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EXECUTIVE SUMMARY

The emission of multi-MeV (gamma ray) photons from the interaction of a high-powered laser with
a tailored plasma target is studied using particle-in-cell simulations. The plasma and pulse characteristics
that produce a bright γ-flare are described, and results from two state-of-the-art codes are presented. The
maximum laser-to-gamma energy conversion efficiency obtained is 30%, which is consistent with published
results. The mechanism responsible for such high-energy photons is also discussed.
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SIMULATION CASE STUDY OF GAMMA-RAY PRODUCTION FROM LASER-SOLID
INTERACTIONS AT ULTRARELATIVISTIC INTENSITY

1. INTRODUCTION

In the coming years, the development of high-powered laser technology will reach the multi-petawatt
scale with peak intensities approaching 1024 W/cm2. At laboratories such as the Extreme Light Infrastruc-
ture (ELI) facilities in Europe, and the University of Rochester’s Laboratory for Laser Energetics (LLE)
in the United States, major developmental projects to reach the multi-petawatt regime are under way. In
particular, Rochester’s LLE plans to upgrade their existing OMEGA EP laser system by the year 2025.
OMEGA EP will be used to pump an ultra-intense optical parametric chirped-pulse amplification (OPCPA)
system called EP OPAL, which is expected to produce 15 fs pulses with 3 kJ of energy, corresponding to
a peak power of 200 PW and focused intensities of ∼1024 W/cm2 [1, 2] . Such ultra high-intensity lasers
will enable the investigation of novel areas of physics, such as vacuum nonlinear optics [3] and quantum
electrodynamics (QED) plasma physics [4]. Additional technological applications include table-top particle
accelerators, advanced isotope sources, and ultra-fast imaging systems. It is truly an exciting era for research
in laser-matter interaction and high-energy-density physics.

In this report, we focus on laser-plasma interaction and its ability to produce energetic photons. The
processes responsible for high-energy photon emission are bremsstrahlung due to electron-ion scattering
[5], magneto-bremsstrahlung induced by a high plasma current [6, 7], and, in the intensity regime where
radiation reaction effects become dominant (I � 1023 W/cm2), nonlinear Compton scattering from direct
interaction between electrons and the strong electromagnetic field [8]. The typical energy of these outgoing
photons is on the hundred-MeV scale, which lies in the γ range. Further interaction of the emitted γ-rays
with background laser photons, or the electrostatic field of a high-Z nucleus, can result in electron-positron
pair creation via the Breit-Wheeler or Bethe-Heitler process, respectively [9–11]. If the efficiency of this
process can be increased, a QED-plasma of electrons and positrons will form. Thus, efficient conversion
of the incident pulse energy into γ-rays is desirable in order to produce this unique state of matter in a
laboratory setting.

Below, we present our results from two-dimensional particle-in-cell (PIC) simulations in order to under-
stand the process of γ-ray emission via nonlinear Compton scattering. This work constitutes a preliminary
investigation for upcoming three-dimensional simulations. As will be discussed, there are multiple plasma
and pulse characteristics which must be taken into consideration when optimizing the γ-ray conversion ef-
ficiency. A systematic study of these key parameters is presented along with results which illustrate the
dependence of the total γ energy. Since empirical data is not available yet, we employ two different PIC
codes, OSIRIS [12] and EPOCH [13], to study this phenomenon. Although the two codes employ dif-
ferent Monte-Carlo emission algorithms, they are in agreement with regards to the conversion efficiency
magnitude.

Manuscript approved Month 00, 2020.
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2 A. H. Younis

The rest of this report is organized as follows. In Section 2, we review the theory underlying nonlinear
Compton scattering and other processes of interest. In Section 3, we outline the basics of particle-in-cell
codes and discuss the manner in which OSIRIS and EPOCH handle QED calculations. In Section 4, simu-
lation results are presented, and in Section 5 we summarize our work and outline future directions.

