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Positron acceleration: an experimental and numerical challenge

Post-acceleration of positrons in plasma wakefield1-7

5S. Gessner et al., NC 7, 11785 (2016)
6A. Doche et al., SR 7, 14180 (2017)
7C. Lindstrom et al., PRL 120, 124802 (2018)

1M.J. Hogan et al., PRL 90, 205002 (2003)
2B.E. Blue et al., PRL 90, 214801 (2003)
3S. Corde et al., Nat. 524, 442-445 (2015)
4N. Jain et al., PRL 115, 195001 (2015)

Positron creation with multi-PW lasers8-10

 beam from 
linear accelerator 
(2 km at SLAC)

e+

8M. Vranic et al., SR 8, 4702 (2018)
9Z. Xu et al., CP 3, 191 (2020)
10Y. He et al., CP 4, 139 (2021) 

High charge and quality beam, experimental availability 
But, no in-situ creation of positrons

Image credit to M. Vranic et al., SR 8, 4702 (2018) Image credit to S. Corde et al., Nat. 524, 442-445 (2015)

2D and/or staged simulations  no quantitative estimate
Short acceleration distance 

→
∼ 50 μm
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Outline

Numerical modelling and theory

• Implementation: Quasi-3D decomposition with QED processes

• How can we guide positrons in a plasma channel ?

One-to-one full-scale numerical simulations

• Positron guiding via a self-loaded dense electron beam

• Direct laser acceleration of positron

Paper available arXiv:2207.08728 
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Modelling geometry: quasi-3D 

Fields are decomposed 

The grid is in cylindrical coordinates  

Axisymmetric self-generated channel fields, mode 

Non-axisymmetric linearly polarised laser field, mode 

F = ℛ ∑
m≥0

F(r, z)eimϕ

(z, r, ϕ)

m = 0

m = 1

Quasi-3D: Fourier decomposition in azimuthal modes1,2

Quasi-3D is more than 2D cylindrical
It has the correct 3D laser field evolution!

3D modelling of the laser guiding is necessary, but out of reach for super computers

1A. Lifschitz et al., JCP 228(5), 1803-1814 (2009) 
2A. Davidson et al., JCP 281, 1063-1077 (2015)
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Requirements in terms of numerical implementations

Non-Linear Compton scattering

Breit-Wheeler pair production

We need to account for QED processes taking place at the focal plane1

1R. A. Fonseca et al., in ICCS, LNCS 2331 342 –351 (2002)  
2A. Davidson et al., JCP 281, 1063-1077 (2015)
3B. Martinez et al., arXiv 2207.08728 (2022)
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Overview on the Particle-in-cell method1

Push particles

Advance fields

�t Deposit current
Interpolate fields on 

particles

Fields are discretised on a grid The Particle-In-Cell method

1C.K. Birdsall, and A. B. Langdon, Plasma Physics via Computer Simulation (1991)

Image credit to L.O. Silva
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High-energy radiation and electron-positron pair creation in a PIC code1,2

Push particles

Advance fields

�t Deposit current
Interpolate fields on 

particles

Fields are discretised on a grid

Image credit to L.O. Silva

QED processes 
Monte Carlo

The Particle-In-Cell method 
with QED processes

1A. Zhidkov et al., PRL 88, 18 (2002)
2C.P. Ridgers et al., PRL 108, 165006 (2012)



O i ir ss
4.0

Open-access model 
· 40+ research groups worldwide are 

using OSIRIS
· 300+ publications in leading scientific 

journals
· Large developer and user community
· Detailed documentation and sample 

inputs files available

Using OSIRIS 4.0
· The code can be used freely by 

research institutions after signing an 
MoU

· Find out more at:

Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt

OSIRIS framework

· Massively Parallel, Fully Relativistic  
Particle-in-Cell Code 

· Parallel scalability to 2 M cores
· Explicit SSE / AVX / QPX / Xeon Phi / CUDA support
· Extended physics/simulation models

epp.tecnico.ulisboa.pt/osiris

mailto:ricardo.fonseca@ist.utl.pt?subject=


electrons, -rays, positronsγ
Intense laser
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Osiris Quasi-3D: implementation of -ray and  pair creationγ e±

Laser pulse colliding with a relativistic electron beam Pair production is the same in 3D and Quasi-3D

3D QED  Quasi-3D
Computational gain is reduced by a factor

80 kCPU.hours  0.2 kCPU.hours

→
∼ 400

→

Energy spectrum 
of positrons

Energy spectrum 
of photons
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Simulation of single-stage positron acceleration

