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ABSTRACT

The progressive development of high power lasers over the last several decades enables the study of c-photon generation when an intense
laser beam interacts with matter, mainly via inverse Compton scattering at the high intensity limit. c-ray flashes are a phenomenon of broad
interest, drawing the attention of researchers working in topics ranging from cosmological scales to elementary particle scales. Over the last
few years, a plethora of studies predict extremely high laser energy to c-photon energy conversion using various target and/or laser field con-
figurations. The aim of this article is to discuss several recently proposed c-ray flash generation schemes, as a guide for upcoming c-photon
related experiments and for further evolution of the presently available theoretical schemes.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0158264

I. INTRODUCTION

Development of multi-PW lasers1–4 paves the path toward the
possibility of the experimental investigation of the radiation domi-
nated regime where radiation reaction and quantum effects play a sig-
nificant role in particle dynamics. Today, laser power of 10 PW has
been reported,1 whilst laser intensity exceeding 1023 Wcm�2 has been
reached.2

Intense laser–solid interactions result in several distinct popula-
tions of energetic c-photons, leptons (electrons, positrons), and hadrons
(protons, ions). For clarity, we refer to c-photons as high energy (above
1MeV) photons, not to photons that originate from the nucleus. Under
the effect of strong fields electrons and positrons quickly become relativ-
istic due to their relatively low mass. As the electric field is not a Lorentz
invariant, electrons in their boosted frame can approach or even surpass
the Schwinger field,5,6 ES, at which spontaneous electron–positron
(e�eþ) pair generation can occur due to vacuum breakdown. Therefore,
QED effects can be observed even with currently available lasers.

Although particle-in-cell (PIC) codes were developed many deca-
des ago, QED PIC routines have been developed for major PIC codes

only in the last decade. These routines allow extensive computational
investigation of the collective behavior governing QED effects in a
multi-species plasma which is inevitably generated when a strong laser
field interacts with matter. Two main processes dominate at ultrahigh
intensities and are implemented in the QED PIC codes, being the
emission of a c-photon through multiphoton (inverse) Compton scat-
tering7–10 and the generation of an e�eþ pair through the multiphoton
Breit–Wheeler7,11–13 process.

Here, we focus on Compton c-photon emission. Bright c-photon
sources find applications in a plethora of topics, including but not limited
to study of fundamental physics,14 positron generation,15–17 neutron
sources18 astrophysical studies,16,19 photonuclear fission,20,21 radiother-
apy,22 fine measurement of atomic nuclei,23 and shock-wave studies.24,25

II. QED PROCESSES IN STRONG FIELDS

A. Strong field parameters

The interaction of an electromagnetic field with charged particles
is conveniently parametrized by the normalized dimensionless electro-
magnetic wave amplitude,26
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a0 ¼
eE0

mexlc
: (1)

Here, e is the elementary charge, E0 is the electric field amplitude, me

is the electron rest mass, c is the speed of light in vacuum, and
xl ¼ 2pc=kl is the laser frequency (wavelength kl). When a0 ¼ 1, the
work done by electric field E0 acting on a particle of charge e over a

distance of kl=ð2pÞ, equals mec
2. An electron oscillating in the laser

field is considered as relativistic when a0P 1, since then the electron
obtains velocities similar to c during its oscillatory motion. For a laser
with linear polarization, a0 is related to the relativistic electron Lorentz

factor as ce ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ a20=2
p

, while for a laser with circular polarization

it is related as ce ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ a20
p

. The laser intensity is connected to a0 by

IL ¼
e0x

2
l c

3a20
2e2

� 1:37� 1018
1 lm

kl

� �2

a20 Wcm�2; (2)

where e0 is the vacuum permittivity.
A dimensionless parameter describing the radiation losses is

erad ¼
4pre

3kl
; (3)

where re ¼ e2=ð4pe0mec
2Þ is the classical electron radius. The radia-

tion reaction refers to the recoil force experienced by an accelerated
particle emitting radiation.

The relativistic gauge invariant parameter for electron is ve,

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ce
E

ES
þ p

me
� B

ES

� �2

� p

mec
� E
ES

� �2
s

; (4)

and it characterizes the importance of quantum effects in c-photon
emission. Here, ES is the Schwinger field given by

ES ¼
m2

e c
3

e�h
� 1:32� 1018Vm�1: (5)

The Schwinger field5,6,19,27 is the field required to produce work ofmec
2

over a distance of the Compton scattering wavelength, kC ¼ 2p�h=mec.
At this limit, virtual e�eþ pairs in vacuum can be separated, producing
real e�eþ in a process known as Sauter–Schwinger5,6,27 pair production.
If ve � 1, then the Compton scattering c-photon emission is a multi-
photon process,

e6 þ Nxl ! e6 þ xc: (6)

The dimensionless Lorentz invariant parameter for c-photon is
vc,

vc ¼
�hxl

mec2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E

ES
þ c2

up
k̂ � B

ES

 !2

� c

up
k̂ � E

ES

� �2

v

u

u

t ; (7)

where up is the phase velocity and k̂ is the wavevector unit vector. For
larger vc values, the probability of the multiphoton Breit–Wheeler
e�eþ pair generation is increased.28

B. Intensity levels

A relativistic electron moving in the presence of an electromag-
netic field results in c-photon emission. The expression for radiation

reaction force simplifies19,28 if we assume that the emitting electron
interacts with the antinodes of two colliding electromagnetic waves as
the magnetic field cancels out. This assumption is also related to the
interaction of a laser with a near-critical target by considering the ref-
erence frame that moves with the wave group velocity. This assump-
tion allows us to find two intensity regimes.