2. THEORY

2.1 Photon Emission

For an electron irradiated by an intense electromagnetic wave, the mechanism responsible for γ-ray
emission is nonlinear Compton scattering. This process occurs when the relativistically-invariant parameter

a0 = e
�
−AµAµ/mc2 (1)

is significantly greater than unity, where e and m are the electron charge magnitude and mass, c is the speed
of light, and Aµ is the 4-vector potential of the laser field. An electron at rest encountering a pulse with
a0 � 1 will be ponderomotively accelerated to relativistic energy E = γmc2 in a single laser cycle, where
γ =

�
1+(�p/mc)2 is the Lorentz factor associated with electron momentum �p. Moreover, a0 gives the

energy absorbed by the electron ΔE = eE0λc in one Compton wavelength (λc = h/mc � 2.43× 10−12 m)
in units of the laser photon energy h̄ω , where E0 is the field amplitude of frequency ω . The probability of
emission also depends on the quantum parameter

η =
eh̄

m3c4 |Fµν pν |≡ Erf

Es
(2)

in which pν = (E /c,�p) is the electron 4-momentum, Fµν = ∂µAν −∂νAµ is the electromagnetic field tensor,
Erf ∼ γE ∼ a0E is the field in the electron rest frame, and Es = m2c3/h̄e � 1.32×1018 V/m is the Schwinger
critical field.

Nonlinear Compton scattering occurs when the electron absorbs nω laser photons and emits a single
high-energy photon ωγ , i.e.,

e−+nω → e−+ωγ .

This process is illustrated in Fig. 1. The electron enters the field with 4-momentum pµ and interacts with
laser photons all of the same wave vector kµ . It emits a single photon k�µ and departs with 4-momentum
p�µ . In cases where h̄ωγ/γmc2 � 1, radiation reaction effects are negligible and the behavior is described
in the classical regime of nonlinear Thomson scattering. In the limit h̄ωγ/γmc2 ∼ 1, the electron recoil may
not be neglected, and the process is referred to as nonlinear Compton scattering. In Fig. 2, the dependence
of the nonlinear Thomson scattering cross section σNTS on the normalized field amplitude a0 is shown. The
parameter εrad = 4πre/3λ gives the field amplitude above which radiation damping cannot be neglected:
a0 = ε−1/3

rad where re = e2/mc2 is the classical electron radius, and we use a wavelength of λ = 1 µm.
For the range of field amplitudes a0 � ε−1/3

rad , the scattering cross section increases as σNTS � σt(1+ a2
0)

where σt = 8πr2
e/3 � 6.65× 10−25 cm2 is the Thomson scattering cross section. It reaches a maximum

of σNTS � 0.53σt ε−2/3
rad at a0 = 1.1ε−1/3

rad � 450. For a0 � ε−1/3
rad , the cross section decreases according to
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Fig. 1—Feynman diagram for multiphoton
Compton scattering. Reprinted with permission
from Ref. [14]. Fig. 2—Nonlinear Thomson scattering cross

section versus field amplitude.

σNTS � σt/a0εrad, which is due to the fact that the maximum power re-emitted by the electron cannot exceed
P = eE0c. Consequently, the scattering cross section is maximized when the radiation reaction friction force
parameter a0ε1/3

rad satisfies: 1 � a0ε1/3
rad � 1.1. For more details, see Ref. [15] and sources contained therein.

In what follows, we will ignore the difference in terminology with Thomson scattering, in which quantum
effects are negligible, and refer to the process generally as nonlinear Compton scattering.