Consistent simulation of positron creation and acceleration

Laser pulse1-3 (red/blue) 
 and 

 duration, peak amplitude 

Photon beam4-5 

Synchrotron energy profile
Transverse periodic boundary condition

Submillimeter dense plasma channel6 (gray) 
Transverse density profile is parabolic
Plasma gradient at the boundary

80 PW 12 kJ
150 fs 5 × 1023 W/cm2

1J. Bromage et al., HPLSE 7, e4 (2019)
2G. Mourou et al., ELI Whitebook (2011)

3B. Shao et al., OL 45, 2215 (2020)
4A.J. Gonçalves et al., PRL 122, 084801 (2019)

5H.T. Kim et al, SR 7, 10203 (2017)
6F. Sylla et al., RSI 83, 033507 (2012)

B. Martinez et al., arXiv 2207.08728 (2022)
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Positron are guided by a dense and self-loaded electron beam

How are positrons focused ?

Net charge density in 
the channel

Transverse Lorentz force on positrons 
from channel fields m = 0

1L. L. Ji et al., PRL 112, 145003 (2014)
2M. Vranic et al., PPCF 60, 034002 (2018)

3T. Wang et al., PPCF 61, 084004 (2019)
4E.G. Gelfer et al., NJP 23, 095002 (2021)

Large central beam 
loading ( )

e−

800 nC

Positron 
focusing fields

Large  density in channel walls
+ ion motion1,3,4 + radiation reaction1,2

e−

B. Martinez et al., arXiv 2207.08728 (2022)
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Charge content and the energy spectrum of the  positron beam1

Number of positrons as a function of the laser 
propagation distance for different channel widths.

About the guiding structure 
• It starts after ~200 µm 
• It is sustained for ~200 µm

About the focusing structure

After ~ 400 µm of propagation 
• Total charge 
• Energy gain  (6-fold increase)
• Inset:  and 

17 fC
0.22 → 1.3 GeV

Nmax = 6 pC/GeV 12 fC/GeV

1B. Martinez et al., arXiv 2207.08728 (2022)
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Positrons gain energy through direct laser acceleration1

Summary of work performed by different field components towards positron acceleration (500 trajectories)

Work performed by the different field components
z( ) : propagation∥

x( ) : polarisation⊥
A recall of the coordinate system

Dashed line = limit where energy gain equals the final energy

Main energy gain from the laser field in its polarisation direction
 signature of direct laser acceleration→

Longitudinal energy gain from channel and laser fields
 the dephasing length of positrons is longer→

Energy gain in different field components

Work from channel field 
Work from laser field 

→ m = 0
→ m = 1

1B. Martinez et al., arXiv 2207.08728 (2022)



Perspective 1: inject more positrons 

• Use a higher charge electron beam2,3 

Perspective 2: decrease the laser power 

• Combine the scheme with the Bethe-Heitler pair creation

10 pC → 100 nC
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Outline of our work1

Conclusions 

• Implementation: Quasi-3D decomposition with QED processes
• Positron creation and acceleration in a single stage

3A.E. Hussein et al., NJP 23, 023031 (2021)1B. Martinez et al., arXiv 2207.08728 (2022) 
2O.N. Rosmej et al., MRE 6, 048401 (2021)
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Discussion

What future developments are needed ? 

• Take advantage of new parallelisation methods (GPU, vectorisation)
• Particle pushers to handle high-amplitude fields
• Implement and handle more radiative/QED processes and particles

Do the planned activities address the requirements from funded projects 

• It belongs to the 2020 Roadmap on plasma accelerators1

• It is not part of AWAKE, nor EuPRAXIA

Does simulation/theory require its own roadmap ? 

• Yes, multi-scale physics requires more developments
• It requires a roadmap, and also dedicated programs/fundings

1F. Albert et al., New J. Phys. 23, 031101 NJP (2021)
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Slides for questions
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Laser-electron beam scattering1 Two lasers in a dense and short channel2

Acceleration in Coherent Transition Radiation fields3

Weakness: 2D and/or staged simulations  No quantitative estimates !