In the non-linear Thomson scattering regime, the power emit-
ted29 by the electron is

Pc ¼ erad mec
2xlc

2
ea

2
0ceðc2e � 1Þ1=2 � erad mec

2xla
2
0c

2
e : (8)

The maximum electron energy acquisition rate is

Pacq ¼ mec
2xla0: (9)

Radiation effects dominate30 for

a0 > arad ¼ e
�1=3
rad : (10)

By requiring energy balance between Eqs. (8) and (9), then the condi-
tion a0 ¼ arad corresponds to an intensity of

IR ¼ 3

2

� �2=3
m8=3

e c5x
4=3
l

2pðe= ffiffiffiffiffiffiffiffiffi

4pe0
p Þ10=3

� 2:64� 1023
1lm

kl

� �4=3

Wcm�2:

(11)

When the energy of the emitted c-photon energy is comparable

to the electron energy, then �hxc � cemec
2 and QED effects become

important. The energy of photons emitted by an electron circulating

with frequency xl is �hxc � �hxlc
3
e .
19 Therefore, ce ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mec2=ð�hxlÞ
p

� 642
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kl=ð1lmÞ
p

. For laser intensities greater than 1023 Wcm�2,

the electron energy scales as mec
2ða0=eradÞ1=4. As a result,28,30 in the

QED regime,

a0 ¼
2e2=ð4pe0Þmec

3�hxl
¼ 2

3
a

� �2

e�1
rad: (12)

The corresponding electric field is

E0 ¼
2m2

e c
2e=ð4pe0Þ
3�h2

¼ 2

3
aES; (13)

where a ¼ e2=ð4pe0�hcÞ � 1=137 is the fine structure constant. This
field, corresponds to a laser intensity of�1:1� 1025 Wcm�2.

III. IMPLEMENTATION OF MONTE-CARLO METHOD
FOR QED PIC CODES

c-photon emission and e�eþ pair generation can be described by
the Monte Carlo method,31,32 thus capturing the statistical nature of
these processes. While there are several ways to implement such a
Monte Carlo algorithm, a computationally efficient method makes use
of the cumulative probability of emission. The EPOCH QED
module33–35 is an example of this method. For a given particle, a ran-
dom positive number less than or equal to unity is set to the cumula-
tive probability at which emission will occur, PðtÞ ¼ 1� exp ð�semÞ.
Here, sem is the optical depth at which emission occurs and the previ-
ous equation is then inverted to yield the value of sem at which the par-
ticle will emit. For each particle the optical depth is updated according
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to sðtÞ ¼
Ð

RðtÞ dt, where R(t) is the rate of the emission process.
Emission occurs when s ¼ sem.

The required rates of c-photon emission and e�eþ pair genera-
tion are given by assuming that the electric and magnetic fields are
locally constant and crossed; for discussion on the validity of this
approach see, e.g., Refs. 10 and 36–40. When backreaction on the
background field is ignored the emitted photon momentum is bal-
anced by the recoil of the emitting electron (or positron). When a
c-photon generates an e�eþ pair, its energy is shared between the elec-
tron and positron.

In a PIC code,41–43 many real particles are represented by a single
macroparticle in order that the computational cost of simulating the
particles is not prohibitive. The momentum and position of each mac-
roparticle is obtained by integration of the relativistic Lorentz equa-
tion. Subsequently, the charge and current values are obtained by
interpolating the macroparticle positions and velocities onto a compu-
tational grid. These current and charge densities are then used to
update the electric and magnetic field values in each cell via a discreti-
zation of Maxwell’s equations. These updated fields are then used to
update the momentum and position of the macroparticles in the next
time step and so on in a computational loop.

The Monte Carlo approach to simulating c-photon emission and
e�eþ pair generation lends itself naturally to inclusion in a PIC code.
In the resulting QED-PIC approach the electromagnetic fields are split
into low (e.g., laser field) and high frequency (c-ray) components.35

The low frequency component is determined by solving Maxwell’s
equations in the usual way. The high frequency c-ray component is
discretized as macroparticles which propagate ballistically. The emis-
sion of these c-ray macroparticles, by electrons and positrons (nonlin-
ear inverse Compton scattering), as well as their subsequent
generation of electron positron pairs (nonlinear Breit–Wheeler
process), follows the Monte Carlo method outlined above.33,44

More recently, this method has also been used to describe
Bremsstrahlung45–47 and Bethe–Heitler pair production.46,48

In addition to the Monte Carlo approach, a semi-classical model
for c-ray emission by nonlinear inverse Compton scattering has been
included in some PIC codes.35,44,49,50 Here, the electrons and positrons
radiate continuously but the radiated intensity I is reduced by the
Gaunt factor GðveÞ ¼ I=Icl (where Icl is the intensity radiated in a clas-
sical model).35 A semiclassical model accurately captures the evolution
of averaged quantities such as at the average energy loss, but it is less
accurate than the Monte Carlo approach in describing quantities influ-
enced by the stochasticity35,51 of the QED processes. It can be useful,
however, as a comparison to the Monte Carlo model to reveal the
effects of quantum stochasticity, and in the development of theoretical
models, where the inclusion of deterministic radiation is far more
straightforward.52,53

IV. PARTICLE-IN-CELL c-PHOTONS

During laser–matter interaction experiments at intensity levels of
1016 Wcm�2, photon emission in the keV-range is reported54 via the
inverse Bremsstrahlung process, while by increasing the intensity to
1020 Wcm�2, the MeV-range is obtained.55 The following discussion
is based on QED PIC simulations of femtosecond-class lasers focused
to a micrometer scale focal spot interacting with matter, except where
it is otherwise stated. The simulations are either one-dimensional
or two-dimensional, except where 3D simulations are specified.