As the laser field in this process is extremely intense, a perturbative treatment is not appropriate. More-
over, an exact treatment would require one to sum over all n photons in Fig. 1, making the calculation
intractable from a theoretical sense. Instead, calculations are performed in the Furry picture of quantum
dynamics [16] in which the laser field is accounted for intrinsically by dressing the electron wavefunction.
The states are obtained as solutions to the Dirac equation with a plane wave vector potential term:1

�
γµ
�
i∂ µ − eAµ(φ)

�
−m

�
ψpppσ = 0 (3)

where γµ are the Dirac matrices, Aµ describes the background plane wave, which depends only on the phase
φ = kµxµ , and ψpppσ is the electron spinor wavefunction. Solutions to Eq. (3) were obtained in 1935, and are
the familiar Volkov states [17]:

ψpppσ (x) =
1√

2EV

�
1+

e✁k✓A
2(kp)

�
upppσ eiS (4)

where upppσ is the free-electron spinor and S is the classical action,

S =−(px)−
� φ

−∞
dφ �

�
e
[pA(φ �)]
(kp)

− e2A2(φ �)
2(kp)

�
(5)

1The following set of equations employ natural units, h̄ = c = 1.
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and we have employed Feynman slash notation ✁k ≡ γµkµ with (px) ≡ pµxµ . The generic scattering matrix
for arbitrary γ-ray and lepton states,

S f i =−ie
�

ψ̄ f (x)✓A(x)ψi(x)d4x (6)

where the initial and final bispinors ψi(x) and ψ̄ f (x) represent electrons, and Aµ is the 4-vector potential of
γ-rays generated by the nonlinear Compton process, can be expressed as:

S f i =−ie
�

ψ̄ppp�σ �γµψpppσ
√

4π
ε �µ

√
2ωV

eik�µ xµ
d4x (7)

which can be used to calculate the emission cross section of a photon with polarization ε �µ by an electron
with four-momenta pµ and p�µ before and after scattering, respectively [14].

Another method by which laser-plasma interaction can produce gamma ray photons is bremsstrahlung
radiation, which requires a dense medium inside of which the energetic electrons can scatter [5]. In a
recent experiment performed at the Texas Petawatt Laser (TPW) facility, a 150 fs laser pulse with a peak
intensity of I � 1021 W/cm2 was fired at solid Au targets several millimeters in thickness, producing a
laser-to-gamma energy conversion efficiency of 4% [18]. However, for next-generation multi-petawatt laser
systems, kinetic simulations indicate that a conversion efficiency in excess of 10% can be obtained. Two
explanations, supported by numerical results, for the enhanced γ-ray production rate exist. The first theory
is based on nonlinear Compton scattering and the interaction of an ultrashort 10 PW pulse with a tailored
hydrogen target [19]. The second theory is based on the laser-induced plasma magnetic field causing photon
emission via magnetic bremsstrahlung radiation [6, 7]. In the latter case, the target is a cylindrical channel
with an interior region that serves as an optical waveguide, delivering a well-directed photon beam with a
5◦ opening angle.

In this work, we investigate the γ-ray emission process in the radiation-reaction-dominated regime in-
volving nonlinear Compton scattering. We perform two-dimensional kinetic simulations using the con-
figuration of Ref. [19] and compare the results of two PIC codes, obtaining broad agreement in the energy
conversion efficiency magnitude. Calculations are performed to demonstrate that the induced plasma current
is too weak for magnetic bremsstrahlung to efficiently convert electron energy into γ-ray photons. However,
it must be noted that this result holds only for our particular target geometry, plasma profile characteristics,
and laser pulse properties.

2.2 Pair Creation

Breit-Wheeler pair production is a physical process in which an electron-positron pair is created from
the interaction of two photons,

γ γ � → e+ e−.

Due to the high energy required of the colliding photons, and the low interaction probability, the pure Breit-
Wheeler process has not been observed experimentally. However, the interaction between high-energy
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γ-rays and laser photons from upcoming multi-petawatt facilities will bring us closer to generating electron-
positron beams via the multiphoton Breit-Wheeler process. The multiphoton, or nonlinear, Breit-Wheeler
process is described by the interaction of a single γ-ray with nω coherent laser photons,

γ +nω → e+ e−.