Strength: Compactness, all-optical positron creation and acceleration

→

2Y. He et al., 4, 139 (2021)

1M. Vranic et al, SR 8, 4702 (2018)

3Z. Xu et al., CP, 3, 191 (2020)

With multi-PW lasers, we can create, inject and accelerate positrons
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Positron creation can be quantified precisely

Estimate for the number of positrons created

Semi-analytical estimate for the number of positrons

N+ = ∫
γe

2
dγγ

dN
dtdγγ

× ∫
aL

0
da

dN
da

× P±(γγ, a, τL)

Number of positrons as a function of 
laser intensity and electron beam energy

Derivation of the estimate1

-rays beam  cylinder 
with infinite radius

γ =

Modelling of 
the problem

Synchrotron energy distribution

We can quantify precisely how many 
positrons are created the laser focus

ℰb (GeV)
Decay probability for one 
photon in a plane wave1

1T.G. Blackburn et al., PRA 96, 022128 (2017)

 is the maximum field amplitude 
a photon will experience2,3
a

—

2O. Amaro and M. Vranic, NJP 23 115001 (2021) 3A. Mercuri-Baron et al., NJP 23 085006 (2021)
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What is the optimal electron beam energy for injecting most positrons?

Higher energy electron beams are better…

Number of deflected positrons as a function 
of laser intensity and electron beam energy

One can inject 10 times more positrons by 
increasing  from 1 to 10 GeVℰb

… but less efficient

Fraction of positrons deflected as a function of 
laser intensity and electron beam energy

A good compromise is to choose a 2 GeV electron beam, 
which is also available in experiments

The efficiency of injection decreases from 4% 
to 2% by increasing  from 1 to 10 GeVEb

ℰb (GeV) ℰb (GeV)

There is a trade-off between having more positrons overall and the injection efficiency 
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What we know about direct laser acceleration of electrons1,2

Electrons interacting with a laser inside a channel

1A. Pukhov et al., PoP 6, 2847 (1999)  
2M. Vranic et al., PPCF 60, 034002 (2018)

Ponderomotive expulsion of electrons
 Radial electric field → Ey = κEy > 0

Plane wave EL, BL

Current of accelerated electrons
 Azimuthal magnetic field → Bz = − κBy < 0

Electrons oscillate 

in laser fields  at a frequency   

in channel fields  at a frequency 

EL, BL ωL

Ey, Bz ωβ

Plane wave

 A coupling and energy gain is 
possible if  ωL ≃ ωβ /(1 − vx /c)
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Direct laser acceleration of positrons is possible only if we can invert the 
background field direction

Modelling in a simplified framework

Assumption: we have a self-loaded 
electron beam at the channel center

Self-loaded electron beam at the channel center (gray)

 The radial channel field → Ey = κEy > 0 → E = κEy < 0

→ y′�′�−
κE + cκB

γ
y = −[ EL

γ (v2
y − 1 +

vx

c ) + v2
y

κEy
γ ]Equation for the transverse coordinate  of the positrony

Since , we can have positrons can oscillate at the betatron frequency defined by  κE < 0 −
κE + cκB

γ
> 0 → ω2

β = −
κE + cκB

γ

x : propagation

y : polarisation
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Charge content and the energy spectrum of the  positron beam

Number of positrons as a function of the laser 
propagation distance for different channel widths.

About the guiding structure 
• It starts after ~200 µm 
• It is sustained for ~200 µm

About the focusing structure

After ~ 400 µm of propagation 

Total charge 
The spectrum is peaked  since low 
energy positrons are expelled away

17 fC
∼ 1.3 GeV

Energy conversion efficiencies
laser pulse  beam: 
Emittance   
normalised emittance 
Divergence 

→ e+ 10−9

ϵrms = 0.5 mm . mrad
ϵn,rms = 1000 mm . mrad

±100 mrad
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Number of positrons deflected toward the channel axis1

Theory: the number of low-energy positrons

Initial transverse momentum distribution of accelerated positronsNumber of positrons with an energy below 100 MeV

Simulation: only “low” energy positron are accelerated

Positrons are efficiently deflected if their initial 
transverse momentum is low enough

Positrons are emitted when  is 
maximum and  is minimum

Ey
Bz

Work with Bernardo Barbosa to get the number of  
“low” energy positrons with a semi-analitycal estimate

0 5 10 15 20
Ee� (GeV)

1

2

N
e+

[ 
10

0
M

eV
]

⇥106

IL = 5 ⇥ 1023 W/cm2

1B. Martinez et al., arXiv 2207.08728 (2022)
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Initial distribution of gamma-rays

Energy spectrum of gamma-rays Spatial distribution of gamma-rays for simulations2

Due to Quasi-3d, we have to 

 initialise photons instead of electrons
 use a uniform distribution

Number density 
direction z: Gaussian with FWHM of 
direction r : uniform

→
→

1017 /cm3

3 μm

Theoretical synchrotron spectrum from Ref1

1T. Erber, RMP 38, 4 (1966)

10�1 100 101 102 103

h̄! (MeV)

0.00

0.25

0.50

0.75

1.00

d2 E
/d

td
h̄
!