These results, based on the interaction of ultra-intense lasers with ever
more innovative targets, illustrate the continuously evolving effort to
enhance the conversion efficiency of the laser energy into c-photon
energy, jc.

A. Foil targets

A 1022 Wcm�2 intensity laser emits 0:2% of its energy as high
energy photons56 when interacting with a 3lm thick copper slab pro-
ceeded by an exponential preplasma. The preplasma gradient strongly
affects the laser absorption efficiency. First, electrons are accelerated
by the E� B force. The reflected laser field results in the second elec-
tron population. The third population is due to compensation of the
E� B force by the longitudinal plasma field, where return currents
(electrons) further increase the emitted radiation. When increasing the
laser intensity by an order of magnitude, jc increases to 20%, fitted by
jc / I2 for the intensities used.

A similar setup57 uses an overcritical 10lm thick foil with an
added preplasma, interacting with a laser of a0 ¼ 150. The resulting c-
ray flash duration is comparable to that of the laser pulse. Existence of
an optimal preplasma scale length is found, with a long preplasma
being less prone to laser backreflection. A jc � 32% is estimated,
attributed to self-focusing of the laser which leads to enhancement of
the field and consequent high laser depletion. Moreover, the emitted
radiation occurs in two symmetric lobes.

When a 4� 1023 Wcm�2 intensity laser interacts with a 1 lm
thick aluminum foil,33,34 the laser pressure bores a cavity into the foil,
where both c-photons and e�eþ pairs are created. A preplasma is
found to enhance the c-photon yield. The simulations result in
jc � 10% for a 12:5 PW laser and jc � 40% for a 320 PW laser.
Optimization of c-photon yield relies on a preplasma multiparametric
study,58 where the variables include the laser power, pulse duration,
focal spot, target thickness, and preplasma exponent factors. The opti-
mal c-flash generation occurs when the laser undergoes self-focusing
in the preplasma. When the laser propagates within low density, the
generated c-photons are emitted backwards from electrons counter-
propagating relative to the laser. This tendency reverses at denser pre-
plasma regions. 3D simulations report jc � 20% for the 10 PW case.

The importance of the proper electron density and foil thickness
choice on optimizing c-photon generation59 is illustrated by the inter-
action of a 1022 Wcm�2 intensity laser with a foil having an electron
density of either 1:87� 1022 cm�3 (relativistically transparent, under-
critical) or 1:1� 1023 cm�3 (opaque, overcritical). For the undercriti-
cal target case, c-photon production is associated with energetic
electrons counter-propagating with the laser. The spatial distribution
of the radiated power reveals periodic modulations attributed to rela-
tivistic Doppler effects, resulting in c-ray bursts toward the target
front. The c-photon yield diminishes for foils thinner than 1lm due
to rapid target expansion. For overcritical targets, c-photon generation
occurs in regions defined by the expanding preplasma and/or the skin-
depth layer. For a relatively thick foil, c-photon emission occurs
mainly at a broad angle with respect to the laser axis, in the forward
direction, as a result of back-directed electrons to the target. For foils
thinner than 1lm, a maximal emission angle occurs at both the for-
ward and backward directions, attributed to recirculating electrons.

For a comparable (to Ref. 59) simulation setup,60 at a fixed den-
sity of 3:18� 1023 cm�3, but with various intensity values covering
the range of 3� 1021 � 1023 Wcm�2, the double-lobe pattern is
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reaffirmed. The lobes are maximized at �30�, with the exact value
depending on the target thickness.60 For targets thicker than 2lm, the
c-photon angular distribution saturates. A theoretical model60 esti-
mates the c-photon emission angle by assuming that the incoming
and reflected parts of the laser pulse form a planar standing wave.
Within the intensity range examined, the c-photon spectrum tempera-
ture increases linearly to the laser intensity.

The double-lobe c-photon distribution is also observed61 on sim-
ulations of a of 5:4� 1023 Wcm�2 intensity laser interacting with a
relativistically undercritical target. The laser penetrates the target
forming a cavity. A periodic electron distribution is formed on the
laser axis, dragging protons and forming quasineutral bunches. The
radiation reaction force reaches values comparable to the ponderomo-
tive force that classically expels electrons from the cavity region, and
electrons are trapped in the laser field region. The sequential recoil of
those trapped electrons results in c-photons emitted at two directions
(15� � 30� and 330� � 345�), with jc � 35%.

The c-photon emission angle has also been investigated through
the transition62,63 from the Light-Sail (thin targets) to the Hole-Boring
(thick targets) regime, where a 2� 1023 Wcm�2 intensity laser inter-
acts with an aluminum target, varying in thickness from 50 to 400 nm.
The Hole-Boring regime allows strong electron return currents result-
ing in c-photon emission. Due to strong charge separation fields, the
longitudinal electron momentum acquires large values, decreasing the
c-photon emission angle.

