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EXTREME
LIGHT

Focusing light with the power of
1,000 HOOVER DAMS onto a point the size of 

A CELL NUCLEUS accelerates electrons to the speed 
of light in a femtosecond

By Gérard A. Mourou and Donald Umstadter

he dream of intensifying light is as old as civilization.
Legend has it that Archimedes focused the sun’s rays
with a giant mirror to set the Roman fleet afire at Syra-

cuse in 212 B.C. Although that story is a myth, it is true that
around 200 B.C. another Greek, Diocles, had invented the
first ideal focusing optic, a parabolic mirror. Two millen-
nia later mirrors and quantum mechanics were put to-
gether to make the most versatile of high-intensity light
sources: the laser.

The epitome of high-power lasers is Nova, which oper-
ated at Lawrence Livermore National Laboratory from
1985 to 1999. Named for the brilliance of an exploding
star, Nova was one of the largest lasers ever built. Ten par-
allel chains of laser amplifiers occupied a 300-foot enclo-
sure; mirrors made from 400-pound blocks of glass direct-
ed the beams to targets for nuclear fusion and other exper-
iments. Nova was fired no more than a few times each day
to avoid overheating. Clearly, it marshaled a lot of energy
to achieve its ultrahigh power. 

Yet power is the rate at which energy is delivered, so an-
other approach to ultrahigh power is to release a modest
amount of energy in an extremely short time. Nova’s usual
pulses were relatively long by the standards of today’s ul-
trafast lasers—three nanoseconds—and each one required
kilojoules of energy. By using pulses of one ten-thousandth
their durations, a new type of laser that fits on a tabletop
can deliver power similar to Nova’s [see “Ultrashort-Pulse
Lasers: Big Payoffs in a Flash,” by John-Mark Hopkins and

T

TABLETOP LASER fires terawatt
pulses 10 times a second,
striking a thin cloth in the
foreground. The photograph is a
triple exposure to accommodate
the range of intensities.
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Relativistic 
Astrophysics

Sci-fiUltra intense 
laser and 

particle beams

 Extreme Plasma Physics

Plasma physics supplemented by several additional physical effects that 

“…would be considered “exotic” in traditional plasma physics e.g.  
special-relativistic effects relativistically hot plasmas and relativistic bulk motions

radiation-reaction effects e.g., synchrotron or inverse-Compton radiative cooling

electron-positron pair creation
ultra-strong magnetic fields QED effects such as 1-photon pair creation

general-relativistic effects.”
 

D. Uzdensky et al., Extreme Plasma Astrophysics, arXiv:1903.05328 
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What is the behavior of matter (and vacuum) 
at the intensity frontier 
(> 1023 W/cm2 ) in lab and in astro?

How can we understand and explore the 
complex and nonlinear behavior with a 
combination of simulations + theory + 
experiments with lasers and beams?

epp.tecnico.ulisboa.pt

Overarching questions
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Solving Maxwell’s equations on a grid with self-consistent 
charges and currents due to charged particle dynamics

Particle-in-cell (PIC) - (Dawson, Buneman,1960’s)
Maxwell’s equation solved on simulation grid
Particles pushed with Lorentz force

State-of-the-art
~ 1012 particles
~ (12000)3 cells

RAM ~ 1 Gbyte - 100 TByte
Run time: hours to months
Data/run ~ few MB - 100s TByte

One-to-one simulations of plasma 
based accelerators & cluster 
dynamics
Weibel/two stream instability in 
astrophysics, relativistic shocks, 
fast igniton/inertial fusion energy, 
low temperature plasmas

Particle-in-cell simulations
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plasma wave

compact plasma accelerator

laser

ZPIC educational code suite

2

•Particle-in-cell Code suite. Fully relativistic electro-magnetic 
1D and 2D (FDTD/spectral) and 1D Electrostatic. 

•Python interface. All simulation codes/parameters can be 
controlled via Python interface.

•Educational examples. Set of Python Jupyter notebooks with 
detailed physics problem description and simulation setup.

Example notebook
Theoretical introduction simulation initialisation analysis and questions for discussion

Come find us on GitHub
github.com/zambzamb/zpic
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O i ir ss
4.0

Open-access model 
· 40+ research groups worldwide 

are using OSIRIS
· 250+ 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:

Committed to open science

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 simulation/physics models

http://epp.tecnico.ulisboa.pt/osiris
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Monte Carlo simulations 
demonstrating pair production via 

real photons per electron

PIC simulations of QED cascade 
in various configuration (counter 
propagating laser, rotating field)

QED plasmas and PIC codes

Cascade in rotating field
Gamma rays from 

laser-irradiated solid

Dense pair Plasmas and Ultra-
Intense Bursts of Gamma-Rays 

from Laser-Irradiated Solids

J. G. Kirk, A. R. Bell, and I. Arka, PPCF (2009)

R. Duclous, J.G. Kirk & A.R. Bell, PPCF (2010)

Number of pairs produced

N.V. Elkina et al, Phys. Rev. ST. AB (2011)

E.N. Nerush, et al, Phys. Rev. Lett. (2011)

C.P. Ridgers, et al Phys. Rev.Lett., (2012)
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PARTICLES

GRID

Integration of equations of motion: 
moving particles

Integration of field equations: 
updating fields

Deposition:                            
calculating current on grid

Interpolation:                            
evaluating force on particles

�B
�t

= �c⇤⇥E

⇥E
⇥t

= c⇤⇥B� 4�j

Fp � up � xp

(E,B)i � Ji

(E,B)i � Fp
(x,u)p � ji�t

Emission of photons

Probability of pair creation

➡ new particles

Probabilistic
dp

dt
= FL +

dP�

dtd�

Particle
Merging

QED-PIC loop + Particle Merging 

M. Vranic, et al., 
Comput. Phys. Commun. (2015) 

For a review 
A. Gonoskov et al., PRE (2015)
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 The emergence of (relativistic) quantum behaviour 
with intense fields

Schwinger field 

Pair creation probability W / exp(��Es/E)

Normalized electric field � =
E

Es

Generalization for any Lorentz frame 

Es =
m2c3

e~

⇥ =
1

Es

r
(�E+

p

mc
⇥B)2 � (

p

mc
·E)2

⇥ ' �E?
Es

Lower E still leads to pair creation  
due to Lorentz boost

Es ≃ 1.32 × 1018 V/cm

For reviews: 
GA Mourou, T Tajima, SV Bulanov, RMP (2002); M. Marklund and P. K. Shukla, RMP (2006);
A Di Piazza, C Müller, KZ Hatsagortsyan, CH Keitel RMP (2012)

Julian Schwinger, 1918-1994
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Plethora of QED processes

Pair production

Photon production

Photon annihilation 

“Comptonisation”

Nonlinear Breit-Wheeler

Nonlinear Compton

Schwinger mechanism

Photon splitting

� ⇠ ↵n�T ⇥ f(E)

  Incoherent processes

dP/dt ⇠ (↵c/�C)f(E/ES , E)

Cross section

Probability of the process

  Coherent processes

Bremstralhung Bethe-Heitler Trident Coulomb

Courtesy: T. Grismayer and B. Martinez

Nonlinear Compton Nonlinear Breit-Wheeler Tridente EM
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Ultra intense lasers & particle 
beams and the intensity frontier

QED plasma processes in relativistic 
astrophysics (pulsars)

 Extreme Plasma Physics
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 At the focus of intense lasers

Adapted from Mourou, Tajima, Bulanov, Rev. Mod. Phys. (2006) 
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 Similar intensities are present in particle beams

Existing or planned particle beams

LHC @ CERN I ~ 2.5x1019 W/cm2 
100 kJ, 7 TeV per proton, 1011 protons per beam; 10 
cm long bunch; 200 microns spot

SPS @ CERN I ~ 1.5x1018 W/cm2 
~7 kJ, 0.5 TeV per proton, 10^11 protons per beam; 10 
cm long bunch; 200 microns spot

ILC I ~ 1.5x1024 W/cm2

1.6 kJ, 0.5 TeV per electron/positron, 2x1010 electrons/
positrons; < 10 nm width in x; < ~100 nm width in y; 6 
mm long

SLAC I ~ 1.2 x1019 W/cm2

160 J, 50 GeV per electron/positron, 2x1010 electrons/
positrons; ~50 microns long; ~50 microns spot
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 Plasma accelerators are an example of extreme 
plasma physics at the forefront of Science
Simulations + lasers + sources directly impacted this progress
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Self-injection, Dephasing, and Depletion

window co-moving 
with laser pulse 
@ speed of light

S.F. Martins et al., Nature Physics (2010)

 Blow-out regime of laser wakefield acceleration
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Application to bone micro-structure* imaging (above)
biological, medical, material and shock imaging (below)Cold% 30ns% 50ns%

60ns% 70ns% 80ns%

95ns% 110ns% 130ns%

5 mm thick breast sample mouse embryo raw image and HQ 
tomographic reconstruction

imaging of sintering 
powders

imaging of laser 
induced shocks

J. M. Cole, J. C. Wood, N. C. Lopes et al., Sci. Rep. 5, 13244(2015)

βetratron x-ray imaging 
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 e-e+ fireballs from lasers and beams
Experiment with LWFA beams demonstrated formation of e-e+ fireball 

E lectron–positron (e! /eþ ) plasmas are emitted, in the form
of ultra-relativistic winds or collimated jets, by some of the
most energetic or powerful objects in the Universe, such as

black holes 1,2, pulsars3 and quasars4. These plasmas are
associated with violent emission of gamma-rays in the form of
short-lived (milliseconds up to a few minutes) bursts, which are
among the most luminous events ever observed in the Universe.
These phenomena represent an unmatched astrophysical
laboratory to test physics at its limit and, given their immense
distance from Earth (some more distant than several billion light
years), they also provide a unique window on the very early stages
of our Universe5–7. Arguably, one of the most intriguing
questions is how these gamma-ray bursts are produced. It is
generally accepted that gamma-ray bursts should arise from
synchrotron emission of relativistic shocks generated within an
electron–positron beam8,9. This radiative mechanism requires a
strong and long-lived (t # 1; 000o! 1

p , with op being the
electron–positron plasma frequency) magnetic field; however,
Weibel-mediated shocks generate magnetic fields that should
decay on a fast timescale ðt ’ o! 1

p Þ due to phase-space mixing9.
Also, diffusive Fermi acceleration, a proposed candidate for the
acceleration of cosmic rays9, requires magnetic field strengths that
are much higher than the average intergalactic magnetic field
(CnT)10. These and other questions could be addressed by ad
hoc laboratory experiments; however, the extreme difficulty in
generating e! /eþ populations that are dense enough to permit
collective behaviour11,12 is still preventing laboratory studies and
the properties of this peculiar state of matter are only inferred
from the indirect interpretation of its radiative signatures and
from matching numerical models. The intrinsic symmetry
between negatively charged (e! ) and positively charged (eþ )
particles within the plasma makes their dynamics significantly
different from that of an electron-ion plasma or from a purely
electronic beam. In the first case, the mass symmetry of the
oppositely charged species induces different growth rates for a
series of kinetic and fluid instabilities13, and significantly affects
the possibility of generating acoustic or drift waves. In the second
case, the overall beam neutrality forbids the generation of
current-driven magnetic fields that would hamper the onset of
transverse instabilities.

Different schemes have been proposed for the laboratory
generation of e! /eþ plasmas: in large-scale conventional
accelerators, the possibility of recombining high-quality electron
and positron beams via magnetic chicanes14 is envisaged and a

different approach is foreseen in confining low-energy positrons
using radioactive sources with Penning traps11,15. The proposed
APEX experiment12 builds on this idea, accumulating a large
number of positrons in a multicell Penning trap, before injection
into a stellarator plasma confinement device. The major challenge
of these schemes is the recombination of these separate electron
and positron populations. Alternative schemes have been
proposed in which electrons and positrons are generated
in situ16–21, thus avoiding the aforementioned recombination
issues. Despite the intrinsic interest of these results, the low
percentage of positrons in the electron–positron beam (of the
order, if not o10%) and the low-density reported (collision-less
skin depth much greater than the beam size, forbidding plasma-
like behaviour) prevent their application to the laboratory study
of e! /eþ plasmas. All these previous experimental attempts have
thus not been able to generate e! /eþ beams that present charge
neutrality and a plasma-like behaviour, both fundamental pre-
requisites for the laboratory study of this state of matter14.