It has been demonstrated experimentally, to low order, by the head-on collision of a 46.6 GeV electron
beam with terawatt pulses from an Nd:glass laser operating at a peak intensity of 1018 W/cm2 [20]. An-
other method which makes use of the multiphoton Breit-Wheeler mechanism involves generating an ultra-
relativistic electron beam via wakefield acceleration, then employing the bremsstrahlung γ-rays emitted
from the electron’s interaction with a high-Z target to create electron-positron pairs [21]. We briefly de-
scribe these pair-creation methods to highlight an important application of high-energy γ-rays. In what
follows, we will concentrate exclusively on the nonlinear Compton scattering process. For a treatment of
the theory of pair creation, refer to [10, 11, 22].

3. METHOD

In order to study how the interaction of a laser pulse with a plasma target can produce γ-rays, we
performed two-dimensional particle-in-cell simulations. PIC methods have a long history in the study of
laser-plasma interactions. See Refs. [23, 24] for an extensive review of the core algorithm.

3.1 Particle-in-Cell Algorithm

To summarize, PIC codes operate by tracking the motion of macro-particles, each of which represents
many physical particles through a weight quantity. The physical significance of the macro-particle is that
it characterizes real particles whose dynamical behavior in the plasma is approximately the same. Conse-
quently, the computational burden of tracking particles is reduced, and the task of numerically modeling
laser-plasma interactions becomes feasible. At each time-step of the simulation, the PIC algorithm proceeds
as follows. First, the relativistic Lorentz equation of motion is integrated to update the position and velocity
of each macro-particle. Then, the charge and current densities are interpolated onto the grid mesh. The fields
are computed on the mesh points, after which they are interpolated back to the macro-particle positions to
be used in the next cycle. The field mesh-interpolation stage is the most time-consuming part of the PIC
algorithm, so its accuracy and efficiency are critical, and a great deal of effort is spent on optimizing the
various schemes. Generally, particle-pushing schemes can be categorized as either implicit or explicit. The
former calculates particle velocities from already updated fields, while the latter depends only on previous
time-step information. Implicit solvers offer the advantage of being computationally stable at the expense
of longer computation time between steps, while explicit solvers are fast but unstable.

There are many more complexities when it comes to the design of a PIC code, such as the distribution of
particles in a cell, the algorithm to use for the pusher, how to handle inter-particle collisions, the inclusion
of separate routines to model physical effects, and so on. In this paper, we will discuss the particular cases
of (1) modeling nonlinear QED, (2) an algorithm to merge and reduce the number of macro-particles, and
(3) the implementation of a covariant propagation scheme.
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3.2 Quantum Electrodynamics Subroutines

The two PIC codes employed in this work, OSIRIS and EPOCH, have QED modules that are opera-
tionally different. To be more precise, the stochastic nature of photon emission necessitates a Monte-Carlo
algorithm, and it is this portion of the calculation where the two codes differ. The PIC method encompasses
all possible field configurations by taking advantage of the fact that in the local constant field approximation,
the cross sections of all processes merge into a single expression: that of an electron in a constant, crossed
field, provided the electron is relativistic.

The photon emission rate by an electron moving in a field of strength E = bEs is given by

d2N
dχ dt

=
√

3
mc2

h̄
αb

F(η ,χ)
χ

(8)

where α = e2/h̄c is the fine-structure constant, and

F(η ,χ) =
4χ2

η2 yK2/3(y)+
�

1− 2χ
η

�
y
� ∞

y
dt K5/3(t) (9)

is the synchrotron function which depends on the quantum parameters

η =
eh̄

m3c4 |Fµν pν | (10)

χ =
eh̄2

2m3c4 |Fµνkν | (11)

where y = 4χ/[3η(η − 2χ)], and Kn are the modified Bessel functions of the second kind. Equations
(10) and (11) determine the importance of nonlinear QED effects for electrons and photons, respectively.
Specifically, the η parameter can be used to calculate the probability of photon emission by an electron (or
positron), and likewise for the χ parameter and the probability of pair-creation by a photon. The quantum
parameter of the emitted particle, whether it is a photon (χ) or an electron-positron pair (η), also factors into
the probability for the associated process to occur. A plot of the synchrotron emissivity function F(η ,χ)
is provided in Fig. 3. For more details, see Refs. [25, 26] and sources contained therein for alternative
formulations of the synchrotron function.