(a
.u

.)

from theory
in simulation

z: propagation

r: radial direction

Definition χe = a0γe/Es

Electrons will not experience the peak field
 Assumption → a0 → a0/2

2B. Martinez et al., arXiv 2207.08728 (2022)
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Fields in the plasma channel

z( ) : propagation∥

x( ) : polarisation⊥

A recall of the coordinate system



Bertrand Martinez | EuroNNAC| September 20th, 2022 |

Slides for implementation
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Exact pusher in quantum regime

Exact pusher with RR

1st half RR damp
Exact push

2nd half RR dump

Exact push without RR
Full RR dump, depends on χ

Loop on particles

Quantum RRClassical RR

In the classical case, we do not modify the pre-existing routine
In the quantum regime, we combine the exact push with the quantum RR damp

Test  ?γ ≤ γth FalseTrue
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Exact pusher in “qed” algorithm

Agreement between Boris and exact quantum pushers

 energy for e− χ = 0.01  energy for e− χ = 1

Setup :  rotating in a uniform B field
Average on 1000 trajectories

e−
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Exact pusher in “qed-cyl” algorithm

Agreement between Boris and exact quantum pushers

 energy for e− χ = 0.01  energy for e− χ = 1

Setup :  rotating in a uniform B field
Average on 1000 trajectories

e−



⃗B = B ⃗x1

Bertrand Martinez | APS DPP | November, 2020 

Setup 1 :  rotating in a uniform B fielde−

3D view of the setup

η = 0.01

η = 1

Spectra of the energy radiated by electrons 
Agreement between 3D, quasi-3D and theory
Validation was done for the range η ∈ (0.01, 1)

 rotating in a uniform B fielde−

Validation

 : quantum 
parameter of 
the electron

η



84480 hours = 14.4 hours  19200 processors
52 points per laser period
314 points per laser period

×

× 400
Bertrand Martinez | Weekly progress | August, 2020 

Setup 2 : Laser beam interaction

Simulation setup in quasi 3D and in 3D

 micron FWHM size in x, y and z
 GeV and mono energetic

Density 

9 × 3 × 3
4

≃ 2 × 1018 cm−3

0.8 micron wavelength
Linearly polarised, 
30 fs FHWM duration
2.5 micron transverse FWHM at focus

a0 = 50

Electron beam Laser pulse

3D simulationQuasi 3D simulation

211 hours = 4.4 hours  48 processors
52 points per laser wavelength
250 points per laser period

×
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Setup 3 : A more complex scenario

3D view of the setup

Agreement 3D and quasi-3D 
On the radiative conversion efficiency

Two laser pulses and a target

Validation

pair production, and the target density n ! 10 nc is small enough to
keep the radiative absorption below 10%.
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APPENDIX: SIMULATION METHODS AND
PARAMETERS

All simulations are performed with the QED module of
OSIRIS.72 The QED module is a Monte Carlo module that accounts
for the photon emission and Breit-Wheeler pair production and is
implemented as an addition to the standard PIC loop of OSIRIS.
Energetic photons are initialized as an additional particle species.
The emission rates are found in Refs. 73–75. OSIRIS QED has been
used previously in Refs. 16, 29, 44, 47, and 76. A similar method for
incorporating BW pair production is used in several other
codes.28,31,32,34–38,77

The simulations from Sec. III displayed in Fig. 7 are performed
with parameters as in the work of Vranic et al.16 The electron beam
initial energy is 0.85GeV, and initial beam divergence is p?=pk
! 0:2mrad. The laser is transversely a plane wave with a temporal
envelope. The total pulse duration is given by s ¼ sflat þ ðsrise
þsfallÞ=2, where sflat is the constant amplitude section of the wave
that was varied from 0 to 160 fs. The envelope function has a
smooth rise and fall, the same for all the simulations: srise¼ sfall
¼ 26.6 fs. The simulations are performed in 2D, with a box size of
500 & 20 c2=x2

0 resolved with 5000 & 200 cells and the time step
dt ¼ 0:04x' 10 using 16 particles per cell (ppc).