We report here on the first experimental evidence of the
generation of a high-density and neutral electron–positron plasma
in the laboratory. Its high density ne! =eþ ’ 1016cm! 3

! "
implies

that the collision-less skin depth in the plasma is smaller than the
plasma transverse size effectively allowing for collective effects to
occur. These characteristics, together with the charge neutrality,
small divergence ye! =eþ & 10! 20 mrad

! "
, and high average

Lorentz factor (gAVE15 with a power-law spectral distribution,
comparable to what observed in astrophysical jets22) finally open
up the possibility of studying the dynamics of e! /eþ plasmas in a
controlled laboratory environment.

Results
Experimental setup. The experiment (shown schematically in
Fig. 1a) was carried out using the ASTRA-GEMINI laser system
at the Rutherford Appleton Laboratory23, which delivered a laser
beam with a central wavelength lL¼ 0.8 mm, energy on target
ELE14 J and a duration of tL¼ 42±4 fs. An f/20 off-axis
parabola focussed this laser beam (focal spot with full-width
half-maximum (27±3 mm) containing B60% of the laser energy,
resulting in a peak intensity of C3( 1019 W cm! 2) onto the
edge of a 20-mm-wide supersonic He gas jet doped with 3.5% of
N2. A backing pressure of 45 bar was found to be optimum in
terms of maximum electron energy and charge of the accelerated
electron beam as resulting from ionization injection24,25 in the

LASER
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Figure 1 | Experimental setup. (a) The laser wakefield-accelerated electrons (green spheres) impact onto a solid target, initiating a quantum
electrodynamic cascade involving electrons, positrons (red spheres) and photons (blue sinusoids). The escaping electrons and positrons are separated and
spectrally resolved using a magnetic spectrometer (details in the text) and a pair of LANEX screens. Plastic and lead shielding was inserted to reduce
the noise on the LANEX screens as induced by both the low-energy electrons and gamma-rays generated, at wide angles, during the laser–gas and
electron–solid target interactions. (b) Typical measured spectra of the electron beam without the solid target. Dashed green lines depict single-shot
electron spectra, whereas the solid brown line is an average over five consecutive shots. (c) Typical positron signal, as recorded by the LANEX screen, for
0.5 cm of Pb. The image is to scale. The white dashed lines depict the projection of the magnet gap, whereas the grey dashed lines depict the position
of 0.2, 0.5 and 1 GeV positrons on the LANEX screen.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7747

2 NATURE COMMUNICATIONS | 6:6747 | DOI: 10.1038/ncomms7747 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

G. Sarri et al., Nat Comms (2015)

GENERATING ULTRADENSE PAIR BEAMS USING 400 … PHYSICAL REVIEW RESEARCH 3, 023103 (2021)

FIG. 1. Proposed experimental setup. Beams composed of elec-
trons, positrons, photons, protons, and other hadrons are generated
using a beryllium target followed by a lead converter. The beam-
plasma interaction can be studied by driving the beam into a plasma
cell. For this plasma cell, an inductively coupled discharge is pro-
posed in Sec. V. Since the bulk of the electrons and positrons in
the beam have much smaller momentum than the hadrons, dipole
magnets can be used to deflect e+e− out of the beam to study their
energy spectra, while the hadrons are deflected less and are absorbed
by the beam dump.

of beryllium and lead. As an input for the simulations, we
assume a proton beam corresponding to repeatable experi-
mental conditions at HiRadMat, i.e., a collimated proton beam
with an essentially monochromatic spectral profile peaked at
440 GeV/c (with width corresponding to 0.03% from the
central energy) and a Gaussian transverse beam profile with
σ = 0.5 mm. To obtain reasonable statistics, more than 105

protons were simulated to interact with various combinations
of thicknesses of beryllium target and lead converter. Beam
characteristics such as size, divergence, and energy spectra
were recorded for the different components of the generated
beams escaping the converter rear.

The results show that for primary beams containing 1011

protons, generated beams contain a dominating fluence of
1013–1014 electron-positron pairs and γ rays, along with a
smaller number (several tens of times smaller) of protons
and other hadron species, the most numerous of these being
charged pions.

The transverse radial beam profiles of different beam
components are reasonably well described by a Lorentzian
function, and fitting was used to obtain FWHM beam diam-
eters and peak fluences. Estimates of peak volume densities
were obtained from peak fluences by assuming the length
of the generated beams to be approximately 11.4 cm in the
HiRadMat setup. This length corresponds to a beam duration
of 375 ps and accounts for the effect of particle straggling in
the target, which simulations show to be !5 ps.

The dependencies of peak component densities on target
and converter thicknesses can be found in Fig. 2 for four cases;
Figs. 2(a) and 2(b) show the peak particle densities when
beryllium and lead are used on their own, while Figs. 2(c) and
2(d) show the sensitivities of particle densities to a change
in thickness of beryllium or lead from a configuration which
gives a high density of e+e− pairs (30-cm beryllium target
and 4-cm lead converter). As expected, we immediately see
that e+e− density is much more sensitive to the thickness of
the high-Z lead converter. An increase in target thickness will
only increase the density of a beam component if additional
particle generation is more significant than density decreases
due to beam divergence or depletion of particles in processes
such as decay, absorption, and annihilation. In all four plots,
proton density decreases with target thickness, as protons
scatter off the target nuclei. This is more noticeable in the

FIG. 2. The dependencies of peak densities of each beam species
on Be target and Pb converter thicknesses is shown for four configu-
rations. (a) and (b) show the densities obtained for single-component
targets of beryllium and lead, while (c) and (d) show the sensitivities
of particle densities to a change in thickness of beryllium or lead
from a configuration that generates a high density of e+e− pairs (that
is, 30-cm beryllium target with a 4-cm lead converter). The largest
pair beam densities are only achieved by using a configuration that
contains both beryllium and lead, and the thickness of lead can be
modified to alter the ratio of e+e− to hadrons in the beam. Densities
are obtained assuming an incident p+ beam with radius σ = 0.5 mm
and are presented in units per incident proton, so that the numbers
can be scaled to the bunch intensity of the proton facility. A pulse
duration of 375 ps is assumed to obtain the peak density from the
simulated peak fluence.

beryllium thickness scans, which cover more nuclear collision
lengths than the lead scans. The density of electron-positron
pairs increases as soon as high-energy photons are generated
and cascades are initiated, but densities of photons and e+e−

pairs are higher in lead, where the length scale associated with
initiation of electromagnetic cascades is much smaller.

By comparing the peak densities of pairs in these four
plots, we can see that the largest pair beam densities and the
largest ratios of pair density to hadron density can only be
achieved by using a configuration that contains both beryllium
and lead. Using a 30-cm beryllium target and 4-cm lead con-
verter can lead to e+e− pair densities in excess of 1013 cm−3

(see column 3 of Table II). Higher densities are achievable
with higher-intensity proton pulses of smaller beam diameter.
The thickness of lead can be modified in an experiment to
dramatically adjust the ratio of densities of e+e− to hadrons,
without changing the hadron density significantly. This can
allow us to probe jets with a variety of compositions.

For the case of a 30-cm beryllium target and 4-cm lead
converter, Fig. 3 shows the energy spectra and angle-position

023103-3

Generating ultradense pair beams using 400 GeV/c protons
C. D. Arrowsmith et al., PRR (2021)

within the rangepredicted for this configuration for the purely transverseCFI ( w b g bG +2 1max pe 0 0 th[ ]� ,
with b = v cth th the particle thermal rms spreadof velocity [14, 15]). Amore detailed analysis reveals, however,
that for higher plasmadensities (keeping the beamdensityfixed) the growth rate is higher, but the saturated level of
theB-field is lower. The former is an indicationof the spatial-temporal character of the instability in this
configuration,while the latter is an evidence for the different saturationmechanisms involvedwhen themixed
mode/tiltedfilamention is dominant [20].

Thefinite transverse dimension of the beamdetermines (i) the longest wavenumber that can be excited, and
(ii) the typical noise source for the instability. Since the beam is cold, the growth rate is already close to its

Figure 1.Beamdensity andB-field after 10cmpropagation in a plasmawith = ´n 2.7 10e
17 cm−3. (a) Isosurfaces of e− (blue) and

e+ (red) density; projections correspond to the integration along the corresponding direction. (b), (c) 2D central beamdensity slices

(e− blue, e+ red). (d) 2D central slice of radialB-field, = +B̂ B Bx y
2 2 , responsible for particle transversemotion and radiation

(vectors representB-field lines). (e) Integral ofBy along y (ò òB y yd dy ), measurable experimentally by Faraday rotation.

Figure 2.Evolution of the equipartition parameter òB, i.e. the totalB-field energy ( + +B B Bx y z
2 2 2)normalized to the kinetic energy of

the particles g= -� V1p b0( ) , (Vb the volume of the beam) for different beam and plasma parameters. Values are normalized to �B0,
whereB0 is thefieldwhen the growth becomes exponential (after∼0.1 mm, or 10/ωpe). Standard case (solid line): fireball beamwith
2×10−5m rad emittance, in a plasmawith ne=2.7×1017 cm−3 (which also defines the baseline density for the normalization).
The dotted line illustrates the linear growth rate. Slices of the density in themiddle of the beamafter∼1.5cmof plasma (plotted in
blue) illustrate the difference in the instability structure. The inset includes the trajectories of two fireball electrons for the standard
case.

3

New J. Phys. 22 (2020) 013030 NShukla et al

P. Muggli et al., arXiv:1306.4380
N. Shukla et al., JPP (2018)
N. Shukla et al., NJP (2020)

See also 
H. Chen et al., PRL (2015)
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 All-optical radiation reaction configuration

accelerated 
electrons

laser wakefield accelerator in 
bubble regime second laser

I ~ 1021 W/cm2

Identifying radiation reaction signatures and the emergence of quantum behaviour

X-ray ( ɣ-ray ) 
detector

S. V. Bulanov et al., NIM A (2011) 
A. G. R. Thomas et al., PRX (2012)
M. Vranic et al., PRL (2014) 

[also connection with S. Cippicia et al., Nature Physics (2011)]
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M. Vranic et al., PRL (2014) 
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The emergence of QED behaviour: 
classical to quantum transition in the relativistic regime

5. Conclusions

In classical radiation reaction, the energy loss of a single electron depends on its initial energy. For an electron
beam, themain effects are the decrease in itsmean energy and reduction of the energy distributionwidth.When
QEDeffects are taken into account, the intrinsic stochastic nature of photon emission leads to diffusion in the
energy distribution around themean valuewhichwould translate into the increase of the energy spread of the
beam. Therefore, in the general scenario, there is a competition between these two tendencies. If we allow a long
enough interaction time, there is a point when the diffusion inmomentum, intrinsically quantum, is balanced
by the energy width reduction, associatedwith the classical regime. Beyond this point, the energy spread only
decreases. This allows for estimating themaximal attainable energy spread through diffusion for a set of initial
parameters g0 and s0.We have estimated this limit (and confirmed it with numerical simulations), which has
further allowed us to predict analytically the final electron energy spread, which is the relevant quantity to be
measured in experiments.

The average divergence of the electron beamduring the laser interaction is well-described by the classical
radiation reaction.However, we have observed that the electron distribution function inmomentum space has a
certain spread around the average value that increases with the interaction time. This spread persists after the
interaction is shut down and leads to a residual divergence of the electron beam that can be estimated analytically
through its connectionwith the electron energy distribution function.