3.2.1 OSIRIS

OSIRIS is a fully relativistic, massively parallel particle-in-cell code developed and maintained by the
OSIRIS consortium, which consists of the Extreme Plasma Physics Group at Instituto Superior Tècnico in
Portugal, and the Plasma Simulation Group at the University of California, Los Angeles. The OSIRIS-QED
algorithm uses the following distribution to determine the quantum parameter of radiated photons:

d2P
dt dχγ

=
αmc2

√
3π h̄γη

��
1−ξ +

1
1−ξ

�
K2/3(χ̃)−

� ∞

χ̃
dxK1/3(x)

�
(12)
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Fig. 3—Synchrotron function [Eq. (9)] versus quantum parameters η and χ .

where χ̃ = 2ξ/3η(1−ξ ), ξ = χγ/η , and we have defined χγ = 2χ with χ given by Eq. (11). We note that
this distribution is simply an alternate form of Eq. (8). The photon is emitted in the electron’s propagation
direction,2 and OSIRIS accounts for the subsequent momentum recoil using the classical radiation force of
Landau and Lifshitz [9, 10, 27].

3.2.2 EPOCH

EPOCH is an open source PIC code developed and maintained by researchers at the University of War-
wick. It offers a variety of modules for modeling bremsstrahlung radiation, trident pair creation, and non-
linear Compton scattering.

The Monte-Carlo emission algorithm in EPOCH operates as follows. The Vlasov equations for the elec-
tron/positron and photon distribution functions f±(�x,�p, t) and fγ(�x,�k, t), respectively, are solved. Then, the
cumulative probability of emission function, defined by: P(t) = 1− exp(−τem) where τem is the optical
depth of the electron in question, is set equal to a pseudo-random number uniformly distributed in [0,1], and
inverted to obtained τem. This is the optical depth at which the electron will emit a photon. The code then
numerically solves the optical depth evolution equation,

τ(t) =
� t

0
λ [η(t �)]dt � (13)

via first-order Eulerian integration, where λ is the emission rate of the process in question (in our case,
nonlinear Compton scattering) and η = Erf/Es as in Eq. (2). Once the condition τ ≥ τem is met, the electron
emits a photon with a quantum parameter obeying the distribution of Eq. (8) (see Ref. [28]).

3.3 Particle Merging

In physical situations where the total number of macro-particles can grow exponentially fast, such as
repeated photon emission and pair formation (a QED cascade), merging macro-particles together is critical

2To be more precise, the emitted photon direction is constrained within a cone subtending an angle Δθ ∼ γ−1, but since γ is
typically very large, it is safe to assume Δθ � 0.
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to prevent memory overflow. We mention briefly here that a particle merging algorithm has been developed
for OSIRIS [29]. In the input deck, the user specifies a maximum number of macro-particles to allow in the
simulation in addition to a frequency with which the code will check the number of macro-particles. The
main point is that OSIRIS merges particles that are close in coordinate and momentum space, and creates
two macro-particles in order to conserve both energy and momentum. The total weight is also conserved.

3.4 Covariant Propagation

The standard Boris pusher implemented in most PIC codes develops serious errors in the presence of
an extreme field unless the time-step used is very small. We mention here that a covariant pusher which
eliminates this error has been developed [30], but was not implemented in our simulation runs. The use
of PIC codes to model laser-plasma interaction in the intensity regime of upcoming multi-petawatt lasers
necessitates eventual scrutiny of the pusher algorithm [31, 32].