Section IV has several types of simulations. Ideal simulations
displayed in Figs. 3, 4, and 7 were performed with no current depo-
sition and pair production: the standing wave is undisturbed by the
presence of the plasma and the plasma density does not grow due
to the new particle generation. The transverse boundary conditions

are periodic. The simulation box size is 200 & 10 c2=x2
0, resolved

with 2000 & 100 cells and 9 ppc. The plasma slab is 1lm thick and
is composed of electrons and positrons. The initial density is
n¼ 0.001nc. The two lasers have a 2-cycle smooth rise and fall and
a 10-cycle flat section. All the measurements in ideal conditions
were taken, while all particles are fully immersed in the flat-top sec-
tion of the standing wave.

The 2D and 3D simulations shown in Figs. 7–9 are performed
including all options of the QED PIC module. In 2D (3D), the box
size was 200 & 192 c2=x2

0 ð200 & 192 & 192 c3=x3
0Þ, resolved with

2000 & 1920 (2000 & 960 & 960) cells and 9 ppc (27 ppc). The time
step is dt ¼ 0:005x' 10 , and boundary conditions are open in all
directions. The two laser pulses have a Gaussian transverse profile,
with a spot size of W0 ¼ 3lm. The temporal envelope slope is
defined by a polynomial function f ðtÞ ¼ 10ðt=s0Þ3 ' 15ðt=s0Þ4
þ 6ðt=s0Þ5, where the pulse duration is s0 ¼ 25 fs. The plasma slab
is initially 1lm wide, with a density of n¼ 10nc, and composed of
either electrons and positrons or electrons and protons.
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FIG. 9. 3D simulation of a two laser cas-
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n = 10 nc

t = 25 fs
λ = 1 μm

d = 1 μm

W0 = 3 μm

high-frequency radiation. The differences between the electron-proton
and electron-positron target in the typical radiation directions are
almost negligible although there is a difference in the energy conver-
sion efficiency. This is not surprising because in the electron-positron
target, there are twice as many radiating leptons. The angular distribu-
tion in an undisturbed standing wave is quite different at some intensi-
ties compared to that of the 10 nc target. For a0 ¼ 100, the 10 nc target
represents already 10% of the relativistic critical density for such a

wave. Some level of discrepancy is therefore expected for the lower
end of the explored intensities. At higher intensities, the discrepancies
come from the pair production that increases the target density during
the interaction until the density is high enough for wave disruption.
The mid-range intensity of a0 " 500 seems to be the best choice for
controlled emission because the pair multiplicity is low, and at the
same time, the intensity is high enough not to be too disturbed by the
presence of the target.

Figure 9 shows a 3D simulation using a cryogenic target for a0
¼ 1000. The conversion efficiency obtained in 3D simulations for a0
¼ 100, a0¼ 500, and a0¼ 1000 is displayed together with the 2D
results in Fig. 8. The absorption is somewhat lower in 3D (as the aver-
age laser intensity is lower), but is on the same order of magnitude,
and so the conclusions regarding the different regimes of interaction
are consistent with these results as well.

V. CONCLUSION
We have shown that it is possible to convert most of the energy

from the laser (or interacting electrons in a laser-electron scattering) to
c-rays in near-future laser experiments. To achieve a strong conver-
sion efficiency, one should either use a solid-density thin target or use
intensities that can initiate a QED cascade that produces enough pairs
to increase the plasma density during the interaction (a0 " 1000). It is
also possible to obtain radiation emission in controlled conditions.
Using cryogenic targets, this is possible for a0 " 500, where the num-
ber of particles is not expected to increase more than twice due to the

FIG. 7. Angular distribution of radiation as a function of intensity. The values of the radius represent a fraction of total energy radiated in a given direction per 1 rad (i.e., isotro-
pic radiation would correspond to a circle with a radius of 1/2p). The red curves correspond to the radiation in an undisturbed standing wave. The other two curves correspond
to the radiation pattern obtained using a 10 nc target composed of (green) electrons and positrons or (blue) electrons and protons.

FIG. 8. Conversion efficiency of laser energy to emitted radiation using a 1 lm-thick
target with an initial density of 10 nc. The results shown are for a target composed
of electrons and positrons (blue dots) or electrons and protons (red diamonds).
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Choice of solver and pusher

Motivations for testing solvers/pushers

Simulation results with various solver/pusher combinations

Why should we test the field solver of Fei ? 

Laser propagation in an under-dense plasma
Precision on the transverse Lorentz force is required

Why should we test the the exact pusher from Fei ? 

Pair propagation and deflection in strong fields
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No significant difference on global energy balance
Identical maximum energy for pairs 