B. Structured targets

In the relativistically transparent regime, at non-optimal plasma
densities, the laser deviates from its propagation axis and the emitted
c-photons are non-directional. To overcome this issue,64 an undercrit-
ical channel is added to an overcritical target that interacts with a
5� 1022 Wcm�2 intensity laser. A slowly varying magnetic field
appears within the channel. Due to self-generation of the magnetic
field, electrons moving within the channel feel an enhanced accelerat-
ing force, increasing the c-photon yield. The laser–target interaction
under this scheme demonstrates jc � 15%. The emission occurs near
the channel walls, at the electron trajectory turning points. Therefore,
c-photon emission occurs at c-ray bursts of period same as that of the
laser. 3D simulations verified the two-lobed c-photon emission pat-
tern, although jc dropped to 3:5%.

In the channel targets, by increasing the laser power the deviation
of the lobes from the laser axis decreases.65 For a 4 PW laser
jc � 1:5%. The number of c-photons is proportional to P2 for
P < 4 PW, and proportional to P for P > 4 PW. A model finding
optimal conditions for c-photon emission by channel targets has been
constructed,66 where the number of c-photons scales proportionally to
the laser energy, and jc / a30. If the cylindrical target is combined
with Poincar�e beams,67 emission of collimated c-photons is expected.

In a diametrically opposite target design,68 irradiation of a 3D
long thin wire by a 2:5� 1022 Wcm�2 intensity laser is proposed for
efficient c-photon generation. The findings suggest jc � 10%. The
rectangular aluminum wire has an 0:6 lm edge. The laser–wire inter-
action initiated before the laser reached the focal spot, to gradually
accelerate electrons along the wire direction with their divergence
reduced, resulting in the existence of a collimated electron population
at the time when the pulse reaches its highest intensity on the focal

spot. The resulting c-photons are highly collimated, with a maximum
energy of 500MeV.

A hybrid scheme69 for c-photon emission, as a first stage, employs
a channel filled with a low plasma density. The density has a trans-
versely paraboloidal profile and so propagation of the laser in the chan-
nel results in a collimated high energy, high density electron beam. The
second stage employs a higher density plasma region, attached to the
low density plasma channel. In the vicinity of the electron beam, strong
electrostatic fields are formed, corresponding to ve � 0:1. The high ve
value of the directional electron beam results in a collimated c-photon
beam, where for a 10 PW laser a jc � 16% is reported.

A 3D scheme based on reflection of a circularly polarized laser70

of 1:4� 1022 Wcm�2 intensity employs a cylindrical micro-channel
target attached to a square foil consisting of eight triangular segments
(height difference of 0:25pkl) joined in the center of the square. The
triangular segments result in a phase difference of the reflected pulse
and transformation of the beam to a Laguerre–Gaussian beam. Prior
to reflection, electrons are dragged out from the micro-channel walls
and accelerated by the longitudinal field formed in the channel, where
the micro-channel acts as an optical waveguide. Interaction of the
accelerated electrons with the reflected (to the square foil) pulse results
in a collimated c-photon beam with a jc � 1:2%.

Micro-fabrication of a conical structure attached to a foil target is
proposed,71 interacting with a 2� 1022 Wcm�2 laser. The c-photon
production from both Bremsstrahlung and Compton scattering is con-
sidered, where their contribution is compared by employing both alu-
minum and gold targets. For gold targets Bremsstrahlung produces
more c-photons than Compton scattering. On the other hand,
Compton scattering contribution dominates for aluminum targets.
The cone target benefits c-photon emission due to the magnetic and
electrostatic fields generated within the cone, resulting in enhanced
hot electron channeling.

The double-layer target concept is examined for c-photon emis-
sion,72 during the target interaction with a 3� 1023 Wcm�2 intensity
laser. The front target layer consists of a 22lm thick hydrogen plasma
of 4:5� 1021 cm�3 electron density, followed by a 1lm thick gold foil.
While the laser propagates into the hydrogen region it traps electrons,
accelerating them to relativistic energies along the laser axis. Part of the
laser is reflected by the gold foil and Doppler-shifted, forming attosec-
ond pulses. Furthermore, deformation of the gold surface acts as a con-
cave mirror. The reflected field, when interacting with the hot electrons
propagating toward the laser axis, results in collimated c-photon emis-
sion. For the 3D simulation case, jc � 1:4% is obtained.

A structured target73 for enhancing jc consists of four symmetric
carbon microwires attached on an aluminum foil, acting as a reflector
to the laser pulse. In that study, optimal 3D PIC simulations use
microwires of 12lm length, 1lm diameter, and 3:5 lm spacing.
The simulations employ a 50 PW laser, at an intensity of
8� 1023 Wcm�2. As the laser propagates between the wires it expels
electrons, that are then accelerated along the laser propagation direc-
tion at cutoff energies of 1:5GeV. By that time, c-photon emission is
low, attributed to the transversely oscillating electron motion. When
the laser pulse is reflected by the aluminum foil, jc � 27% is rapidly
reached. The simulations reaffirm the appearance of the typical
double-lobe structure of the emitted c-photons.