3.5 Simulation Setup

The basic simulation setup for studying photon emission is shown in Fig. 4. A high-powered laser pulse
(wavelength λ = 1 µm) impinges on an overcritical plasma whose longitudinal density profile is shown. The
pre-plasma region, which has a characteristic exponential length ��, serves to induce relativistic self-focusing
and absorb the pulse energy. It is the primary region in which γ-rays are generated. Experimentally, it can
be produced by ablating a solid foil target using, for example, the amplified spontaneous emission pedestal
or a powerful ionizing pre-pulse. Self-focusing the pulse is desired in this scenario in order to increase the
intensity, and consequently the cross section for nonlinear Compton scattering, and extend the interaction
region over which the mechanism occurs.

A phenomenological relationship proposed in Ref. [19] gives the following relationship between the
incident pulse power and peak plasma density:

PL � 102 PW×ncr/ne (14)

where ne is the electron density and ncr = mω2
p/4πe2 is the (non-relativistic) critical density associated with

plasma frequency ωp. Thus, a 10 PW pulse should strike a target of maximum density 10ncr to maximize the
laser-to-gamma energy conversion efficiency. Note that in the pulse reference frame, the plasma is actually
under-dense because of relativistic-induced transparency. The Lorentz factor of electrons ponderomotively

accelerated by a plane-polarized wave of amplitude a0 is γ =
�

1+a2
0/2, and the relativistically-corrected

critical density is n�cr = γmω2
p/4πe2.

The pulse duration should be such that the longitudinal extent of the intensity profile is comparable in
size to the plasma target. An extremely short pulse will only accelerate electrons in the pre-plasma, leaving
no background photons to be absorbed, while a very long pulse will hinder the energy absorption efficiency.
Assuming the intensity is sufficiently high, the target will be entirely obliterated in the long-pulse scenario.
As we show in the next section, the slab target thickness �S also plays a key role in the γ-ray generation
mechanism. Overall, the process is quite sensitive to a number of different parameters, such as the pulse
duration, pre-plasma length, target density, and peak power/intensity.

Two-dimensional simulations were performed both locally and on the National Energy Research Scien-
tific Computing Center (NERSC) Cori computing cluster. Typical simulations used anywhere between 40
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and 160 cores, and ran for a couple of days to one week. With the QED module, the need to resolve emission
processes imposes an additional time-step constraint:

Δt < ΔtQED = 1/Max(dNγ/dt)

where dNγ/dt is the photon emission rate. The result of calculations based on the theory of [33] indicates
that for a0 = 300, the electron quantum parameter is η � 1.54×10−2 and the nonlinear Compton emission
frequency is approximately 50 THz (once every 20 fs). In our simulations, we typically employed time-steps
between 2 and 5 attoseconds. As for the grid resolution, we resolved the high-density target by using

0.5/k∗p < Δx, Δy < 1/k∗p

in which k∗p = ω∗
p/c is the plasma wavenumber of the maximum density, ω∗

p =
�

4πnmaxe2/m, and m is the
bare electron mass. With such a grid resolution, the Courant condition limits the time-step to approximately
80 attoseconds.

4. RESULTS

Early in our investigation, we performed parametric scans in OSIRIS to understand the dependence
of the total γ energy on characteristics of the laser pulse and plasma target. In particular, we varied the
pre-plasma length, target slab thickness, incident pulse duration, and laser intensity and polarization. A
simulation based on the parameters of Ref. [19] was also performed, in OSIRIS and EPOCH, and forms the
basis of our comparison between the two PIC codes. In the subsections to follow, each set of simulations
are discussed.

Fig. 4—Illustration of the laser pulse and
longitudinal plasma density profile.