The control of beamproperties is of relevance for all near future laser facilities that will operate at high
intensities, regardless if they are aimed at optimising particle acceleration, radiation sources or fundamental
research. As the quantum spreadingmight discriminate between themeasurable effects and thosewhose
signatures are too small to be observed due to thewidth of the final distribution function, our findings are vital
for the design of upcoming experiments. They are also valuable for numerous applications with specific beam
quality requirements.
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feature �"/" = ("initial � "final)/"initial in Fig. 7 for the
‘bright shots’. We observe that the characteristic energy
of the �-ray spectrum is correlated with the energy loss
of the electron beam, which is consistent with a radia-
tion reaction process. An important source of variation
here is the interaction a0, which should be expected to
vary significantly between laser shots due primarily to
the spatial jitter between the electron and photon beams.
If more data were available, one would therefore expect
the points to trace out a curve in (�"/", "crit) space, pa-
rameterised along its length by a0. Each radiation reac-
tion model generates a di↵erent curve, and so matching
the data to a curve is a method for finding the model
most consistent with the experiment independently of
any knowledge of a0 for a particular datum. To account
for the e↵ect of experimental noise we show regions in
this space which are consistent at the 1� (68%) level
with the models described previously, using the exper-
imentally measured variation in the electron spectra and
a0 sampled uniformly between 4 and 20. The broaden-
ing in the "crit direction arises from fluctuations in the
electron spectra, as in Fig. 6. When calculating �"/" for
the radiation reaction models, it is assumed that "final is
measured with negligible error so that the experimental
uncertainty on the mean value of "initial dominates. For
the values measured here, the 1� uncertainty on �"/" is
on average ±0.03. When considering the model without
radiation reaction, it is instead appropriate to use the
width of the distribution of "initial as a measure of the
expected range of measured values of �"/", leading to a
broader region in configuration space which could con-
ceivably contain experimental measurements. Despite
this, the data lie comfortably outside the 1� region for
the ‘No RR’ model, and so on those grounds we conclude
that given the experimental uncertainties some form of
radiation reaction is required to explain our data.

As a0 tends to zero, so does �"/" and in this limit
the �-ray spectrum would become monochromatic. Our
�-ray diagnostic would erroneously measure an finite ef-
fective "crit in this case, and for this reason the curves in
Fig. 7 do not tend towards the origin.

We observe that the data are more consistent with a
quantum rather than classical model of radiation reac-
tion, though there is large overlap between models at
low �"/" (and therefore a0), and several data points are
consistent with both models. If the electron energy loss
is ignored, it could be argued that the data are consistent
with the ‘No RR’ model if the interaction a0 is lowered to
< 4. However this situation is unlikely given the exper-
imental precision of the spatial and temporal alignment
between the electron bunch and colliding laser pulse and
the observed correlation between electron beam energy,
�-ray yield and "crit.

As was discussed for the electron spectral data, it is
also possible to estimate the interaction a0 independently
using the �-ray spectra by interpolating the measured
"crit onto the curves in Fig. 6. We perform this esti-
mation for each data point, and calculate the ratio of

FIG. 7. Experimentally measured "crit as a function of
�"/" measured at the electron spectral feature (points). The
shaded areas correspond to the results a hypothetical ensem-
ble of identical experiments would measure 68% of the time
under di↵erent assumed radiation reaction models for a uni-
form distribution of a0 between 4 and 20.

the estimates from the �-ray data and the electron beam
data R = a0("crit)/a0(�"/"). This is another metric of
the model consistency which is independent of any knowl-
edge of the interaction a0. The data is considered fixed
so R is a function of the model used to interpret the data,
and perfect internal consistency implies R = 1. Averaged
over this data, at the 1� level for the quantum model
R = 0.8+0.7

�0.3 and for the classical model R = 0.6+0.3
�0.2. Un-

der this metric the quantum radiation reaction model is
better at bringing the data from both diagnostics into
agreement, whereas the classical model appears to sys-
tematically under-estimate a0 for the �-ray data com-
pared to the electron beam data.

VI. DISCUSSION

The evidence for the observation of radiation reaction
presented here is the correlation between the reduction
in energy of the spectral feature in the electron beam,
and the �-ray yield and spectrum. This is consistent
with the observed hard photons, of characteristic energy
"crit > 30 MeV, which carried a significant fraction of the
initial electron energy meaning that the electron recoil
should be non-negligible. Moreover, this is reinforced by
the agreement between the interaction a0 inferred sepa-
rately from the electron and �-ray spectra under a quan-
tum radiation reaction model, and that expected exper-
imentally.

Simulations of the electron-laser overlap including
measured spatial and temporal jitter indicate that bright
�-ray beams with "crit > 20 MeV would be expected to
be produced on 30% of shots. This is in line with our data
when the measurements were taken immediately after
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Figure 4. Comparison of experimental results with theoretical models for the condi-

tion of best overlap: The experimentally measured electron spectrum without the scattering
laser (black line) and the spectrum of scattered electrons (red line) and a. the theoretical pre-
diction assuming a model only based on the Lorentz force, b. the Landau-Lifshitz equation, c.
a semiclassical model of radiation reaction and d. the quantum model of radiation reaction in a
multi-particle code and in a PIC code (green and blue curves, respectively). In each frame, the
uncertainties associated with the theoretical model arise from assuming the experimental uncer-
tainty in the original electron spectrum, as arising from the energy uncertainty of the magnetic
spectrometer, and shot-to-shot intensity fluctuations of the scattering laser. Details of the models
used are discussed in the Methods section.
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This gives three possibilities: all lasers polarised ‘out of the 
plane’ (Setup A in !gure 1), all lasers ‘in the plane’ (Setup 
B) or one pair polarised ‘out of the plane’, and the other pair 
‘in the plane’ (Setup C).

In a previous work that proposed planar con!gurations 
of multiple laser pulses for spontaneous pair creation from 
vacuum, all the lasers are polarised ‘out of the plane’ [28], as 
in Setup A. This is a natural choice because such con!gura-
tions maximise the value of the peak electric !eld, where for 
the same total available energy a higher number of laser pulses 
always leads to a more intense electric !eld. As one can expect 
that the highest particle energies are achieved in the presence 
of the strongest electric !eld, this should, in principle, also 
lead to a highest growth rate in a Breit–Wheeler cascade, as 
the quantum nonlinearity parameter χe is directly proportional 
to the particle energy for relativistic particles. But, as we will 
see later, there are subtle differences between the cascade 
dynamics in con!gurations A, B and C that can cause another 
con!guration to have a higher overall multiplicity (number 
of electron–positron pairs created per single seed electron). 
Recently, elliptical polarisation has been proposed for QED 
cascades with n lasers distributed within a plane [29]. It was 
demonstrated that, due to tight focusing, not more than eight 
lasers can be used for this setup. Average χe has been esti-
mated analytically and used as a criterion to select optimal 
ellipticity, later shown by Monte-Carlo simulations to be more 
ef!cient than circular polarisation. It is worth noting that in 
literature, circular polarisation has been identi!ed as optimal 
for two-laser cascades [16, 37]. However, seeding of the cas-
cade in realistic conditions accounting for tight focusing and 
multi-dimensions sometimes leads to different conclusions 
[26, 27].

For electron–positron cascade con!gurations with linearly 
polarised lasers A–C displayed in !gure 1, the de!nitions of 
the different standing waves are given in the appendix. We 

assume the phase difference between one pair of lasers is the 
same as the phase difference between the other pair. The con-
sequence of this is that the standing waves are synchronised; 
the electric !eld is maximum at the same time for all comp-
onents of the resulting standing wave. The bene!t of using 
the same phase difference is the preservation of the inherent 
temporal separation of the electric and magnetic-dominated 
part of the cascade that is produced by linearly polarised 
lasers [37]. Nonetheless, we will discuss what is modi!ed 
by unequal phase differences between the pulses later in the 
manuscript.

3. Cascade growth rates in an unperturbed  
plane wave

There is not yet a well-established way to estimate analyti-
cally the growth rate for pair cascades in the !eld of linearly 
polarised laser pulses. Several models exist for cascades in 
the !elds of two counter-propagating circularly polarised 
lasers [18, 21, 27, 41, 42]. In [24] an empirical expression was 
derived for the case of two colliding linearly polarised lasers. 
Here, we modify the model of [24] to account for cascades 
with multiple linearly polarised laser pulses. Later, we com-
pare the predictions of the extended model with simulations of 
four-laser QED cascades.

The growth rate in a two-laser standing wave averaged over 
the laser cycle for linear polarisation is given by [24]:

¯ ¯/⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝⎜

⎞
⎠⎟π

π α
τ γ χ

Γ∼ K
8

15
2
3

4
3c

1 3
2

e

1
4

 (1)

where ħ/( )τ = mcc
2 , ħ/( )α = e c2 , m is the electron mass and e 

represents the elementary charge. Parameters γ̄ and χ̄e denote 
the effective values of the Lorentz factor and the quantum 
nonlinearity parameter of the pairs at the moment of radiation 

Figure 1. Setup: a thin cryogenic ice target is placed in the focus of four lasers. A pair of lasers propagates along the x-axis, and another 
pair along the y-axis. In Setup A, the lasers are all polarised perpendicularly to the x-y plane of motion (the illustrations on the right hand 
side show the laser electric !eld); Setup B corresponds to all lasers polarised within the plane of motion, while Setup C is composed of a 
pair of lasers polarised within the plane, and another pair outside of the plane.
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Since photons are created at one location, and later decay into 
pairs in a different location, this Setup facilitates forming a 
thicker region of pair plasma with a lower peak plasma den-
sity. On the contrary, in Setup A photons predominantly prop-
agate in the z-direction, which makes them decay with x and 
y coordinates similar to the position where they were emitted. 
This results in a very localised cascade, that can quickly pro-
duce a high number of particles in the regions with the highest 
χe. Setup C produces a cascade localised in x, but spreading 
over the entire spot size in the y-direction.

As a consequence, the relativistic critical density plasma 
( ∼′n a nc 0 c) is achieved at different times for different Setups. 
Figure  5 shows the pair density and the electromagnetic 
energy density for each con"guration. At  ω= −t 70 0

1, when 
the lasers overlap, regions of relativistically critical plasma 
density are already formed for Setups A and C, whereas the 
critical plasma is formed later for Setup B. Around the rela-
tivistic critical density regions, the lasers are almost fully 
depleted at  ω= −t 70 0

1. However, in Setup B, the same total 
amount of energy is absorbed by the plasma at  ω= −t 70 0

1 (see 
"gure  4(c)) in a more uniform manner. The standing wave 
structure survives, but its amplitude is lower. The result is 
that the cascade shuts down later for Setup B than for others. 
Additionally the fact that the plasma covers the entire laser 
spot provides conditions to absorb the laser energy later, over 
a wider area of space. During the laser depletion phase, the 

portions of the standing wave that remain can still accelerate 
electrons and positrons. The pairs continue to radiate photons 
that cannot decay anew into pairs due to the low intensity. 
Through this mechanism, most of the absorbed laser energy is 
permanently converted into energetic photons.

The conversion ef"ciency as a function of the laser inten-
sity is shown in "gure 6(a) for Setup B, that is the most ef"-
cient converter of laser energy to high-frequency radiation. 
For a0  =  800, the laser energy carried by the electrons and 
positrons is below 3% per species, while the remainder of 
the absorbed energy is converted to photons whose angularly 
resolved frequency spectrum is shown in "gure  6(b). The 
laser-to-photon energy conversion is more ef"cient in the four 
laser con"guration compared with the case previously studied 
with two colliding lasers [24]. The radiation at low energies 
is mostly isotropic, but the photons with highest energy are 
emitted along the diagonals of the xy-plane. This can be better 
understood from the polar plot in "gure 6(c), where only the 
contribution of photons above 100 MeV is considered for the 
angular distribution of radiation. These photons account for 
25% of the total emitted energy. Figure 6(a) shows that the 
energy conversion ef"ciency from lasers to hard photons can 
be as high as 75% for a0  =  2000.

If we introduce a temporal delay between the Ex and Ey 
components of the standing wave, some of the above conclu-
sions related to Setup B change. For example, if Ex and Ey 
are out of phase ( ω∼E tsinx 0 , ω∼E tcosy 0 ), the maximum 

Figure 5. (a), (b) Pair plasma density ne in units of non-relativistic critical density nc for Setup A at two instants of time. Here a0  =  800. 
The plasma is expected to become fully opaque to the laser light when the cascade reaches the relativistically critical density  >n n800e c. 
These regions are coloured red. (c), (d) Electromagnetic energy density for Setup A. The regions where high fraction of laser energy is 
depleted indeed do correspond to the regions where  >n n800e c. Vertically aligned panels show the same quantity at the same instant of 
time, but for a different Setup. Panels (e)–(h) refer to Setup B, and (i)–(l) to Setup C.
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time when all the lasers overlap. In other words, the standing 
wave is spatially and temporally inhomogeneous. As a result, 
the overall growth rate of the cascade can be reduced com-
pared to the ideal case if one considers the same laser inten-
sity. This is the case because some plasma particles are located 
outside the region of the maximum !eld, such that the local 
growth rate is lower. Effects of ponderomotive force are also 
of relevance, because they affect the spatial location where 
the particles gather. Second, the plasma seed has !nite dimen-
sions. The geometrical properties and location of the target 
are likely to affect the cascade seeding and its development. 
Third, the presence of the self-created pair plasma also in"u-
ences the standing wave. If a nearly relativistically critical 
dense plasma is created, a portion of the laser !eld may be 
depleted. If a strong depletion occurs before the lasers fully 
overlap, the maximum achieved intensity of the standing wave 
can be lower than if the same lasers were interacting with a 
low density plasma. This can lower the overall growth rate and 
multiplicity [24].

