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Particle and radiation sources from laser plasma 
interaction in the context of ELI and Apollon 

•	  New	  installa+ons	  coupling	  PW	  and	  10	  PW	  short	  pulse	  lasers	  are	  now	  being	  
constructed	  in	  Europe.	  
•	  Laser	  ion	  accelera+on	  which	  saturates	  in	  terms	  of	  maximum	  energy	  at	  ~100	  MeV	  for	  
protons	  and	  ~1	  GeV	  for	  Carbon	  ions	  can	  strongly	  benefit	  from	  these	  new	  systems	  
(exis+ng	  mechanisms,	  new	  mechanisms).	  
•	  New	  gamma	  sources	  will	  be	  developed.	  
•	  e-‐e+	  plasmas	  will	  be	  generated.	  	  
•	  These	  new	  sources	  have	  poten+al	  important	  applica+ons	  in	  fundamental	  physics,	  
laboratory	  astrophysics	  and	  medicine.	  

→	  New	  simula+on	  tools	  are	  needed	  
→	  Theore+cal	  and	  numerical	  studies	  are	  crucial	  to	  prepare	  the	  arrival	  of	  these	  new	  
laser	  systems.



Outline

• Development of Particle-In-Cell codes to simulate laser plasma 
interaction in the Ultra High Intensity regime 
• Numerical simulation of laser ion acceleration and energetic radiation 
emission in the Ultra High Intensity regime 
• QED experiments on Cilex-Apollon or ELI: Collision of a 10 PW-laser 
with a wakefield-accelerated electron beam 
• Collisionless shocks in electron-positron plasmas using extreme-light 
laser pulses 
• Possibility of pair creation in the collision of gamma-ray beams 
produced by high intensity laser plasma interaction 
• Conclusions and perspectives



Development of Particle-In-Cell 
codes to simulate laser plasma 
interaction in the Ultra High 

Intensity regime



Laser intensity increase and computing 
power increase versus time
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	  Non-‐linear	   Compton	   scattering:	   high-‐
frequency	  photon	  emission	  in	  the	  laser	  field

Apollon	  
(10	  PW,	  100J,	  15	  fs)

ELI	  
(100	  PW)

IZEST	  
(>	  1EW)

• Implementation	  of	  these	  mechanisms	  in	  the	  PIC	  code	  CALDER

Radiative and QED effects1 in ultra-
intense laser plasma interaction2,3

And competition with Bethe-
Heitler and Trident processes 
when using solid foils



The Particle-In-Cell (PIC) Method
capture collective effects by solving the Vlasov-Maxwell Eqs.
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• Maxwell’s Eqs. are solved on the grid:
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• Vlasov Eq. is solved using so-called  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for > 1.022 MeV photons:

Lobet et al., arXiv:1311.1107 (2013) 

Implemented in the 
PIC code CALDER



Numerical simulation of laser 
ion acceleration and energetic 
radiation emission in the Ultra 

High Intensity regime



Simulations of laser ion acceleration with low density 
targets in the ultra-high intensity regime

10
→ Competition with radiation emission

Energy time evolution for I=1022 W/cm2 (left) and for I = I=1023 W/cm2 (right) for 
a 2 nc, 190 microns long cos2 target. The laser comes from the left side of the 
simulation box.

Radiated energy

Radiated energyProton energy

Proton energy

I=1022 W/cm2 I=1023 W/cm2

Calder: Monte Carlo emission and pair production modules 
have been implemented (M. Lobet et al. arXiv.1311.1107v2)



Simulations of laser ion acceleration with low density 
targets in the ultra-high intensity regime

11

I=1022 W/cm2 for a 2 nc, 190 microns long cos2 target. The laser comes from the 
left side of the simulation box.

t=1400ω0-1 t=1500ω0-1 t=1600ω0-1



Simulations of laser ion acceleration with low density 
targets in the ultra-high intensity regime

12

Proton phase space at various times for I=1022 W/cm2 for a 2 nc, 190 microns 
long cos2 target. The laser comes from the left side of the simulation box.

Clear shock signature

I=1023 W/cm2

→ Competition with 
radiation emission

→ Relativistic ion beams Emitted radiation properties

I=1023 W/cm2 
380 microns, 
nc 

564 MeV

912 MeV

225 MeV



Simulations of laser ion acceleration with low density 
targets in the ultra-high intensity regime

13

→ Competition with radiation emission

Energy time evolution and proton phase space for I =5×1023 W/cm2 for a 4 nc, 
190 microns long cos2 target. The laser comes from the left side of the 
simulation box.

