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-  Context

-  Modeling Laser Wakefield Acceleration with a laser envelope

-  Second stage simulations: Standard PIC vs Envelope PIC

-  Future steps for multi-stage simulation

Outline

-  First stage simulations
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LWFA PIC simulations are cumbersome

X. Davoine, Physics of Plasmas 15, 113102 (2008)

2D cartesian simulations  
are not accurate enough for LWFA!

3D LWFA simulations:  
1 mm plasma ~ 320 kcpu-hours ~ 10.2 k€
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Laser Envelopes need less sampling points

Laser Envelope

Laser “Standard”

Laser length ~ 
Plasma wavelength  

(10-100 μm) 

Laser wavelength  
(~1 μm) 

Spatial variation scales: 

Points sampling Laser Envelope

Points sampling Laser “Standard”
= 10

Larger Δx and Δt can be used! 

D. Terzani and P. Londrillo,  
submitted (2019)



Structure of a PIC code with Laser Envelope
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A collaborative open source Particle in Cell code

                    https://smileipic.github.io/Smilei/index.html 

- 1D, 2D, 3D, Quasi-3D Geometry  
- Hybrid MPI-OpenMP 
- Python Input/Output Interface 
- Advanced Dynamic Load Balancing 
- Dynamic Adaptive Vectorisation 
- Ionisation, Collisions, QED effects 
- Envelope Model for the Laser 
- Relativistic Beam Field Initialisation

J. Derouillat, et al., Comput. Phys. Commun. 222, 351-373 (2018)

https://smileipic.github.io/Smilei/index.html


Validation test: Nonlinear LWFA, Electron density

a0 = 5 , n0 = 3∙1018 cm-3,   
w0 = 12 μm, LFWHM = 28 fs 

8 ppc, Δy = Δz = 3 c/ω0

Δx = 0.125 c/ω0

Δt = 0.124 c/ω0

Δx = 0.75 c/ω0

Δt = 0.675 c/ω0

Standard Laser simulation

Envelope simulation

TEnvelope

TStandard Laser = 20  

Envelope Simulation

Standard Laser Simulation

@1 mm 
TEnvelope= 16 kh-cpu  Propagation Direction



1st stage: possible working points

P = 10 Pcr

P = 25 Pcr

Scalings from A. Beck et al. , NIM A 740 (2014)

w0 = 40 μm
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1st stage: working points

Simulation 1 2 3 4

ELaser [J] 10 15 10 15

a0 2.95 2.65 3.25 2.95

LFWHM, Laser [fs] 20 25 25 30

Q [pC] 535 229 949 317

Epeak[GeV] 1.5 1.3 1.4 1.5

ΔE/E (%) 10.8 14.3 11.5 11.6

Ee beam [J] 0.8 0.3 1.3 0.5

Ee beam/ELaser 8 % 3 % 9 % 3 % E [MeV]

dQ
/d
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Case Study: Multistage LWFA experiments
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Case study
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Comparison @15 mm of propagation, Preliminary Results
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Comparison @15 mm of propagation,  
Preliminary Results

Beam Params Initial Value Standard 
PIC Envelope PIC

Q [pC] 30 29.98 29.96

σx, σy, σz [μm] 2.0, 1.3, 1.3 2.0,1.5,1.4 2.0,1.9, 2.1 

εn,y, εn,z [mm-mrad] 1.0, 1.0 2.0, 2.1 4.3, 5.7

E [MeV] 150 427 432

ΔE/E [%] 0.5 4.7 6.8

Simulation of External injection LWFA

Laser

w0 [μm] 45

τFWHM [fs] 107

a0 1.4

Plasma

n0  
[1017 cm-3] 1.5 



Next step: simulations with realistic electron beam

Beam after transport from 1st stage  
(transport by Antoine Chance):
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Next step: realistic laser simulations

Realistic  
Laser profile

Ideal  
Laser profile

LWFA electron spectrum:

J. Ferri et al., Scientific Reports 6, 27846 (2016) 

B. Beaurepaire et al., Phys. Rev X 5, 031012 (2015) 

Ideal laser
Exp spot
Spot+phase



▪ Quick envelope model implemented for 3D LWFA PIC simulations 

▪ Model benchmarked in nonlinear regimes and 15mm external injection 

▪ Possible CILEX first stage working points found through parametric scan 

▪ Model suited for multi-stage LWFA simulation 

▪ Future development: envelope model + cylindrical symmetry 

▪ Next steps: simulations with realistic laser beams, realistic particle beams

Conclusions and perspectives
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The Laser Envelope evolution: wave equation

Laser Envelope

Laser “Standard”

Hypothesis:

Envelope Equation: Plasma  
Susceptibility

D. Terzani and P. Londrillo, submitted (2018)

^
D’Alembert Equation:

Laser Complex Envelope



Ponderomotive Equations of motion

Motion Equations for the macroparticles (here electrons):

Ponderomotive 
Force 

(laser envelope)

Lorentz Force 
(plasma fields)

Fponderomotive

Ponderomotive force acts as a radiation  
pressure on charged particles :  it expels  
the electrons from high-intensity zones |A|2~

B. Quesnel and P. Mora, 
Physics Review E 58,  
3719 (1998)