To take into account the three points discussed above, a 
self-consistent approach is required. We resort to full-scale 
QED PIC simulations with OSIRIS. Four laser pulses are 
focused onto the same target in the centre of the simulation 
box. The target dimensions are    µ µ×0.3 m 0.3 m, with an 
initial density of  n10 c, which is approximately the density 
of cryogenic hydrogen (here /( )ω π=n m e4c e 0

2 2  represents 
the non-relativistic critical density, me is the electron mass 
and e elementary charge). The transverse pro!le of each 
laser is Gaussian, while the laser temporal envelope func-
tion is given by τ τ τ− +10 15 63 4 5, /τ τ= t 0 for ⩽ τt 0 and 
τ τ= − t2 0  for τ τ< <t 20 0 (this polynomial function has a 
Gaussian-like shape, but has smooth fall to zero and does not 
require numerical truncation). Each laser pulse has a dura-
tion of  τ ω= −600 0

1 (equivalent to 32 fs), and the focal spot 
size is   /  ω µ= ≈W c20 3.20 0 m. The peak intensity of the 
laser pulses is located 70 /ωc 0 away from the box centre at 
initialisation. The dimension of the initial gap between the 
pulses is therefore  ∼W0, and the moment of their full overlap 
is  ω= −t 70 0

1. We vary the laser normalised vector potential 
between a0  =  500 and a0  =  2000. The simulation box size 
is   /ω× c300 300 2

0
2, resolved with ×30 000 30 000 cells, and 

temporal resolution of  ω= −td 0.005 0
1. The initial number of 

particles per cell is four. To control the exponentially growing 
number of particles in the simulation box, we applied the 
macro particle merging algorithm described in detail in [40], 
with a merge cell size ×15 15 cells; particles are binned at 
every 20th iteration to × ×12 12 12 momentum cells.

The main results of our numerical study are summarised 
in !gures 4 and 5. The equivalent number of pairs created per 
electron at different laser intensities is shown on !gure 4(a), 
where the laser intensity is colour coded. As expected, a 
higher laser intensity leads to a higher overall number of pairs 
in the self consistent plasma. Figure 4(b) shows the maximum 
achieved growth rates measured in !gure 4(a). Peak growth 
rates associated with each Setup have similar values at the 
same laser intensity. At high intensities ( ⩾a 8000 ), all the 
growth rates are lower than the growth rates expected in an 
unperturbed plane wave given by equation (1). This is a !rst 
indication that the standing wave must have been disrupted 
before achieving maximum intensity (at  ω= −t 70 0

1 when the 
four lasers fully overlap).

We compare the differences in cascade development when 
using Setups A–C at the same laser intensity. In !gure 4(a) the 
dashed line corresponds to Setup A, the full line denotes Setup 
B and the dotted line Setup C. The total number of particles 
produced with Setup B is on average 20% higher than with the 
other Setups. This difference cannot be explained through the 
analysis of the growth rates shown in !gure 4(b). Instead, one 
should examine in detail the standing wave in each con!gura-
tion, and the dynamics of energy transfer form the wave to the 
plasma. Figure 4(c) represents the total laser energy as a func-
tion of time for a0  =  800 and Setups A–C. After the cascade 
saturates, about 45% of energy is depleted in Setups A and C, 
while for Setup B the depleted fraction is 55%.

The reasons for ef!cient laser absorption in Setup B are 
twofold. Setup B has a signi!cantly higher growth rate than 
setups A–C near the threshold for pair creation (see !gure 2). 
This sets one important difference for Setup B: the cascade 
can develop at a lower laser intensity, and therefore start ear-
lier in time for a realistic setup.

Another advantage of Setup B is in distributing the plasma 
across the full area of the laser focus. This can be veri!ed on 
!gure 5 where we show the pair density at  ω= −t 70 0

1 when 
the lasers fully overlap and at a later instant of time  ω= −t 80 0

1. 

Figure 4. (a) Cascade multiplicity in 2D simulations with !nite-size pulses. (b) Maximum growth rate measured in the same simulations 
compared to the analytical prediction of equation (1). (c) Total laser energy as a function of time. The depleted energy is transferred to pairs 
and hard photons.
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emission. We generalise the estimate for the growth rate as a 
function of a0 in multiple-laser cascades by re-evaluating γ̄ 
and χ̄e, which we plug into equation (1).

To accomplish that, one can take into account the temporal 
dynamics of the linearly polarised cascade described in [37] 
for two-laser con"guration. Since there is a phase difference 
between the electric and magnetic standing waves, the electric 
"eld reaches a maximum value when the magnetic "eld is zero 
and vice versa. This results in a scenario where E and B domi-
nate at different time intervals. The electrons and positrons are 
mostly accelerated while E dominates, but they predominantly 
lose their energy to radiation during magnetic rotation under 
strong B. These conclusions apply also to four-laser standing 
waves de"ned by equations  (A.2)–(A.4). We can, therefore, 
assume that the highest electron χe is achieved after it has been 
accelerated by the half cycle of the electric "eld, at the moment 
when the magnetic "eld is at the peak, i.e. ω π π= …t , 2 ,0 . The 
maximum possible electric "eld amplitude in the standing 
wave is ω=E a40 0 0. The wave de"nition is given in dimen-
sionless units normalised to the laser frequency ω0 such that 

→ /( )ωE Ee mc 0 . This "eld can accelerate an electron from rest 
to γ = a8max 0. If the probability to radiate were the same at any 
moment of the cycle, then the average γ of emitting electrons 
would be on the order of 4a0. However, this is not the case. 
The higher the electron energy is, the higher is the χe, which 
results in a higher probability for more energetic particles to 
radiate a hard photon, which can then eventually decay into a 
new electron–positron pair. The highest average χe is achieved 
when the electric "eld is decreasing after having accelerated 
the electrons, and strong magnetic "eld rises perpendicularly 
to the electron motion. This happens during the second and 
the fourth quarter of the electric cycle. To account for this, we 
consider the effective energy of the emitting electrons to be the 
average over the second quarter of the electric cycle: γ̄ ≈ a6 0. 
This estimate can be further extended to a standing wave with 
a spatial envelope by considering instead of E0 the value of the 
local maximum E.

The next step is to evaluate the average χe which is de"ned 

in an arbitrary frame of reference by p F E mce Sχ = µ
µν /( ). For 

photons, the analogous de"nition is ħ /( )χ =γ µ
µνk F E mcS . If 

most of the energy of the electron is given directly by the elec-
tric "eld of the standing wave, the particle momentum is par-
allel to the electric "eld. For relativistic particles where ∥→ →

p E, 
the value of χe can be approximated as
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By taking the spatial and temporal average and using the pre-
viously estimated γ̄, one can evaluate ¯ /( )χ π≈ a a12e 0

2
S , where 

ħ/( )ω=a mcS
2

0  represents the normalised vector potential of 
a "eld equal to ES, in units normalised to the laser frequency 
(   /ω=E a mc eS S 0 ).

We now compare the estimate of equation  (1) with the 
growth rate measured in the idealised simulations where the 
waves do not have a spatial envelope, and the standing waves 
are de"ned through equations (A.2)–(A.4). All simulations we 
present below are performed with the QED module of the PIC 

code OSIRIS 3.0 [43], which includes real photon emission 
from an electron or a positron, and subsequent decay of pho-
tons into pairs, known as the Breit–Wheeler process. Direct 
pair production by electrons through virtual photon interac-
tion with the laser "eld (the trident process) is neglected. The 
code uses probability rates from [44–48]. More details about 
the code implementation can be found in [10, 24, 27]. We start 
with simpli"ed simulations of cascades in external standing 
waves de"ned by equations (A.2)–(A.4) in a periodic simula-
tion box where the local particle density and currents do not 
affect the wave. Later, we proceed with a more realistic sce-
nario where we model the four-laser cascades with "nite-spot 
laser pulses, including the feedback of the self-created plasma 
to the wave.

We simulate a quadratic portion of the xy-plane, with 
dimensions   /π ωc2 0 and periodic boundaries in each direction. 
The numerical resolution is ×600 600 cells, with a timestep 
of  ω−0.005 0

1. The initial number of particles per cell is four. 
Figure 2 shows the different growth rates obtained for values 
of a0 between 200 and 2000 measured over a period of "ve 
full laser cycles. For a0  >  400 the growth rates for different 
Setups are of the same order of magnitude (the biggest dif-
ference is for a0  =  800 where  Γ ≈ Γ1.5A B). The prediction of 
equation (1) is a good estimate of the growth rate as a function 
of intensity for a0  >  400. Below this limit, the growth rate of 
Setup B is above the estimate of equation (1), while Setups 
A and C are still well-described by the analytical expression. 
This is especially pronounced very near the threshold for the 
cascade. For example, at a0  =  200, the growth rate of Setup B 
is four times higher than for the other two. As shown below, 
this will have implications for the seeding and cascade multi-
plicity with "nite spot lasers, even when the peak a0 is several 
times higher than 200.

If local →p is parallel and proportional to the local 
→
E, equa-

tion (2) indicates that the regions of maximum χe should in 
principle coincide with the regions of maximum ‖ ‖→ →

×E B  that 
can be expressed as

Figure 2. Growth rate in unperturbed standing waves de"ned 
by equations (A.2)–(A.4) compared to the analytical prediction 
of equation (1). The inset shows the same data in linear scale for 

⩾a 4000 .
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This gives three possibilities: all lasers polarised ‘out of the 
plane’ (Setup A in !gure 1), all lasers ‘in the plane’ (Setup 
B) or one pair polarised ‘out of the plane’, and the other pair 
‘in the plane’ (Setup C).

In a previous work that proposed planar con!gurations 
of multiple laser pulses for spontaneous pair creation from 
vacuum, all the lasers are polarised ‘out of the plane’ [28], as 
in Setup A. This is a natural choice because such con!gura-
tions maximise the value of the peak electric !eld, where for 
the same total available energy a higher number of laser pulses 
always leads to a more intense electric !eld. As one can expect 
that the highest particle energies are achieved in the presence 
of the strongest electric !eld, this should, in principle, also 
lead to a highest growth rate in a Breit–Wheeler cascade, as 
the quantum nonlinearity parameter χe is directly proportional 
to the particle energy for relativistic particles. But, as we will 
see later, there are subtle differences between the cascade 
dynamics in con!gurations A, B and C that can cause another 
con!guration to have a higher overall multiplicity (number 
of electron–positron pairs created per single seed electron). 
Recently, elliptical polarisation has been proposed for QED 
cascades with n lasers distributed within a plane [29]. It was 
demonstrated that, due to tight focusing, not more than eight 
lasers can be used for this setup. Average χe has been esti-
mated analytically and used as a criterion to select optimal 
ellipticity, later shown by Monte-Carlo simulations to be more 
ef!cient than circular polarisation. It is worth noting that in 
literature, circular polarisation has been identi!ed as optimal 
for two-laser cascades [16, 37]. However, seeding of the cas-
cade in realistic conditions accounting for tight focusing and 
multi-dimensions sometimes leads to different conclusions 
[26, 27].

For electron–positron cascade con!gurations with linearly 
polarised lasers A–C displayed in !gure 1, the de!nitions of 
the different standing waves are given in the appendix. We 

assume the phase difference between one pair of lasers is the 
same as the phase difference between the other pair. The con-
sequence of this is that the standing waves are synchronised; 
the electric !eld is maximum at the same time for all comp-
onents of the resulting standing wave. The bene!t of using 
the same phase difference is the preservation of the inherent 
temporal separation of the electric and magnetic-dominated 
part of the cascade that is produced by linearly polarised 
lasers [37]. Nonetheless, we will discuss what is modi!ed 
by unequal phase differences between the pulses later in the 
manuscript.