Radiated energy

Proton energy

I=5×1023 W/cm2

Calder: Monte Carlo emission and pair production modules 
have been implemented

Maximum proton energy through 
shock acceleration: 6.25 GeV



QED experiments on Cilex-Apollon 
or ELI: Collision of a 10 PW-laser 

with a wakefield-accelerated 
electron beam



Simulation results: collision between a GeV electron beam 
with a counter-propagating laser



First step: Optimizing the electron energy, 
acceleration up to 3 GeV in a LWFA with a 15 J laser 

Flat Density 

First step: Optimizing the electron energy, acceleration up to 3 
GeV in a LWFA with a 15 J laser 

[1] A. Lifschitz et al., JoCP  228, 1803-1814 (2009), [2] Lu et al., PRSTAB 10, 061301 (2007) 

x 

ne Flat Density 

• λ = 0.8 μm,  E = 15 J,  T = 30 fs,  WFWHM = 23 μm,  P0 = 460 TW,  a0 = 6 
• ne = 0.001nc = 1.7x1018 cm-3 
• LWFA scaling laws [2]: 2 GeV, 1 nC, 1 cm  

2 GeV  –  1.5 cm 
1 nC (1st bunch)  
5 nC (total) 
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[1] A. Lifschitz et al., JoCP  228, 1803-1814 (2009), [2] Lu et al., PRSTAB 10, 061301 (2007) 
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• LWFA scaling laws [2]: 2 GeV, 1 nC, 1 cm  
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First step: Optimizing the electron energy, acceleration up to 3 
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[1] A. Lifschitz et al., JoCP  228, 1803-1814 (2009), [2] Lu et al., PRSTAB 10, 061301 (2007) 
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Flat Density: 5 nC 
2 Steps Profile: 1 nC   

Electron energy distribution 



Second step: collision with a counter-propagating 
laser pulse, the 𝛾-photon emission  Second step: collision with a counter-propagating laser pulse, 

the 𝛾-photon emission  

Photon distribution (longitudinal phase space): 

Electron longitudinal phase space: 
t = -12 fs t = 2.5 fs t = 34 fs 

t = -12 fs t = 2.5 fs t = 34 fs 
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• First simulation case: P0 = 4.7 PW,  WFWHM = 2 μm,  a0 = 219,  I0 = 1023 W/cm2  
• Strong deceleration of the electron beam with generation of GeV photons before the maximal laser 

intensity 
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∼70-80% 
conversion 



Second step: collision with a counter-
propagating laser pulse, the pair production  
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Second step: collision with a counter-propagating laser pulse, the 

pair production 

t = 10 fs 

t = 20 fs t = 30 fs 

Incident electron beam 

Generated positron beam 

t = 0 fs t = -10 fs 

• Positron charge: 1.2 nC (7.5 × 109 positrons) 

• High divergence 



Second step, collision with a counter-propagating 
laser pulse: pair production and energy distribution  Second step, collision with a counter-propagating laser pulse: pair 

production and energy distribution 

Positron longitudinal phase space: 

Electron longitudinal phase space: 

t = -12 fs t = 2.5 fs t = 34 fs 
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t = -12 fs t = 2.5 fs t = 34 fs 

• The pairs are created few femtoseconds after the photon emission, near the intensity peak of the 
wave, and loss their energy by radiation in the tail of the laser 
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Influence of the laser focal spot and intensity: 
more positrons at 2 μm, more energetic 

positrons and reduced divergence at 4 μm  
Influence of the laser focal spot and intensity: more positrons at 2 µm, 

more energetic positrons and reduced divergence at 4 µm 

  W=2 µm, I=1023 W/cm2 

  W=4 µm, I=2.5x1022 W/cm2 

W=2 µm, I=1023 W/cm2 

W=4 µm, I=2.5x1022 W/cm2 

Photon distribution Positron distribution 

WFWHM = 2 μm 

1023 W/cm2  

a0 = 219 

WFWHM = 4 μm 

2.5x1022 W/cm2  

a0 = 110 

Charge 1.2 nC 274 pC 

Div. 𝞡z (⊥ pol. plan) 350 mrad 5.5 mrad 

Div. 𝞡y (// pol. plan) 520 mrad 70 mrad 

<E> 101 MeV 262 MeV 

Incident e⁻ beam 

e⁺ beam 

2 µm 

4 µm 
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M. Lobet et al.