A flat foil irradiated by a low amplitude field (several orders of
magnitude lower than the main laser pulse) is proposed for enhancing
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c-photon emission.75 The foil irradiation can be attributed either to
the laser amplified spontaneous emission or to a secondary low power
laser. Magneto-hydrodynamic simulations demonstrate that if for a
specific target material the appropriate secondary field is chosen, then
a controllable conical-like cavity is tailored on the target.74 In addition
to cavitation of the target, an exponential-like preplasma distribution
is formed on the target front region. The resulting density distribu-
tions, as shown in Fig. 1, are used as initial conditions in 3D PIC simu-
lations. The simulations are performed at several power levels, at the
range of 1� 10 PW. The proposed scheme benefits from the combi-
nation of isolated aspects previously studied, as near-critical density
targets,64 conical targets,71 and preplasma effects.58

The tailored conical-like cavity is of diameter comparable to the
focal spot diameter. As a result, most of the laser field is confined
within the cavity, increasing its intensity by an order of magnitude.
Although for a 10 PW laser, an intensity of 2:8� 1023 Wcm�2 is
expected on focus, intensities of 2:6� 1024 Wcm�2 are recorded in
the simulations, reaching the regime of prolific c-photon generation
by already existing lasers. Moreover, reflection of the incident laser by
the cavity walls results in the appearance of a strong longitudinal elec-
tric field component, that assists further cavitation of the foil, as seen
in Fig. 2, allowing existence of ultraintense fields for an extended time.
The extreme intensities reached fall in the relativistically transparent
regime for lithium. As a result, the laser field penetrates deep into the
target, depleting almost all of its energy. For the 10 PW case, a
jc � 30% is reported for a lithium tailored target, decreasing to
jc � 19% for a flat foil target. This is reflected on the c-photon energy

spectra, as shown in Fig. 3. The figure compares the cases for tailored
targets (solid lines) vs foil targets (dashed lines) for laser powers of
1; 5, and 10 PW. In all power levels examined, the tailored targets
result in significantly enhanced c-photon energy spectra compared to
the foil targets. For the 10 PW case, usage of tailored targets increased
the c-photon temperature from 45MeV (for foil) to 60MeV. In both
cases, the emitted c-photons are in the GeV-level. Moreover, if a mate-
rial denser than lithium is used then jc decreases since the laser–target
interaction moves out of the relativistically transparent regime.

The double-lobe c-photon emission pattern is verified, with
emphasis given on both the spatial and temporal structure of the c-
flash. The c-photon emission angle is found to be maximized at angles
within the range 37� � 55�. At all laser power levels the tailored targets
(compared to foil targets) give optimal emission angles closer to the
laser axis, while the emission angle decreases for increasing laser
power. Temporal analysis of the c-flash reveals a direct connection of
c-photon emission with the peaks of the laser field, as shown in Fig. 4.
Two symmetric emission patterns (with respect to the laser axis) are
observed at the two laser polarization hemi-planes, shifted by half
wavelength and being suppressed along the laser axis. This pattern is
explained by c-photon emission by electrons co-moving (at a certain

FIG. 1. Electron number density obtained by magneto-hydrodynamic simulations74

following irradiation of a lithium foil, used as initial conditions for PIC simulations.75

The yellow contour line is at the critical density and the white contour line is at the
lithium solid electron density. The orange saturated contour is overcritical for laser
intensities above 1023 Wcm�2. Reproduced with permission from Hadjisolomou
et al., Sci. Rep. 12, 17143 (2022).75 Copyright 2022 Springer Nature Group.

FIG. 2. Electron number density at (a) �5, (b) 15, and (c) 35 fs, where the orange
region is overcritical for field intensity below 1023 Wcm�2. (d) Overlay of three suc-
cessive electron number density distributions, with a time step of 20 fs. The first
layer is at �5 fs, when the main pulse is within the cavity. Reproduced with permis-
sion from Hadjisolomou et al., Sci. Rep. 12, 17143 (2022).75 Copyright 2022
Springer Nature Group.
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angle) with the laser pulse. When the electron momentum angle
approaches zero then c-photon emission is suppressed, forming the
double-lobe structure.

C. Multiple laser beams schemes

For the case of a plane electromagnetic wave, the parameter ve
that controls the c-photon emission (see Sec. IIA) is maximized for a

charged particle if its momentum is antiparallel to the wave propaga-
tion direction, and zero if it is parallel. This observation naturally
brought into the discussion the use of multiple colliding lasers to
achieve higher ve compared to single beam schemes where in the latter
case electrons and positrons are often primarily accelerated in the
direction of propagation of the laser.

The interaction of two antiparallel 12:5 PW power,
4� 1023 cm�2 intensity lasers with an aluminum foil is proposed.76

The dual-beam foil irradiation results in symmetric target compres-
sion, reducing the number of hot electrons escaping the target. The
dual-beam case corresponds to jc ¼ 20:2%, an increase in a factor of
three compared to the corresponding single-beam case. Overlapping
of the incident and reflected pulses results in standing waves, altering
ve. Moreover, symmetric compression shapes the foil to a concave
mirror, allowing higher reflected laser intensities. In addition, electrons
from either side of the foil crossover to the opposite side, counter-
propagating to the opposite laser. The aforementioned factors enhance
c-photon emission. A similar setup proposes an orthogonal set of
polarisations.52 The target consists of a 1lm thick, relativistically over-
critical foil. When QED effects are ignored, the two pulses eventually
bore through the foil. When QED effects are included, however, the
two pulses do not bore through the foil. This is attributed to enhanced
laser absorption resulting from radiation reaction.

3D simulations of two antiparallel linearly polarized lasers interact-
ing with a liquid hydrogen slab are compared at the levels of a0 ¼ 1000
and a0 ¼ 2000.77 This setup results in an enhancement of c-photon
emission, which is attributed to formation of standing waves by the
overlapping lasers. For a0 ¼ 1000 the c-photons are emitted mainly at
690�, while for a0 ¼ 2000, they are emitted at630� and6150�.