3. Cascade growth rates in an unperturbed  
plane wave

There is not yet a well-established way to estimate analyti-
cally the growth rate for pair cascades in the !eld of linearly 
polarised laser pulses. Several models exist for cascades in 
the !elds of two counter-propagating circularly polarised 
lasers [18, 21, 27, 41, 42]. In [24] an empirical expression was 
derived for the case of two colliding linearly polarised lasers. 
Here, we modify the model of [24] to account for cascades 
with multiple linearly polarised laser pulses. Later, we com-
pare the predictions of the extended model with simulations of 
four-laser QED cascades.

The growth rate in a two-laser standing wave averaged over 
the laser cycle for linear polarisation is given by [24]:
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4

 (1)

where ħ/( )τ = mcc
2 , ħ/( )α = e c2 , m is the electron mass and e 

represents the elementary charge. Parameters γ̄ and χ̄e denote 
the effective values of the Lorentz factor and the quantum 
nonlinearity parameter of the pairs at the moment of radiation 

Figure 1. Setup: a thin cryogenic ice target is placed in the focus of four lasers. A pair of lasers propagates along the x-axis, and another 
pair along the y-axis. In Setup A, the lasers are all polarised perpendicularly to the x-y plane of motion (the illustrations on the right hand 
side show the laser electric !eld); Setup B corresponds to all lasers polarised within the plane of motion, while Setup C is composed of a 
pair of lasers polarised within the plane, and another pair outside of the plane.
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emission. We generalise the estimate for the growth rate as a 
function of a0 in multiple-laser cascades by re-evaluating γ̄ 
and χ̄e, which we plug into equation (1).

To accomplish that, one can take into account the temporal 
dynamics of the linearly polarised cascade described in [37] 
for two-laser con"guration. Since there is a phase difference 
between the electric and magnetic standing waves, the electric 
"eld reaches a maximum value when the magnetic "eld is zero 
and vice versa. This results in a scenario where E and B domi-
nate at different time intervals. The electrons and positrons are 
mostly accelerated while E dominates, but they predominantly 
lose their energy to radiation during magnetic rotation under 
strong B. These conclusions apply also to four-laser standing 
waves de"ned by equations  (A.2)–(A.4). We can, therefore, 
assume that the highest electron χe is achieved after it has been 
accelerated by the half cycle of the electric "eld, at the moment 
when the magnetic "eld is at the peak, i.e. ω π π= …t , 2 ,0 . The 
maximum possible electric "eld amplitude in the standing 
wave is ω=E a40 0 0. The wave de"nition is given in dimen-
sionless units normalised to the laser frequency ω0 such that 

→ /( )ωE Ee mc 0 . This "eld can accelerate an electron from rest 
to γ = a8max 0. If the probability to radiate were the same at any 
moment of the cycle, then the average γ of emitting electrons 
would be on the order of 4a0. However, this is not the case. 
The higher the electron energy is, the higher is the χe, which 
results in a higher probability for more energetic particles to 
radiate a hard photon, which can then eventually decay into a 
new electron–positron pair. The highest average χe is achieved 
when the electric "eld is decreasing after having accelerated 
the electrons, and strong magnetic "eld rises perpendicularly 
to the electron motion. This happens during the second and 
the fourth quarter of the electric cycle. To account for this, we 
consider the effective energy of the emitting electrons to be the 
average over the second quarter of the electric cycle: γ̄ ≈ a6 0. 
This estimate can be further extended to a standing wave with 
a spatial envelope by considering instead of E0 the value of the 
local maximum E.

The next step is to evaluate the average χe which is de"ned 

in an arbitrary frame of reference by p F E mce Sχ = µ
µν /( ). For 

photons, the analogous de"nition is ħ /( )χ =γ µ
µνk F E mcS . If 

most of the energy of the electron is given directly by the elec-
tric "eld of the standing wave, the particle momentum is par-
allel to the electric "eld. For relativistic particles where ∥→ →

p E, 
the value of χe can be approximated as

→
→

χ ≈ ×
E

p
mc

B
1

.e
S

 (2)

By taking the spatial and temporal average and using the pre-
viously estimated γ̄, one can evaluate ¯ /( )χ π≈ a a12e 0

2
S , where 

ħ/( )ω=a mcS
2

0  represents the normalised vector potential of 
a "eld equal to ES, in units normalised to the laser frequency 
(   /ω=E a mc eS S 0 ).

We now compare the estimate of equation  (1) with the 
growth rate measured in the idealised simulations where the 
waves do not have a spatial envelope, and the standing waves 
are de"ned through equations (A.2)–(A.4). All simulations we 
present below are performed with the QED module of the PIC 

code OSIRIS 3.0 [43], which includes real photon emission 
from an electron or a positron, and subsequent decay of pho-
tons into pairs, known as the Breit–Wheeler process. Direct 
pair production by electrons through virtual photon interac-
tion with the laser "eld (the trident process) is neglected. The 
code uses probability rates from [44–48]. More details about 
the code implementation can be found in [10, 24, 27]. We start 
with simpli"ed simulations of cascades in external standing 
waves de"ned by equations (A.2)–(A.4) in a periodic simula-
tion box where the local particle density and currents do not 
affect the wave. Later, we proceed with a more realistic sce-
nario where we model the four-laser cascades with "nite-spot 
laser pulses, including the feedback of the self-created plasma 
to the wave.

We simulate a quadratic portion of the xy-plane, with 
dimensions   /π ωc2 0 and periodic boundaries in each direction. 
The numerical resolution is ×600 600 cells, with a timestep 
of  ω−0.005 0

1. The initial number of particles per cell is four. 
Figure 2 shows the different growth rates obtained for values 
of a0 between 200 and 2000 measured over a period of "ve 
full laser cycles. For a0  >  400 the growth rates for different 
Setups are of the same order of magnitude (the biggest dif-
ference is for a0  =  800 where  Γ ≈ Γ1.5A B). The prediction of 
equation (1) is a good estimate of the growth rate as a function 
of intensity for a0  >  400. Below this limit, the growth rate of 
Setup B is above the estimate of equation (1), while Setups 
A and C are still well-described by the analytical expression. 
This is especially pronounced very near the threshold for the 
cascade. For example, at a0  =  200, the growth rate of Setup B 
is four times higher than for the other two. As shown below, 
this will have implications for the seeding and cascade multi-
plicity with "nite spot lasers, even when the peak a0 is several 
times higher than 200.

If local →p is parallel and proportional to the local 
→
E, equa-

tion (2) indicates that the regions of maximum χe should in 
principle coincide with the regions of maximum ‖ ‖→ →

×E B  that 
can be expressed as

Figure 2. Growth rate in unperturbed standing waves de"ned 
by equations (A.2)–(A.4) compared to the analytical prediction 
of equation (1). The inset shows the same data in linear scale for 

⩾a 4000 .
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emission. We generalise the estimate for the growth rate as a 
function of a0 in multiple-laser cascades by re-evaluating γ̄ 
and χ̄e, which we plug into equation (1).

To accomplish that, one can take into account the temporal 
dynamics of the linearly polarised cascade described in [37] 
for two-laser con"guration. Since there is a phase difference 
between the electric and magnetic standing waves, the electric 
"eld reaches a maximum value when the magnetic "eld is zero 
and vice versa. This results in a scenario where E and B domi-
nate at different time intervals. The electrons and positrons are 
mostly accelerated while E dominates, but they predominantly 
lose their energy to radiation during magnetic rotation under 
strong B. These conclusions apply also to four-laser standing 
waves de"ned by equations  (A.2)–(A.4). We can, therefore, 
assume that the highest electron χe is achieved after it has been 
accelerated by the half cycle of the electric "eld, at the moment 
when the magnetic "eld is at the peak, i.e. ω π π= …t , 2 ,0 . The 
maximum possible electric "eld amplitude in the standing 
wave is ω=E a40 0 0. The wave de"nition is given in dimen-
sionless units normalised to the laser frequency ω0 such that 

→ /( )ωE Ee mc 0 . This "eld can accelerate an electron from rest 
to γ = a8max 0. If the probability to radiate were the same at any 
moment of the cycle, then the average γ of emitting electrons 
would be on the order of 4a0. However, this is not the case. 
The higher the electron energy is, the higher is the χe, which 
results in a higher probability for more energetic particles to 
radiate a hard photon, which can then eventually decay into a 
new electron–positron pair. The highest average χe is achieved 
when the electric "eld is decreasing after having accelerated 
the electrons, and strong magnetic "eld rises perpendicularly 
to the electron motion. This happens during the second and 
the fourth quarter of the electric cycle. To account for this, we 
consider the effective energy of the emitting electrons to be the 
average over the second quarter of the electric cycle: γ̄ ≈ a6 0. 
This estimate can be further extended to a standing wave with 
a spatial envelope by considering instead of E0 the value of the 
local maximum E.

The next step is to evaluate the average χe which is de"ned 

in an arbitrary frame of reference by p F E mce Sχ = µ
µν /( ). For 

photons, the analogous de"nition is ħ /( )χ =γ µ
µνk F E mcS . If 

most of the energy of the electron is given directly by the elec-
tric "eld of the standing wave, the particle momentum is par-
allel to the electric "eld. For relativistic particles where ∥→ →

p E, 
the value of χe can be approximated as

→
→

χ ≈ ×
E

p
mc
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By taking the spatial and temporal average and using the pre-
viously estimated γ̄, one can evaluate ¯ /( )χ π≈ a a12e 0

2
S , where 

ħ/( )ω=a mcS
2

0  represents the normalised vector potential of 
a "eld equal to ES, in units normalised to the laser frequency 
(   /ω=E a mc eS S 0 ).

We now compare the estimate of equation  (1) with the 
growth rate measured in the idealised simulations where the 
waves do not have a spatial envelope, and the standing waves 
are de"ned through equations (A.2)–(A.4). All simulations we 
present below are performed with the QED module of the PIC 

code OSIRIS 3.0 [43], which includes real photon emission 
from an electron or a positron, and subsequent decay of pho-
tons into pairs, known as the Breit–Wheeler process. Direct 
pair production by electrons through virtual photon interac-
tion with the laser "eld (the trident process) is neglected. The 
code uses probability rates from [44–48]. More details about 
the code implementation can be found in [10, 24, 27]. We start 
with simpli"ed simulations of cascades in external standing 
waves de"ned by equations (A.2)–(A.4) in a periodic simula-
tion box where the local particle density and currents do not 
affect the wave. Later, we proceed with a more realistic sce-
nario where we model the four-laser cascades with "nite-spot 
laser pulses, including the feedback of the self-created plasma 
to the wave.

We simulate a quadratic portion of the xy-plane, with 
dimensions   /π ωc2 0 and periodic boundaries in each direction. 
The numerical resolution is ×600 600 cells, with a timestep 
of  ω−0.005 0

1. The initial number of particles per cell is four. 
Figure 2 shows the different growth rates obtained for values 
of a0 between 200 and 2000 measured over a period of "ve 
full laser cycles. For a0  >  400 the growth rates for different 
Setups are of the same order of magnitude (the biggest dif-
ference is for a0  =  800 where  Γ ≈ Γ1.5A B). The prediction of 
equation (1) is a good estimate of the growth rate as a function 
of intensity for a0  >  400. Below this limit, the growth rate of 
Setup B is above the estimate of equation (1), while Setups 
A and C are still well-described by the analytical expression. 
This is especially pronounced very near the threshold for the 
cascade. For example, at a0  =  200, the growth rate of Setup B 
is four times higher than for the other two. As shown below, 
this will have implications for the seeding and cascade multi-
plicity with "nite spot lasers, even when the peak a0 is several 
times higher than 200.

If local →p is parallel and proportional to the local 
→
E, equa-

tion (2) indicates that the regions of maximum χe should in 
principle coincide with the regions of maximum ‖ ‖→ →

×E B  that 
can be expressed as

Figure 2. Growth rate in unperturbed standing waves de"ned 
by equations (A.2)–(A.4) compared to the analytical prediction 
of equation (1). The inset shows the same data in linear scale for 

⩾a 4000 .
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emission. We generalise the estimate for the growth rate as a 
function of a0 in multiple-laser cascades by re-evaluating γ̄ 
and χ̄e, which we plug into equation (1).