Fig. 5—Laser pulse intensity envelope (red) and
plasma profiles (black). Each subcase corresponds
to the indicated multiple of 10 µm for �x.
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4.1 Gamma-ray Energy Dependence Parametric Scan

4.1.1 Varying pre-plasma length

In this set of simulations, a 30 fs pulse with an intensity of 3× 1022 W/cm2 (a0 = 150) and a waist
of 5λ is used. The hydrogen plasma has a peak density of 20 ncr, the length of the target slab is �S = 10
µm, and the pre-plasma length �� is varied between 10 and 40 µm. The cutoff energy for tracked photons,
used here and in all other simulations, was set to Emin = 51.1 keV. In Fig. 5, the laser intensity and target
profiles are shown for each of the subcases. In Fig. 6, the variation in total γ energy versus time is provided.
Note that Eγ has units of kJ/cm as this is a two-dimensional configuration. The gradual decay in energy for
t � 200 fs is due to photons leaving the simulation domain (reflecting and absorbing boundary conditions
were used for the transverse and longitudinal boundaries, respectively). The dependence of the peak γ
energy on pre-plasma length increases considerably between �� = 10λ and �� = 20λ , but then plateaus for
longer pre-plasma lengths (see Table 1). This suggests that a long pre-plasma is needed to absorb the pulse.
In Fig. 7, a snapshot (t � 290 fs) of the electron charge density is shown. The laser pulse bores completely
through the plasma, though its energy is mostly depleted (less than 10% of the total field energy remains
after interaction).

Table 1—Energy conversion efficiency vs. pre-plasma length

Subcase Efficiency
�� = 10λ 17.85 %
�� = 20λ 19.77 %
�� = 30λ 20.61 %
�� = 40λ 20.80 %

Fig. 6—Variation in total γ energy versus time.
Fig. 7—Electron charge density after laser-plasma
interaction; �� = 40λ case.
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4.1.2 Varying target thickness

In this parametric scan, the same laser properties considered in Section 4.1.1 were used. The target
had a peak density of 20 ncr and a 30λ pre-plasma length. The slab thickness �S was varied between 10
and 30 µm. The laser-to-gamma energy conversion efficiency increased by approximately 2% when �S was
increased from 10 µm to 20 µm, but an additional 10 µm increase of the target slab had little effect. This
indicates that a sufficiently thick target is required to absorb the pulse, and provide electrons capable of
emitting γ-rays. In Table 2, the energy conversion for each subcase is provided.

Table 2—Energy conversion efficiency vs. target thickness

Subcase Efficiency
�S = 10λ 20.38 %
�S = 20λ 22.20 %
�S = 30λ 22.25 %

4.1.3 Varying laser pulse duration

For this set of simulations, all laser pulse properties considered in Section 4.1.1 were used except for the
FWHM pulse duration, which was varied from 40 fs to 60 fs. The pulse amplitude was held fixed at a0 =
150. The plasma profile used was equivalent to Subcase 3 of Section 4.1.1 (�� = 30λ , 20 ncr peak density,
and so on). Here, the conversion efficiency decayed monotonically for increasing values of the laser pulse
duration. This result is in agreement with Eq. (14), and the conclusion that reducing the power hinders the
efficiency of the process. With a longer pulse duration, electrons and ions also do not gain as much energy,
and it has been observed that for τFWHM = 60 fs the pulse retains 40% of its initial energy after interaction.

Table 3—Energy conversion efficiency vs. pulse duration

Subcase Efficiency
τFWHM = 40 fs 19.57 %
�t = 50 fs 18.21 %
�t = 60 fs 16.36 %
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4.1.4 Varying laser intensity

In this case, the laser intensity values provided in Table 4 were considered. The pulse duration was 30 fs,
and the plasma profile used was that of Subcase 3 from Section 4.1.1 There is an approximately 2% increase
in conversion efficiency for every 5 PW of laser power, see Table 5.

Table 4—Laser intensity parameters

Amplitude, a0 Intensity Power*
175 4.19×1022 W/cm2 16.5 PW
200 5.47×1022 W/cm2 21.5 PW
225 6.93×1022 W/cm2 27.2 PW

*Calculated assuming axial symmetry; waist w0 = 5λ .