Combination of the 3D dual-beam scheme with structured tar-
gets is also considered.78 Each 3� 1022 Wcm�2 intensity laser is inci-
dent on a conical target filled with near critical plasma. The use of this
target geometry exhibits a laser intensification of approximately ten
times. The laser propagating in the near critical plasma enters the radi-
ation trapping regime.61 As the damping force equals the Lorentz force
then electrons pileup on the laser axis. The result of electron bunching
is the induction of a poloidal self-generated magnetic field that keeps
electrons on axis. This electron population propagates along with the
laser pulse in an oscillatory motion emitting c-photons. When the two
pulses collide with the opposite electron population, further c-photon
emission occurs.

Collision of two counter-propagating circularly polarized pulses
of same spatial profile but different temporal profile, propagating in a
near-critical plasma, is also investigated.79 The 3D scheme reports
jc � 8% at an intensity of 2� 1022 Wcm�2.

The dual-beam scheme is extended in a quadruple-beam
scheme.80 The optimal polarization configuration (of the linearly
polarized lasers) for c-photon emission corresponds to the counter-
propagating laser pulses being of the same polarization but polarized
orthogonally to the other two laser pulses. Each laser has a spot size
significantly larger than the 0:3 lm wide target used. The parameter a0
ranges from 500 to 2000. For a0 > 800 the c-photon emission growth
rate is lower than predicted,77 indicating disruption of the standing
waves.81,82 For 1024 cm�2 intensity, jc � 50%, which is attributed to
the high c-photon emission growth rate of the configuration. Most of
the c-photon energy is radiated in a cross-like pattern. This laser con-
figuration has been also considered for an order of magnitude lower

FIG. 3. Radiant intensity of c-photons with respect to the polarization plane, as a
function of time-of-flight difference. Reproduced with permission from Hadjisolomou
et al., Sci. Rep. 12, 17143 (2022).75 Copyright 2022 Springer Nature Group.

FIG. 4. c-photon energy spectra resulting from the interaction of PW-class (power
noted on the figure legend) laser with a lithium target. The cases of tailored targets
(solid lines) are compared with those for foil targets (dashed lines). Reproduced
with permission from Hadjisolomou et al., Sci. Rep. 12, 17143 (2022).75 Copyright
2022 Springer Nature Group.

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 30, 093103 (2023); doi: 10.1063/5.0158264 30, 093103-6

VC Author(s) 2023

 1
3
 F

e
b
ru

a
ry

 2
0
2
6
 1

0
:5

5
:5

3

pubs.aip.org/aip/php


intensities and a significantly larger target,83 where for a a0 ¼ 325 laser
a jc � 53:7% is reported.

Interaction of two 3D elliptically polarized lasers with two
0:32 lm thick diamond-like foils is proposed.84 Although circularly
polarized beams benefit the radiation pressure acceleration mecha-
nism, elliptically polarized lasers reduce the transverse instabilities.
The two ellipse axis correspond to a0 values of 237 and 154. The
laser–foil interaction forms a conical-like structure in the foil before
the pulse peak amplitude interacts with the target. During that stage,
an electron population is dragged from the cavity walls and then inter-
acting with the reflected waves, but with a low c-photon yield due to
Doppler shifting of the reflected laser. Following the foil cavitation, the
target deforms, lowering its density along the laser axis. If the spacing
of the foils is suitably chosen, the time the two pulses penetrate the
foils coincides with the time the two foil front surfaces collide. Hot
electrons crossover to the opposite pulse region, resulting in high ve
values, enhancing c-photon emission by a factor of four compared to
the single-foil interaction under the same conditions.

An alternative to double-foils is the convex target,85 interacting
with a 4� 1023 cm�2 intensity laser. The targets consist of 2lm thick
aluminum. The two foils have a separation distance of 2 lm, the same
as that of the convex targets in the center. The results indicate an 11%
c-photon emission enhancement for the convex targets case, reaching
jc � 13:2%.

Counter-propagating laser beams can pose a risk of optical dam-
age to the opposed laser beam. However, this issue can be suppressed
by using a series of Faraday isolators. Alternatively, a setup of three
beams (or any geometry where two laser beams do not lie on the same
propagation axis) can be used.

D. The k3 scheme—An alternative to multi-beam

configurations

The usage of multi-beam configurations significantly enhances c-
photon emission from the interaction of intense lasers with matter.
The 4p-spherical focusing scheme can be regarded as an extreme case
of either multiple laser beam focusing or tight focusing scheme.87

Focusing a large number of single-cycle pulses to a single spot mimics
the k3 regime,88 that provides the highest possible laser intensity for
the least energy, at a given power. The utility of the k3 regime for
studying QED effects during the interaction of an ultraintense laser
with a target has recently been demonstrated86,89 in a 3D multipara-
metric study, where a sample case of the k3 laser fields used are shown
in Fig. 5. The varying parameters include the laser polarization, target
thickness, target electron density and laser power.

The simulations suggest substantial enhancement in the emission
of c-photons, compared to multi-beam (	 4) schemes. At a laser
intensity of 1025 cm�2, corresponding to a0 � 2700 and reached by an
80 PW laser, optimal conditions for c-photon emission occur for a
radially polarized laser combined with a 2 lm thick titanium target.
Under these conditions, a jc � 47% is recorded, as shown in Fig. 6.
After parameter optimization, a linearly polarized laser gives
jc � 42% and an azimuthally polarized laser (magnetic field rotates
around the laser propagation axis) gives jc � 29%.