To accomplish that, one can take into account the temporal 
dynamics of the linearly polarised cascade described in [37] 
for two-laser con"guration. Since there is a phase difference 
between the electric and magnetic standing waves, the electric 
"eld reaches a maximum value when the magnetic "eld is zero 
and vice versa. This results in a scenario where E and B domi-
nate at different time intervals. The electrons and positrons are 
mostly accelerated while E dominates, but they predominantly 
lose their energy to radiation during magnetic rotation under 
strong B. These conclusions apply also to four-laser standing 
waves de"ned by equations  (A.2)–(A.4). We can, therefore, 
assume that the highest electron χe is achieved after it has been 
accelerated by the half cycle of the electric "eld, at the moment 
when the magnetic "eld is at the peak, i.e. ω π π= …t , 2 ,0 . The 
maximum possible electric "eld amplitude in the standing 
wave is ω=E a40 0 0. The wave de"nition is given in dimen-
sionless units normalised to the laser frequency ω0 such that 

→ /( )ωE Ee mc 0 . This "eld can accelerate an electron from rest 
to γ = a8max 0. If the probability to radiate were the same at any 
moment of the cycle, then the average γ of emitting electrons 
would be on the order of 4a0. However, this is not the case. 
The higher the electron energy is, the higher is the χe, which 
results in a higher probability for more energetic particles to 
radiate a hard photon, which can then eventually decay into a 
new electron–positron pair. The highest average χe is achieved 
when the electric "eld is decreasing after having accelerated 
the electrons, and strong magnetic "eld rises perpendicularly 
to the electron motion. This happens during the second and 
the fourth quarter of the electric cycle. To account for this, we 
consider the effective energy of the emitting electrons to be the 
average over the second quarter of the electric cycle: γ̄ ≈ a6 0. 
This estimate can be further extended to a standing wave with 
a spatial envelope by considering instead of E0 the value of the 
local maximum E.

The next step is to evaluate the average χe which is de"ned 

in an arbitrary frame of reference by p F E mce Sχ = µ
µν /( ). For 

photons, the analogous de"nition is ħ /( )χ =γ µ
µνk F E mcS . If 

most of the energy of the electron is given directly by the elec-
tric "eld of the standing wave, the particle momentum is par-
allel to the electric "eld. For relativistic particles where ∥→ →

p E, 
the value of χe can be approximated as
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By taking the spatial and temporal average and using the pre-
viously estimated γ̄, one can evaluate ¯ /( )χ π≈ a a12e 0

2
S , where 

ħ/( )ω=a mcS
2

0  represents the normalised vector potential of 
a "eld equal to ES, in units normalised to the laser frequency 
(   /ω=E a mc eS S 0 ).

We now compare the estimate of equation  (1) with the 
growth rate measured in the idealised simulations where the 
waves do not have a spatial envelope, and the standing waves 
are de"ned through equations (A.2)–(A.4). All simulations we 
present below are performed with the QED module of the PIC 

code OSIRIS 3.0 [43], which includes real photon emission 
from an electron or a positron, and subsequent decay of pho-
tons into pairs, known as the Breit–Wheeler process. Direct 
pair production by electrons through virtual photon interac-
tion with the laser "eld (the trident process) is neglected. The 
code uses probability rates from [44–48]. More details about 
the code implementation can be found in [10, 24, 27]. We start 
with simpli"ed simulations of cascades in external standing 
waves de"ned by equations (A.2)–(A.4) in a periodic simula-
tion box where the local particle density and currents do not 
affect the wave. Later, we proceed with a more realistic sce-
nario where we model the four-laser cascades with "nite-spot 
laser pulses, including the feedback of the self-created plasma 
to the wave.

We simulate a quadratic portion of the xy-plane, with 
dimensions   /π ωc2 0 and periodic boundaries in each direction. 
The numerical resolution is ×600 600 cells, with a timestep 
of  ω−0.005 0

1. The initial number of particles per cell is four. 
Figure 2 shows the different growth rates obtained for values 
of a0 between 200 and 2000 measured over a period of "ve 
full laser cycles. For a0  >  400 the growth rates for different 
Setups are of the same order of magnitude (the biggest dif-
ference is for a0  =  800 where  Γ ≈ Γ1.5A B). The prediction of 
equation (1) is a good estimate of the growth rate as a function 
of intensity for a0  >  400. Below this limit, the growth rate of 
Setup B is above the estimate of equation (1), while Setups 
A and C are still well-described by the analytical expression. 
This is especially pronounced very near the threshold for the 
cascade. For example, at a0  =  200, the growth rate of Setup B 
is four times higher than for the other two. As shown below, 
this will have implications for the seeding and cascade multi-
plicity with "nite spot lasers, even when the peak a0 is several 
times higher than 200.

If local →p is parallel and proportional to the local 
→
E, equa-

tion (2) indicates that the regions of maximum χe should in 
principle coincide with the regions of maximum ‖ ‖→ →

×E B  that 
can be expressed as

Figure 2. Growth rate in unperturbed standing waves de"ned 
by equations (A.2)–(A.4) compared to the analytical prediction 
of equation (1). The inset shows the same data in linear scale for 
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Self-consistent dynamics of e-e+ plasma 
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At the interaction point, the particles in 
one beam will feel:

Beam can drive ion channel
For small emittance, long propagation in 
ion channel  @ 30 GeV 

E? ' B? ⇠ en0�0

Ek ⇠ E?/�

D =
reN�z

��2
0

P. Chen, S. Rajagopalan and J. Rosenzweig, PRE (1989)
P. Chen and K. Yokoya et al., PRD (1988)
T. Katsouleas et al., PoP (1990)

Beams will then pinch (in e- e- collider will 
diverge). Number of pinching points during 
crossing time is 

Disruption parameter

Beam-beam collider

e- e+

profile described, in the laboratory frame, by n(r, z) = n0 exp (−r2/2σ2
0 − z2/2σ2

z), n0 =

N/(2π)3/2σ2
0σz, with associated beam plasma frequency ωb =

√

4πe2n0/m, e the elementary

charge. The beams counter-propagate along z with velocity ±βc, and their centroids overlap

on z = 0 at time t = 0. We observe that his model can be generalised to include other beam

shapes and beam densities. In the low disruption regime (D ∼ 10−5− 10−2), the deflections

are small, thus particles and photons travel along almost straight trajectories, and we can

then assume that particles are free streaming. The emittance of the beams is also neglected,

as the beam crossing time is much shorter than the beam divergence time, and is discussed

in further detail at the end of the paper.

In one beam proper frame of reference (primed), the collective field is purely electrostatic

E
′ #= 0, B

′

= 0. In the laboratory frame (unprimed), this field is Lorentz transformed as

a crossed electromagnetic field, E = γE
′ − γ2

γ+1β(β · E′

) and B = γβ × E
′

where B⊥ is

perpendicular to E⊥ with the same magnitude B⊥ = E⊥
√

1− 1/γ2 % E⊥ and E‖ = E⊥/γ,

B‖ = 0, and with the parallel and perpendicular components referring to the propagation

axis z. In this field configuration, it is straightforward to show the parameter χ reduces

to χ(r, z) = 2γB⊥(r, z)/Es. As a reference value, we define χ0 as the value of χ at the

overlapping point (z = 0, t = 0), one spot size σ0 away from the axis χ0 = χ(σ0, 0) %

γ
mω2

bσ0

eEs
. For beams of the next LWFA generation χ0 ! 1, corresponding to the transition

regime. Previous works [3–5] adopted a similar parameter (Υ = 5γr2eN/12ασzσ0), where α

is the fine structure constant, which compares to χ0 as Υ ∼ χ0/2 in the uniform density

beam approximation. To estimate the fractional beam radiation losses we resort to the

Landau-Lifshitz radiative force in the purely transverse field 2B⊥, that reads 〈∆γ/γ〉 =

1 − b exp(b)Γ(0, b), where b−1 = (8π)1/4

3
αEse
mcωb

χ2
0

√

D/γ, Γ is the upper incomplete gamma

function, and 〈γ〉 =
∫

nγrdrdθ. In the limit b ( 1 → 〈∆γ/γ〉 % 1/b we recover the result

in ref. [4]. For LWFA beams, γ0 ∼ 104, nb ∼ 1021 cm−3 and σz ∼ σ0 ∼ 1 µm, one finds

that 〈∆γ/γ〉 % 0.13reγ0ω4
bσ

2
0σz/c4 * 1. As the losses are negligible, the centre of mass

energy of each beam is weakly affected by the interaction, and thus γ can be assumed to

be constant during the collision. In the crossing region where the oncoming beam collective

field is maximum (z % 0 and r % 3σ0/2), the probability for some particles of the beam to

suffer strong energy losses and emit hard photons is maximum and must be accounted for.

Each beam is composed of N particles that emit Nγ(t) photons at a varying rate Wγ(t).

Photons in their turn decay into pairs Np(t) at varying rate Wp(t). The evolution of

5

Betatron in ion channels

E? = 4⇡ene0
r

2
�(r) = �

E?
Es

nbeam > ne0In the blowout regime 

�0 ⇡ µm � ⇡ 0.1� 1

Beam-driven scenarios are also of relevance
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Confinement regime D>10Transition regime 1<D<10

Low disruption regime D<1

Electron beam density
Positron beam density

D =
reN�z

��2
0

Exploring LWFA like beams for radiation in the low D regime 
F. Del Gaudio, et al., PRAB 2019

Medium to high D regime - W. L. Zhang et al., in preparation

High disruption e-e+ colliding beams prone to QED effects

e+e-
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Energy : 500 GeV
N : 1010

Length : 15 $m
Spot size : 15.7 nm

D > 1 # >30@ Interaction Point

Abundant secondary pairs are created in a stochastic 
manner, leading to the kink instability 

SLAC PWFA @ 500 GeV can reach the QED regime 
(and beyond)

Additional note: also possible to reach conditions where QED might “breakdown” 

Ritus-Narozhny conjecture:  the expansion parameter of QED in the strong field sector is 

 i.e. QED becomes a strongly coupled theory if 

V. Yakimenko et al., PRL (2019)
also C. Baumann et al., Sci Reports (2019), T. Blackburn et al., NJP (2019) 
for electron beam - laser configuration  

α χ2/3

α χ2/3 ≳ 1

fully nonperturbative QED regime with a 100 GeV-class
particle collider (Fig. 1). We argue that these beams could
be produced with accessible technology. Full 3D particle-
in-cell (PIC) simulations confirm the possibility of limiting
beam energy losses to ≲5%, implying that the majority of
particles reach the strong field region.
To estimate the importance of nonperturbative effects,

we take phenomenologically into account that quantum
fluctuations dynamically increase the effective electron or
positron mass and thus the effective QED critical field. As a
result, one expects that radiation and pair production are
attenuated with respect to the perturbative predictions. Our
simulations show that corrections on the order of 20%–30%
are to be expected (see below). Correspondingly, non-
perturbative effects should be observable with a 100 GeV-
class particle collider.
The breakdown of perturbation theory in the regime

α χ2=3 ≳ 1 has an intuitive explanation. In vacuum, the
characteristic scales of QED are determined by the electron
or positron mass m. In the presence of a background field,
however, the fundamental properties of electrons, posi-
trons, and photons are modified by quantum fluctuations
(Fig. 2). Figuratively speaking, the quantum vacuum is
not empty but filled with virtual electron-positron pairs.
A strong electromagnetic field polarizes or ionizes the
vacuum, which therefore behaves like an electron-positron
pair plasma [29]. As a result, the “plasma frequency of the
vacuum” changes the photon dispersion relation, implying
that a photon acquires an effective mass mγð χÞ, see
Supplemental Material [30]. The appearance of a photon
mass induces qualitatively new phenomena like vacuum
birefringence and dichroism [41–44]. Perturbation theory is
expected to break down in the regime mγð χÞ ≳m, where
modifications due to quantum fluctuations become of the
same order as the leading-order tree-level result (Fig. 2).
In order to provide an intuitive understanding for the

scaling of mγð χÞ, a photon with energy ℏωγ ≫ mc2 is

considered, which propagates through a perpendicular electric
field with magnitude E in the laboratory frame. The quantum
parameter χ associated with this photon is χ ∼ γE=Ecr, where
γ ¼ ℏωγ=ðmc2Þ can be interpreted as a generalized Lorentz
gamma factor. As the polarization of the quantum vacuum
requires at least two interactions (Fig. 2), it is expected that
m2

γð χÞ ∼ αM2 (the plasma frequency of a medium exhibits
the same scaling in α). Here, M ∼ eEΔt=c denotes the
characteristic mass scale induced by the background field
and Δt represents the characteristic lifetime of a virtual pair.
The scaling of Δt is determined by the Heisenberg

uncertainty principle ΔtΔϵ ∼ ℏ, where Δϵ ¼ ϵ− þ ϵþ − ϵγ
quantifies energy nonconservation at the pair production
vertex. Here, ϵ− ≈ ϵþ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpcÞ2 þm2c4 þ ðeEΔtcÞ2

p
≈

pcþ ðeEΔtcÞ2=ð2pcÞ are the electron or positron energies
and ϵγ ¼ pγc is the energy of the gamma photon (the
electron and positron have the same initial momentum p ¼
pγ=2 at threshold). Assuming, χ ≫ 1 and thus eEΔt ≫ mc

FIG. 1. (a) Illustration of a beam-beam collider for probing the fully nonperturbative QED regime. (b) 3D OSIRIS-QED simulation of
the collision of two spherical 10 nm electron beams with 125 GeV energy (blue). The fully nonperturbative QED regime α χ2=3 ≥ 1 is
experienced by 38% of the colliding particles (red). The interaction produces two dense gamma-ray beams with 0.2 photons with
Eγ ≥ 2mc2 per primary electron (yellow).

