEI – ML surrogate – GEANT4

https://geant4-userdoc.web.cern.ch/Doxygen/examples_doc/html/index.html
https://geant4.web.cern.ch/
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ML integration on GEANT4
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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, …)
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Keras function (Python) -> tf2onnx.convert.from_keras -> ONNX file (C++)



Results and benefics
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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)

15

Meshing algorithms

Particle
generation
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Meshing algorithms

Q1 exit



Results and benefics

1718/11/2025 Integration ML models into G4 to simulate plasma acceleration with PALLAS experiment – huber@lp2ib.in2p3.fr

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)

17

Meshing algorithms

Q2 exit
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Meshing algorithms

Q3 exit
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Meshing algorithms
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Results and benefics
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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
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Meshing algorithms

Collimators



Results and benefics
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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 (Qx values, Qx distances, slits openings) in

order to maximise Charge and/or Energy beam

- 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
implemented using GDML

21

Meshing algorithms

YAG screen
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Meshing algorithms
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Meshing algorithms



Conclusion & Perspectives

2418/11/2025 Integration ML models into G4 to simulate plasma acceleration with PALLAS experiment – huber@lp2ib.in2p3.fr

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 Geant4, 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.

Official example of GEANT4 collaboration

Scalable and adaptable framework for future experiments and applications.
Potential applications: synchrotron light sources, free electron lasers, nuclear physics, and
advanced radiotherapy.
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BACKUP
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!!! SLIDE FRANCESO MASSIMO !!!