The high jc for radially polarized lasers is attributed to the domi-
nant longitudinal field component that increases the laser coupling to
the target.90 Although the intensity of a linearly polarized laser when
tightly focused is double that of a radially polarized laser, the former

has a smaller longitudinal electric field component.91 By definition, for
the azimuthally polarized laser no longitudinal electric field exists.
This field component drives the formation of a cavity in the foil. The
cavity is symmetric and has a conical-like form for the radially polar-
ized laser case. The case of linearly polarized laser corresponds to a
square-like cavity. The cavity formation is significantly delayed for the
azimuthally polarized laser case. In the case of the radially polarized
laser case, reflection, diffraction, and interference of the laser field in
the cavity results in a peak intensity of 8:8� 1025 Wcm�2.

For the radially polarized laser case, several distinct energetic
electron populations are identified. These groups are directed at
0�, 180�, and 60� and are characterized by the quarter-period.

FIG. 5. The k3 radially polarized laser fields. The black arrows correspond to the
electric field vectors, over-plotted on a contour of the magnetic field. Reproduced
with permission from Hadjisolomou et al., J. Plasma Phys., 88, 905880104
(2022).86 Copyright 2022 Cambridge University Press.

FIG. 6. jc as a function of the target thickness and electron density.89 The black
dashed line follows the relation between target thickness and electron density for
optimal laser coupling to the target.90 Reproduced with permission from
Hadjisolomou et al., Phys. Rev. E 104, 015203 (2021).89 Copyright 2021 American
Physical Society.
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The emission of high energy c-photons is identified along the same
directions, during the same time instances. The radially polarized laser
case exhibits an extremely collimated c-photon population along the
laser axis, a secondary population on the opposite direction and a third
but minor population at 60�, as seen in Fig. 7. For the linearly polar-
ized laser case, a double-lobe structure is observed. For the azimuthally
polarized laser case, the c-photon emission is more isotropic.

The c-photons propagate ballistically within an expanding spher-
ical shell. By calculating the c-photon standard deviation, it is esti-
mated that the radially, linearly and azimuthally polarized lasers
correspond to c-flashes of 31; 28, and 13 PW, respectively. Variation
on the laser power reveals that jc follows a saturating function. By
decreasing the target density, the threshold for observing c-photon
emission shifts to lower power values.

Various schemes for enhancing c-photon yield presented in Sec.
IV are summarized in Table I and Fig. 8.

V. RADIOACTIVE NUCLEI AND ELECTRON–POSITRON
PAIR PRODUCTION BY IRRADIATING HIGH-Z TARGET
WITH c-PHOTONS

FLUKA92,93 Monte Carlo simulations are suitable to examine
the effect of c-photons, electrons, positrons and ions interacting
with a High-Z target.17 The Monte Carlo simulations import as pri-
mary particles the PIC output (position, momentum, and weight)
macroparticles [c-photons, electrons, positrons, titanium ions (Tiþ)]
corresponding to the optimal jc case

89 described in Sec. IVD. The
number of primary c-photons approximately equals that of elec-
trons, with Tiþ and positrons being one and two orders of magni-
tude less, respectively. All PIC macroparticles apart from positrons
are collimated along the laser axis due to the radially polarized laser
used.

A 100mm diameter lead (207:19Pb) cylindrical target is placed
1mm away from the focal spot. Lead, due to its high Z-number, bene-
fits from high cross-section for e�eþ pair generation and for the giant
dipole resonance (GDR). The target thickness varies from 1 to
100mm. The energy deposited by the primary particles saturates for a
100mm thick target.

When c-photons collide with the target the ratio of the number
of the emitted electrons to positrons is approximately unity, attributed

to e�eþ pair generation. Positron generation is optimal for a 5mm
thick target, with the number of available positrons increased by a fac-
tor of 16 compared to the primary positrons. Target irradiation by the
directional primary particles is reflected in the generation of collimated
positrons.

Neutrons are produced via photonuclear reactions. The interac-
tions are either direct (by initial c-photons) or indirect (by
Bremsstrahlung secondary c-photons). For lead, photonuclear interac-
tions cross-section peaks at 13MeV. High neutron fluxes are required
for neutron diffraction,94 neutron resonance spectroscopy95,96 and
nuclear waste management.97

In the 100mm thick target, residual nuclides are produced via
photonuclear reactions, as seen in Fig. 9. The produced 203Pb decays
via electron capture to 203Tl, with a half-life of 52 h. Since no hadron is
involved in the decay, 203Pb suits medical imaging.98 Similarly, the
produced 201Tl decays via electron capture to 201Hg, also suitable for
medical imaging.99

VI. ALL-OPTICAL NONLINEAR BREIT–WHEELER PAIR
PRODUCTION

An important future application of high-energy c-photons gener-
ated with multi-PW laser systems is the study of photon–photon inter-
actions in quantum electrodynamics (see the recent review Fedotov
et al.100). In particular, nonlinear Breit–Wheeler pair production7,11–13

requires large numbers of high-energy c-photons to overcome the pair
creation energy threshold and provide a sufficient signal to enable
experimental observation.