FIG. 2. Dressed loop expansion of the polarization operator P
(top row) and mass operator M (bottom row). Wiggly lines
denote photons and double lines dressed electron or positron
propagators [1]. According to the Ritus-Narozhny conjecture, the
diagrams shown represent the dominant contribution at n loop
and α χ2=3 is the true expansion parameter of strong-field QED in
the regime χ ≫ 1 [25–27].

PHYSICAL REVIEW LETTERS 122, 190404 (2019)

190404-2

V. Ritus, AP (1972); N. Narozhny, PRD (1980)
A. Fedotov, JP Conf Series (2017)
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How much plasma physics in the intense laser/beam scenarios
or what is the role/interplay of collective effects/QED? 

System (plasma) size                                       W3
0 ∼ (few μm)3 ≳ (few λD)3

ne−e+ ≳ 1020cm−3 LOS et al., in preparation 

QED in hole boring

C. Ridgers et al., PRL (2012)

which QED processes and plasma physics are inseparable,
which we term a ‘‘QED plasma.’’

In order to simulate QED plasmas, we have included
synchrotron emission of high-energy !-ray photons and
Breit-Wheeler pair production in the particle-in-cell (PIC)
code EPOCH [21]. As " approaches unity, the high energy
of the emitted photons means that radiation must be
considered discontinuously. The electrons and positrons
obey the Lorentz force equation, following the classical
worldlines as computed by the PIC code, until a discrete
photon is emitted [22]. The recoil in such an event provides
a discontinuous radiation reaction force [20]. As discussed
below, the discontinuous radiation model consists of
random sampling of the synchrotron spectrum and so tends
to the continuous-loss model [17,23–26] as @!h ! !mec

2

(@!h is the energy of the emitted photon), i.e., as the
sampling frequency ! 1. It has recently been shown
that, in 10 PW laser-plasma interactions, the discontinuous
model yields an order of magnitude more e"eþ pairs [27].
This is due to some electrons reaching higher energies and
emitting a higher-energy photon than the same electron
experiencing a continuous radiation drag force, the so-
called ‘‘straggling’’ effect [22].

The QED processes are simulated using a Monte Carlo
algorithm [27]. The time at which emission events occur is
computed as follows. Each particle is assigned an optical
depth at which it emits (#) according to P ¼ 1" e"#,
where P 2 ½0; 1& is chosen at random to capture the
quantum fluctuations in the emission processes and
so the straggling. The rates of photon and pair produc-

tion, d#!=dt ¼ ð
ffiffiffi
3

p
$fc"Þ=ð%C!Þ

R"=2
0 d&Fð";&Þ=& and

d#)=dt¼ð2'$fc=%CÞðmec
2=@!hÞ&T)ð&Þ, are then

solved until these optical depths are reached, at which
point the emission event occurs [27]. Here, $f is the fine

structure constant and %C is the Compton wavelength; & ¼
ð@!h=2mec

2ÞjE? þ k̂* cBj, where ? signifies the field
component perpendicular to the unit vector in the photon’s
direction of motion k̂. Photons are generated with a ran-
dom energy weighted by the synchrotron function Fð";&Þ,
including Klein-Nishina corrections [18]. & controls pair
production via the function T)ð&Þ + 0:16K2

1=3ð2=3&Þ=&.
The generated pairs are treated on an equivalent footing
to the original electrons in the PIC code, and the photons
are treated as massless, chargeless macroparticles which
propagate ballistically. The pairs are included when the
PIC code calculates the charge and current densities on the
computational grid and so contribute to the electromag-
netic fields that are used to calculate the QED rates at the
next time step, ensuring a self-consistent simulation.

We have performed two-dimensional EPOCH simulations
of a 10 PW laser striking an aluminum foil, including the
QED processes. The results are shown in Fig. 1. The alu-
minum target is 1 (m thick, has a density of 2700 kgm"3,
and is assumed to be fully ionized. The target is represented
by 1000 pseudoelectrons and 32 pseudoions per cell, with a

spatial resolution of 10 nm. The laser has wavelength %l ¼
1 (m and is linearly p-polarized. The pulse has an energy
of 377 J and a duration of 30 fs, with a square temporal
profile. It is focused to a spot of radius 1 (m with intensity
I ¼ 4* 1023 Wcm"2. For this laser intensity, the electron
density of fully ionized aluminum ne is higher than
the relativistically corrected critical density nc¼
!me)0!

2
l =e

2 (!l ¼ 2'c=%l) and the plasma is overdense.
Therefore, the laser beam is reflected and the light pressure
of the beam bores a hole into the target, as shown in Fig. 1.
Also shown is prolific !-ray and positron production at the
hole-boring front, where the laser is reflected. The total
number of pairs produced is N) ¼ 8* 109 (each red dot
is a macroparticle representing 2* 106 positrons).
Pairs are overall electrically neutral and so readily

escape the target. Thin sheets of pure electron-positron
plasma form behind the target with a positron number
density of 1026 m"3. An e"eþ plasma is also trapped inside
the hole-boring cavity with density 1025 m"3 over one
cubic micron, forming a self-contained ‘‘microlaboratory’’
potentially useful for the study of such a plasma. For the
1 (m thick target, the laser just breaks through the target at
the end of the 30 fs laser pulse, releasing the trapped pairs
for probing. When the laser breaks through, the situation
reverts to that of a single electron in a single beam, pair
production ceases, and further laser energy is wasted. The
positron density is 7 orders of magnitude higher than that
produced by the gold-target scheme described above and is
high enough that collective effects could be studied with a
CO2 laser. Figure 2 shows that the average positron energy
of 250MeVis much higher than the energy of photons from
which they originate. This suggests that the positrons are
accelerated to high energy by the laser. In this case, we
expect the average Lorentz factor of the positrons to be

FIG. 1 (color online). Pair production by a laser of intensity
4* 1023 Wcm"2 striking an aluminum target (snapshots at the
end of the 30 fs laser pulse). The laser (red contours) bores a hole
into the solid target (blue density map). ! rays (blue density
map) and positrons (red dots) are generated in this interaction
(inset—on the same scale).
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QED in HHG

W. L. Zhang et al., PRE (2021)

HIGH-ORDER HARMONIC GENERATION IN AN … PHYSICAL REVIEW E 103, 013206 (2021)

0 25 50 75 100 125 150 175 200
ω/ω 0

10− 4

10− 3

10− 2

10− 1

100

101

102

103

A
ve

ra
ge

d 
sp

ec
tr

um

Non-QED
QED

QED

Non-QED

QED

Non-QED

FIG. 7. Spatially averaged power spectrum of the reflected laser
from the QED (red) and non-QED (black) simulations, respectively.
The spectrum is obtained from the observer shown in Fig. 5(a),

and defined as Ex (ω) =
x0=x2∑
x0=x1

2|FFT[Ex (x0, t )]|2, where (x1, x2) is the

spanning region of the detector, with x2 − x1 = 2λ0 ∼ laser spot size,
over which the spectrum is averaged.

the hole-boring velocity is faster in the non-QED simulation
due to its higher laser reflection.

The field (Ex) profiles (not shown here), recorded by the
same observer, begin to differ between the QED and non-QED
simulations at t # 17T0. Two differences are identified, i.e.,
the field amplitude is weaker in the QED simulation than in
the non-QED simulation, and high-frequency modulations are
present in the field from QED simulation but absent from
the non-QED counterpart. The high-frequency modulations
on the field are found to have frequencies !110ω0 and they
therefore enhance the high-frequency harmonics in the QED
spectrum. These two differences respectively corroborate the
two features summarized for the spectrum in Fig. 7. When sig-
nificant pair production is initiated (at t # 7T0), the laser field
reflected by the target arrives at the observer at t ∼ 17T0 after
propagating in vacuum for d = 10.5λ0 [as shown Fig. 5(a)].
The laser arrival coincides with the starting time (mentioned
before) after which the recorded fields begin to differ. There-
fore, the differences of recorded fields are attributed to the pair
production, and this can be used to estimate the onset of pair
production.

On the one hand, the QED effects deplete the laser en-
ergy, resulting in weaker laser reflection and thus weaker
low-order harmonics in the spectrum. On the other hand, the
laser interaction with the dense (!a0nc) and hot (∼200MeV)
pair plasma produces high-frequency modulations on the re-
flected laser. These modulations are recorded by the observer
(mentioned above), and they enhance the high-frequency
components in the QED spectrum in Fig. 7. The enhancement
of the high-frequency harmonics and formation of a high-
frequency broadband plateau in the spectrum are analogous to
the spectral features identified from an idealized mixed target
in extreme conditions (see Fig. 3) where the high-frequency

harmonics are also enhanced due to the direct laser interaction
with the pair-dominated plasmas in front of the target.

The ultraintense laser-plasma interaction introduces high
inhomogeneity (densities and momenta) in both space and
time, to the mixed plasma. These inhomogeneities lead to
the excitement of broadband plasma waves. The simulations
suggest instabilities, analogous to the oblique filamentation
instability [70–72], are observed. The HHG spectrum further
depends on the solid angle where the observer is deployed,
because the target surface is observed to be deformed in
the simulations, by both the hole-boring process and the
Rayleigh-Taylor like instability [73,74] at the surface. This
will be explored in future publications.

IV. CONCLUSIONS

As introduced in Sec. I, both BH and mBW scenarios have
been conceived to produce pair plasma using intense lasers.
The BH scenario has been demonstrated in experiments, but
the pair yield is low (α < 10−7) as analyzed before. Therefore,
the pair production in the BH scenario is unlikely to have
significant impact on the HHG spectrum according to our
scaling study in Fig. 2(c). Moreover, the numerical study on
the BH scenario should account for multiple processes [6],
e.g., the BH process, particle collisions, and bremsstrahlung.

For the mBW scenario using a laser to strike a solid tar-
get, our results in Sec. III show abundant photon and pair
production. The spectrum is modified due to the significant
QED effects. Previous studies show that a plasma cushion,
whose density far exceeds a0nc, can be formed in front of
the target [30–34]. The collective motion of the pair plasma,
e.g., the propagation of the cascade front [34,35], is also
observed. This provides an exciting microlaboratory where a
dense pair plasma can be studied through the associated HHG
spectrum. The spectral features in these situations need further
systematic studies which are beyond the scope of this paper.