Intermediate conclusions

• The	  next	  genera+on	  of	  laser	  will	  lead	  to	  novel	  physical	  effects	  including	  
the	   emission	   of	   high-‐frequency	   radia+on	   and	   the	   genera+on	   of	  
electron-‐positron	  pairs	   

• First	   experiments	   accessible	   with	   Apollon	   or	   ELI:	   collision	   between	   a	  
laser-‐wakefield	   accelerated	   electron	   beam	   and	   a	   counter-‐propaga+ng	  
laser	  pulse	  	  

•	   The	   photon	   emission	   occurs	   few	   laser	  wavelength	   before	   the	  
main	  intensity	  peak	  	  

•	   Divergence	   due	   to	   electron	   wriggling	   and	   transverse	   field	  
gradients	  =>	  divergence	   
reduced	  with	  larger	  focal	  spot	  	  

•	  Positron	  charge	  number	  maximized	  with	  the	  intensity	  	  

•	  Positron	  average	  energy	  decreases	  with	  the	  intensity	  



Collisionless shocks in electron-
positron plasmas 

using extreme-light laser pulses 



• High	   laser	   intensity	   necessary	   to	   generate	   sufficiently	   dense	   pair	  
plasmas	  

• Large	  focal	  spot	  necessary	  to	  minimize	  transverse	  spreading	  of	  pair	  
plasma	  and	  generate	  many	  filaments

⇒ Total	  laser	  energy	  >	  200	  kJ

	  

M. Lobet et al.

Two-target configuration for the study of the Weibel 
instability in colliding e-e+ jets 

Could be transposed to e-p plasma collisions using low density targets



e-e+ generation at the laser solid interface



	  

	  



Neglecting	  radiation	  losses	  significantly	  lowers	  the	  compression	  
ratio

	  

With	  the	  radiation	  losses Without	  the	  radiation	  losses

	  	  

	  



Conclusions
pair plasma

creation
Weibel instability

growth
isotropization &
thermalisation

ion plasma
collision

•First fully-integrated simulation of neutral pair plasma laser-induced 
generation and collision
•This scheme requires 200 kJ - 60 fs laser pulse such as might be 
available on future compressed NIF/LMJ-class laser systems

•strong MT magnetic fields develop in the overlapping region
•ultra-fast isotropization & thermalization (if not complete) of 
electron & positron is demonstrated
•compression up to 2.85 is obtained, which is not yet enough for a 
shock to develop
• radiation in the strong MT B-field enhances compression

Thank you for your attention!
Financial support from the french Agence National pour la Recherche 
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Possibility of pair creation in the 
collision of gamma-ray beams 

produced by high intensity laser 
plasma interaction



Photon-Photon collision and  
pair production in astrophysics1

γ + γ e+ + e-

● Absorption of high-energy photons in the Universe3, cut-off in high energy gamma rays

Breit-Wheeler process2 

Collision of two light quanta

2Breit, G. and Wheeler J. A. PRL 15 (1934)
3Nikishov A. I., JETP 14 (1962), Gould, R. J. PRL 155, 5 part 1, part2 (1967),  
Kneitske, T.M. et al. A&A 413, 807 (2004)

1Ruffini, R. et al. Physics Reports, 487, 1-140 (2010)

Nikishov3 (1962) first showed that the maximum of absorption in universe is around 1 TeV

γSource
Universe

Black Body 
0.5 eV 

~6000 K

Maximum 
for 1 TeV

Rc= distance 
Source-Observation 
(Cygnus A)

Absorption (opacity) 
by pair creation

η=exp(τ Rc)

η=exp(4.6)Rc=6.6 1026 cm = 213 Mpc

τmax=7 10-27 cm-1

Attenuation:



Photon-Photon collision and  
pair production in astrophysics

● e+/e- pair production in AGN (Active Galaxy nuclei), Blazar, 
Quasar1

1Bonometto, S. and Ress, M. J. MNRAS, 152 21-25 (1971) 2Piran, S. Rev. Mod. Phys. 76 (2004)

γ + γ e+ + e-Breit-Wheeler process 
Collision of two light quanta

● e+/e- pair production in  
● GRB2 (Gamma ray burst), Supernovae, 

Hypernovae… 
● In pulsar – electron-positron pair plasma 
● Merging neutron start, black hole 
● Accretion disk

Artiste composition

Artiste composition
→ Controls energy release in astrophysical processes 



Pair creation with two real photons has  
not been observed in laboratory

See also Pike, O. J. et al. 
Nature Photonics, 8, 
434, (2014)



Search for other experimental 
configurations

Eγ1=1 eV   Eγ2=260 GeV

Eγ1=100 eV Eγ2=2.60 GeV

Eγ1=1 MeV Eγ2=0.26 MeV

Eγ2min < Eγ < 2 Eγ2min

90° 90°

(1) γ photon- photon bath  
collision (Pike et al.)