The increase in both the conversion efficiency and maximum
photon energy of the c-ray flash with structured targets was recently
exploited101 to provide a simple all-optical setup for experimentally
studying nonlinear Breit–Wheeler pair production at current and
next generation high-power laser facilities. The proposed setup con-
sisted of two stages, shown schematically in Fig. 10(a). First, a lith-
ium target is irradiated with a combination of a nanosecond-
duration prepulse and a high-intensity main laser pulse. The
nanosecond-duration prepulse generates a conical channel in the
lithium target which leads to an intensity enhancement of the main
pulse, subsequently resulting in increase in the total yield and energy
of c-photons produced, as described above in Sec. IV B. Second, the

FIG. 7. c-photon radiant intensity for (a) a RP laser and (b) a LP laser. Reproduced with permission from Hadjisolomou et al., J. Plasma Phys. 88, 905880104 (2022).86

Copyright 2022 Cambridge University Press.
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produced c-photons collide with a secondary counter-propagating
high-intensity laser pulse to produce e�eþ pairs via the nonlinear
Breit–Wheeler process.

Synchronization between the two stages can be achieved by
splitting the total available laser pulse energy Etotal into two beams,
one to drive the c-photon production with pulse energy Eflash and
one to generate e�eþ pairs via the nonlinear Breit–Wheeler process
with pulse energy Epairs. Three different cases for the total available
laser energy were considered, Etotal ¼ ð170; 510; 1700Þ J, which for a
pulse duration of 17 fs corresponds to a power of ð10; 30; 100Þ PW,
respectively.

Figure 10(b) shows the total number of e�eþ pairs expected per
shot for each Etotal as a function of the distance, d, from the photon
point source at the lithium target rear surface to the focus of the sec-
ondary laser pulse. In each case, the ratio D ¼ Eflash=Epairs, gives the
relative splitting of the total available pulse energy into the two stages
of the setup, where the optimal number of e�eþ pairs occurs for the
case D¼ 1. The total number of e�eþ pairs with a propagation dis-
tance d ¼ 10 cm was shown to offer comparable numbers of pairs per
shot to alternative schemes based on Bremsstrahlung photon genera-
tion (see, e.g., Ref. 102).

TABLE I. Comparison of the several schemes described in this work, proposed for enhanced yield of c-photon emission.

Reference Dimensions Setup Number of laser pulses Power (PW) jc (%)

Nakamura et al.57 2D Preplasma and foil target 1 1–10 3–32

Ridgers et al.34 2D Preplasma and foil target 1 1.3–30 10–40

Lezhnin et al.58 2D Preplasma and foil target 1 1–40 10.2–38

Lezhnin et al.58 3D Preplasma and foil target 1 10 20

Vyskocil et al.60 2D Preplasma and foil target 1 0.8–8 0.05–5.3

Ji et al.61 3D Undercritical target 1 0.8–150 0.1–27

Luo et al.76 2D Foil target 1 12 7

Stark et al.64 2D Channeled target 1 5 15

Stark et al.64 3D Channeled target 1 5 3.5

Wang et al.65 3D Channeled target 1 1–10 1.2–3.8

Younis et al.67 3D Channeled target 1 4 14

Wang et al.68 3D Wire target 1 0.5–5 1.7–13

Zhu et al. 69 3D Preplasma plus foil target 1 1–6 2.7–16

Zhang et al.70 3D Channeled target plus structured foil target 1 0.4–3 0.03–2.6

Gu et al.72 3D Preplasma and foil target 1 25 1.5

Zhang et al.73 3D Wire array plus foil target 1 20–60 12–40

Hadjisolomou et al.75 3D Preplasma and foil 1 1–10 4.3–30

Luo et al.76 2D Colliding pulses and foil target 2 25 20

Zhu et al.78 3D Colliding pulses and conical target 2 3–150 6.4–37

Zhu et al.79 3D Colliding pulses and nearcritical target 2 4.5–40 1.4–7

Vranic et al.80 2D Colliding pulses and cluster target 4 20–350 3–76

Gong et al.83 2D Colliding pulses and circular target 4 1.5–15 16–54

Li et al.84 3D Colliding pulses and foil target 2 50 5.5

Yasen et al.85 2D Convex target 2 3 13

Hadjisolomou et al.86 3D k3-scheme 1 1–300 2.8–55

FIG. 8. jc as a function of laser power, with data extracted from the references
cited in this paper as shown in the figure legend. The correspondence for hollow tri-
angles is for 2D single laser simulations, solid triangles is for 3D single laser simu-
lations, hollow circles is for 2D multiple lasers simulations and solid circles is for 3D
multiple lasers simulations.
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VII. SUMMARY AND CONCLUSIONS

The discussion of QED effects in laser–matter interactions occupies
a large volume of the laser plasma physics literature.19,26,31,100,103–105 The
proportion of the literature devoted on computational description of
those effects increases alongside available computational power. In this
article, we present recent results of the QED PIC literature.

We distinguish interactions of ultra-intense lasers with targets,
both in the context of targets with preplasma and structured targets,

both exhibiting a prolific c-photon emission. Often, the suggested tar-
gets increase c-photon emission by increasing the laser intensity, as for
example by near-critical, conical, or tailored targets.

Emission of c-photons is suppressed if the emitting electron
moves in the same direction as the laser. As a result, multi-beam setups
are suggested, demonstrating significant enhancement of c-photon
emission. An alternative to the multi-beam setup is the tight focusing
scheme. This scheme, generalized in the k3 regime, demonstrates jc
values only comparable to that of four-beam (or higher) configurations.

The results of the k3 QED PIC simulations combined with
Monte Carlo simulations illustrate a drastic effect of the primary
laser–target interaction on high-Z materials, with significant increase
in the generated positron number by the Bethe–Heitler process and
strong activation of the high-Z material mainly due to photonuclear
reactions. Moreover, one can harness the c-ray flash properties to
demonstrate the Breit–Wheeler pair production process based in an
all-optical setup.
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