In conclusion, the HHG spectrum from the laser interaction
with an electron-positron-ion mixed plasma is studied. In the
idealized mixed plasma with a sharp initial plasma-vacuum
interface and uniform density distribution, prominent nωpe-
radiation peaks are observed in the spectrum. These signals
are produced by the strong counterpropagating monochro-
matic plasma waves via the inverse two-plasmon decay. The
dense laser-accelerated positron beam acts as the driver ex-
citing the counterpropagating waves. One-dimensional PIC
simulations show the 2ωpe radiation is discernible with a
positron fraction α as low as ∼10−5, and its amplitude at
the optimal α (∼2%) exceeds 5 orders of magnitude higher
than in the electron-ion comparison target. However, if an
idealized target is in extreme conditions, i.e., the pair plasma
is very dense (high pair fraction α > 0.1) or hot (relativistic
temperature ∼MeV), the resultant spectrum shows different
features. In both conditions, broadband plasma waves are
excited. Therefore, broadband plasma radiation is generated
and the characteristic nωpe peaks are flattened (even com-
pletely smeared out). Furthermore, a pair-dominated plasma
is formed by the pair plasma expansion in front of the target.
The direct laser coupling with this pair-dominated plasma
gives rise to high-frequency modulations on the reflected laser

013206-7

QED in ~nc targets with 2 lasers

W. Luo et al., PoP (2015)
T. Grismayer et al., PoP (2016)

Figures 3(b) and 3(c) show that both the c-ray photons
and pairs are generated with a higher number density and
over a larger production area than that in the one-side irradi-
ation case. The simulations show that MeV-level c-ray
source with an intensity of 1.6! 1014 s"1 is produced, which
is potentially the most intense c-ray source available in the
laboratory. It suggests that about 20% of the total laser
energy is converted into c-ray photons. The interaction is in
the radiation dominated regime. In the two-side irradiation
case, the c-ray photon number density increases three times
compared to that in the one-side case, and the production
area doubles. It is of great interest that using two-side irradi-
ation configuration can produce higher density EPPPs with a
maximum number density above 6! 1027 m"3, an increase
of sevenfold compared to that in one-side irradiation scheme.
This is mainly due to the accelerated electrons by laser elec-
tric field interacting sufficiently strongly with the incident
and reflected wave from the counter-propagating laser
pulses. One the one hand, similar as the one-side irradiation
case, the electrons reach relativistic energies and emit high-
energy photons, followed by generation of electron-positron
pairs in the presence of the strong field that accelerates them.
On the other hand, a considerable part of electrons on one
side of the target foil penetrate into and even cross the over-
dense plasma and then interact successfully with the counter-
incident laser pulse on the other side, contributing additional
high-energy photons and pairs. However, such phenomenon
is absent in the one-side irradiation case.

Another possible reason for the observed enhancement
in the two-side irradiation case is that the solid target main-
tains a planar structure parallel to y-z plane (see Fig. 3(a)).
Such a planar structure reflects the incident laser pulses and
so doubles the electric field. The overlap of the incident and
reflected laser pulses forms standing wave on both sides of
the foil (see Figs. 4(a) and 4(b)). The resulting standing
wave near the thin foil can further lead to an electric poten-
tial well around the focused target area (see Fig. 4(b)).
Although the potential fields on both sides are not quasi-
static, the electric potential well resulting from the laser
fields always exists since the intensities of the electric fields

vary simultaneously. Hence, the formation of the electric
potential and standing wave around the target enhances the
rates of the QED reactions. Comparatively, in the one-side
irradiation case (seen in Figs. 4(c) and 4(d)) although the
incident laser pulse also has a reflection from the solid sur-
face and gives rise to an enhanced laser electric field, due to
the stronger target deformation, the reflected wave shows fo-
cusing character and the transmitted wave shows defocusing
character. And the positions of the strongest laser field and
plasma density deviate from each other. The enhancement of
c-ray photons and pairs generation is largely reduced. The
transmitted positrons and c-ray photons are also dispersed
quickly.

IV. COMPARISON AND DISCUSSION

As shown in Fig. 4(b), the electric potential well around
the focused target area is formed by the standing waves for
the two-side irradiation, which is different from the sheath

FIG. 3. Same as Fig. 2 but at the
moment of t¼ 36 fs in the two-side
irradiation case.

FIG. 4. Electric field distributions: (a) and (b) correspond to the Ex (longitu-
dinal) and Ey (transverse) distributions for the two-side irradiation (snap-
shots at t¼ 36 fs); (c) and (d) correspond to the Ex and Ey distributions for
the one-side irradiation (snapshots at t¼ 30 fs).

063112-4 Luo et al. Phys. Plasmas 22, 063112 (2015)

For beam-beam collisions, collective effects when D ≳ 1
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QED plasma processes in 
relativistic astrophysics (pulsars)
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Fábio Cruz et al.

Understanding the properties of the magnetospheres of 
neutron stars/pulsars from first principles

Rotation axis

Magnetic axis

Radio beam

Polar cap Slot gap

Light cylinder

Null surface

Outer gapClosed field lines

Reconnection region

Y-point

For a review: 
Pulsar electrodynamics: an unsolved problem
DB Melrose, R Yuen, JPP (2016)

Courtesy: Fábio Cruz
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Global Polar CapReconnection

Relativistic
Uzdenski et al., Spitkovsky et al., 
Sironi et al., Philippov et al.
QED
Schoeffler et al. Spitkovsky et al., Cerruti et al., 

Philippov et al.
GR
Spitkovsky et al.
(BH) Parfrey et al., Torres et al.

Timokhin & Arons, Philippov et al., 
Cruz et al.
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In-plane B field (compression) shows clear differences
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K. Schoeffler et al., ApJ (2019)
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Significant differences depending on regime

This strong concentration of pair production in the plasmoids
is just one manifestation of an important and nontrivial general
feature of reconnection: generation of strong inhomogeneities
in the magnetic field, and especially in the plasma density and
pressure. These inhomogeneities have important consequences
for all three regimes. They can be seen in Figures 2(a) and (c)
which show density and magnetic field maps in the classical
and QED runs at t=1.2Ly/c, after the tearing instability has
reached the nonlinear stage.

In all cases, the magnetic islands are filled with plasma and
reconnected magnetic flux, leading to concentrated density and
magnetic field (see Sironi et al. (2016)). A pinch equili-
brium(Bennett 1934) is established inside each island, with the
inward magnetic tension balanced by the enhanced central
plasma pressure (and also the pressure of the compressed guide
field). However, in the radiative and QED regimes, the high
energies of accelerated particles, in conjunction with the
strongly compressed magnetic fields, lead to powerful radiative
cooling, causing the pressure balance in the plasmoids to
evolve toward even stronger compression. This, in turn, results
in an even stronger magnetic field amplification, further
enhancing radiative cooling and thus leading to a positive
feedback loop.

As shown in Figures 2 (b) and (d), the peak density and
magnetic field enhancements reached in the radiative case
(n/nb=300, B/B0=8), and especially in the QED case
(n/nb=900, B/B0=16, i.e., reaching about 7% ofBQ),
are significantly stronger than those found in the classical case
(n/nb=60, B/B0=3). This has significant observational
implications since the concentration of the magnetic field and
density inside the plasmoids leads to larger numbers of high-χ
particles, and hence greatly enhances photon emissivity there.
In particular, as illustrated in Figure 3(a) for our QED case, the
local average ecá ñ can reach significant values (∼0.1 or higher)

in plasmoid cores. Correspondingly, high-energy photon
emissivity and energy density are also strongly enhanced at
these locations (Figure 3(b)). Plasmoids thus effectively
become brightly shining fireballs (see Giannios 2013).
The spatial coincidence of the local enhancements of

gamma-ray photon density and of the magnetic field strength
leads to a strong concentration of one-photon QED pair
production inside the magnetic islands (Figure 3(c)). Indeed,
using the probabilities given in Appendix C.1, one can estimate
the characteristic photon decay length ldecay—the distance that
a typical hard photon (with m c B Be Qph

2� ~ ) travels before
producing a pair—to be l c B1700 cdecay » W ( ) (Appendix
C.2), which corresponds to (70–15)ρL for B=(3–15)B0. The
typical island width in our QED-case simulation (with
B>3B0) at t=1.2Ly/c is ∼20ρL and grows to ∼60ρL by
t=2.2Ly/c. The fact that the island size is larger than ldecay
allows for pair production to take place within the island.
Although secondary islands, generated independently of the
initial conditions as the inter-plasmoid current layers elongate
and themselves become tearing-unstable, are smaller and thus
have less photon emission and pair production (most photons
leave the small islands before producing pairs), this should not
be the case in more realistic, larger systems where even these
secondary islands may grow large enough to exceed the
characteristic decay length.
The x–t diagram (similar to Nalewajko et al. 2015) in

Figure 3(d) shows the location of pair production versus time
and illustrates the creation, motion, and merging of the islands.
We see that both pair production and gamma-ray emission are
enhanced at plasmoid mergers. For the presented QED
simulation, the compression of magnetic fields and the strong
radiative cooling in the centers of the islands lead to a moderate
local σh comparable to the background(Figure 4). We note that
in our simulations with lower density and hence higher σh

Figure 1. Top row (panels (a)–(c)): time evolution of various key energy components integrated over the system’s volume, for the classical case (a), the radiative case
(b), and the QED case(c). The electric and magnetic field energy is shown in green, the kinetic energy of the electrons and the positrons (including newly created
pairs) in red, and the energy emitted as radiation in blue. The total energy of the system is shown in black. The bottom panel (d) shows the percentage of the energy
that went into pair production (in red) and the relative number fraction of the produced pairs (in blue), for the QED case.
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the plasmoids, effectively turning them into bright, dense, and
relativistically hot flying fireballs. The observable spectra of the
emitted radiation are significantly steeper than those produced
in classical relativistic reconnection, both because radiation
reaction inhibits nonthermal particle acceleration and because
of QED effects on the emission from particles with 1c ~ ,
resulting in potentially measurable signatures.

These results have profound implications for our under-
standing of the role of reconnection in high-energy astro-
physical environments with very strong magnetic fields—most
notably, magnetospheres of neutron stars (NSs), especially
magnetars(Masada et al. 2010). Our study provides firm
support for the hypothesis (Thompson & Duncan 2001;
Lyutikov 2006; Uzdensky 2011) that magnetic reconnection
in the QED regime is capable of powering the spectacular

gamma-ray flares observed in a class of magnetars called soft
gamma repeaters, in which 1044–1046 erg is emitted in gamma-
rays in just a fraction of a second (Mazets et al. 1999; Palmer
et al. 2005; Turolla et al. 2015). While our simulations are
initialized with thin, intense current sheets (which are necessary
for reconnection onset), recent theoretical research has indicated
that such structures can indeed form in active magnetar
magnetospheres via nonlinear magnetohydrodynamic processes
similar to those driving the flaring activity in the solar corona.
Namely, it is believed that even smooth sheared motions of the
magnetic footpoints on a magnetar’s surface can drive the force-
free field in the magnetosphere above the surface toward
explosive development of thinner and thinner current sheets,
thus setting the stage for reconnection onset (e.g., Thompson
et al. 2002; Uzdensky 2002; Parfrey et al. 2013).

Figure 5. Panel (a): electron energy spectra at t=3Ly/c for the classical case (blue), the radiative case (black), and the QED case (red). The best-fit power-law slopes
are shown as dashed lines. The spectra of the photons accumulated in the system by t=3Ly/c are shown for the classical (panel (b)), radiative (panel (c)), and QED
(panel (d)) cases, with best power-law fits represented by the black dashed lines. The green dashed lines show the classical synchrotron prediction α=(p − 1)/2. In
the QED case, the best-fit black dashed line is in excellent agreement with the theoretical quantum radiation regime prediction α=p − 1=1.5.

6

The Astrophysical Journal, 870:49 (11pp), 2019 January 1 Schoeffler et al.

Energy

e-  spectrum

photon  spectrum

Luis O. Silva | IUPAP PKS  | January 19 2022 |   36



Cyclic outflow of e-e+ bursts 
accompanied by kinetic instabilities

electrons

positrons

photons

Ex

x

 Modelling pulsar polar vacuum gaps
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cascade-shielding cycles with:
Co-rotation frame
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Several open questions in fundamental QED 
processes in intense fields + expressing/
benchmarking those processes in plasma kinetic 
codes

Optimization/configurations for secondary 
sources of gamma rays and e+

Radiation signatures of collective extreme plasma 
processes in laboratory and in astrophysics

Coupling with GR

 Exciting frontiers in extreme plasma physics 
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Revolutionary computational power is reshaping 
our understanding of plasmas in extreme 
conditions 

We now have the ability to explore multi-scale processes from 
first principles with unprecedented detail and explore unique 
highly nonlinear scenarios - some of these to be explored soon 
in the laboratory, others with astrophysical consequences
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