SLAC E-144 exp. 

Perturbative regime, i.e. 
Non-linear Breit-Wheeler

Non-perturbative regime, i.e. 
linear Breit-Wheeler 
Real photon-photon collision

(2) MeV-MeV photon 
collision

φ

γ 2

e+

e-

γ
1
 (E

γ1)

γ2 (Eγ2)

φ

(G
eV

)



(2) Collision of MeV-MeV photons 
in vacuum

θ : γ−beam divergence

Pair production :
per shot

 MeV-MeV photons collision

θ
θ

R R

R : distance between 
γ source and  
photons collision zone

Need for high-intensity collimated MeV photon beams

°



 γ−ray sources in MeV range

Performances comparison between different γ−ray sources 

30Capdessus, R. et al. PRL 110 (2013), Capdessus, R. PoP 21 (2014)

Synchrotron radiation sources seem to be a good choice for pair production 
Possibility to use gas targets (low noise sources) 

29Cipiccia S. et al. Nature Physics 7, 867 (2011)
32Sarri G. et al. PRL 113, 224801 (2014)

23Henderson A. et al. High Energy Density Physics 12, 46 (2014)



Collision of MeV-MeV photons  
from PIC simulations

-Laser parameters (ELI Facility)  
λL=0.8 µm, τL=15 fs,  
150 J, 10 PW 
ΦL=3 µm, 0.05 Hz

1Lobet, M. et al. ArXiV:1311.1107 (2013), Ribeyre X. et al. arXiv:1504.07868v1,  29/04/2015

I =1023 W/cm2  

Normalized spectrum of photon 
source from PIC simulations1

- 1013 photons up to 1 MeV 
- 1012 photons in 1-3 Mev range 
   Forward emitted [0, π] 

-Target properties Aluminium 
(1.7 g/cc, nAl=60 nc)

- Conversion: 10-20 % of laser energy 

200 keV 
34°

Source characteristics

Pair production with pure BW process
- Head on collision : 108 pairs
- At R=500 µm distance : 104 pairs



Other e+e- pair production can  
perturb the detection of BW pairs 

1Capdessus, R. et al. PRL 110 (2013), Capdessus, R. et al. PoP 21 (2014)

Background pairs production during laser target 
interaction from PIC simulations

- Non-linear BW pairs :  105

- Trident pairs :  107

- Bethe-Heitler pairs :  109

Number of Bethe-Heitler pairs ten times 
higher than Breit-Wheeler pairs if we 
collide the photons near the target foil

For the pure BW pair production in vacuum 
we need to separate the source from the 
collision zone. 

Use low density target and high repetition 
rate laser to improve S/N ratio.



Beam geometry on ELI -NP  
laser facility

Laser-based Nuclear Physics pillar of ELI
that will focus on high-intensity laser-based nuclear physics (Bucharest-Magurele Romania).

Two 10 PW beams 
(100 J, 15 fs). 
Intensity on target  
1023 – 10 24 W/cm², 
0.05 Hz 

With different beams 
interaction angles 
(operational 2018) 



Intermediate conclusions

Pure Breit-Wheeler pairs creation :  
- Never observed experimentally 
- Great interest for fundamental physics and astrophysics

- 250 GeV - eV Photons collider : SLAC experiment:  
 0.01-0.2 pair per shot : Non-linear process            

- GeV - 100 eV Photons collider  
 Until 104 pair per shot (1 shot per day)             
 Possible experiment on LMJ-PETAL facility            
 But important perturbations due to other pair creation processes            

- MeV - MeV Photons collider 104 pair per shot1 

 (laser repetition rate > 1 shot per min)            
 Possible experiment on ELI or Apollon facilities             
 Need a separation between photon sources and photons collision zone            
 Shielding and localized B fields (J. Santos et al. accepted by NJP) to filter other pairs            

Three experimental schemes
1 Ribeyre X. et al. arXiv:
1504.07868v1,  29 Apr 2015

Further Studies:  - Source optimisation : PIC simulations of MeV synchrotron photon source 
           - Monte Carlo simulations of pairs production during Photon-Photon collision2 

      - Toward experimental proposal



General conclusions and perspectives

Relativistic laser accelerated ion beams
e-e+ pair plasmas

Intense γ beams to study the pure BW processe-e+ pair plasmas collisions