Table 5—Energy conversion efficiency vs. laser intensity

Subcase Efficiency
a0 = 175 23.84 %
a0 = 200 25.92 %
a0 = 225 27.53 %

4.1.5 Varying laser polarization

Here, we employed all laser pulse and plasma profile properties from Section 4.1.1, except the polar-
ization was varied in the following manner. Let us take Subcase 1 in this section to be Subcase 3 from
Section 4.1.1, in which the laser is polarized in the Ey (transverse) direction. Subcase 2 considered a 45◦

polarization in the y-z plane (transverse and orthogonal axes), while Subcase 3 used a laser polarized com-
pletely in the Ez direction. Lastly, Subcase 4 employed a circularly-polarized beam. The energy conversion
efficiency is listed in Table 6 below. The efficiency decreases as the laser polarization leaves the plane
spanned by the transverse and longitudinal axes, but increases significantly for a circularly-polarized beam.
Thus, in next-generation multi-petawatt laser facilities, it may be more efficient to employ a circularly-
polarized beam to study this process.

Table 6—Energy conversion efficiency vs. laser polarization

Subcase Efficiency
1, linear y 20.61 %
2, linear y-z 18.17 %
3, linear z 14.27 %
4, circular 26.39 %
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4.2 High-efficiency Case: OSIRIS vs. EPOCH

It has been reported that under certain conditions 30% of the incident pulse energy can be converted
into γ-rays [19]. We simulated this case in OSIRIS and EPOCH, and obtained broad agreement between
the two codes and published results. Multiple aspects of the γ-flash phenomenon will be discussed using
this simulation case. The setup under consideration is shown in Fig. 8. A 30 fs, 20 PW pulse (I � 2×1023

W/cm2, w0 = 5λ ) polarized in the transverse direction is incident on a 20 ncr target with an exponentially
decaying pre-plasma of characteristic length �� = 40λ , and slab thickness �S = 10λ . The fractional energy
contained in the field, charged particles, and photons versus time is shown in Figs. 9 and 10 for OSIRIS and
EPOCH, respectively. The peak conversion efficiencies are 33% (OSIRIS) and 30% (EPOCH). We attribute
the slight difference to subtleties in the algorithm, and the fact that the emission process is stochastic.

The energy spectrum for each type of particle, which is approximately the same for both codes, is
provided in Fig. 11. From this, we see see that we obtain at most Eγ � 750 MeV photons. In Fig. 12, the
variation of the maximum normalized field amplitude a0 with time is shown. The pulse amplitude reaches
a0 � 560 at the front of the high-density slab, while the radiation reaction friction force parameter a0ε1/3

rad
(right-hand axis) increases from 0.75 through 1.25, which is within the optimal range of values to maximize
the nonlinear Compton scattering cross section (see Section 2.1). Theoretical considerations indicate that the
power radiated by γ-rays occurs on a timescale proportional to the pulse duration [34], which is consistent
with our observations (Fig. 13). In Fig. 14, the spectrum of radiated photons is shown at t = 100 fs and 400
fs. From this data, it is apparent that high-energy photons dominate early in the simulation, but then the
tail of low-energy photons steadily rises. In Fig. 15, the momentum phase-space distribution of electrons is
provided, and in Fig. 16 the electron quantum parameter is plotted during the period of maximum electron
energy gain. The most energetic electrons are scattered in the forward direction, and the instant of peak
photon radiation coincides with the observed increase in the total electron quantum parameter. The average
γ energy and number density in the pre-plasma and target are shown in Fig. 17 at the instant of peak photon
emission. Lastly, Fig. 18 shows the angular distribution of emitted γ-rays with the energy cutoff conditions
Eγ/mc2 > 0 and Eγ/mc2 > 100. At low energy, photons are emitted isotropically, while the highest-energy
γ-rays are emitted in the direction of pulse propagation. This is consistent with the fact that the highest
energy electrons are ponderomotively accelerated in the forward direction.

Fig. 8—Simulation setup for the high-efficiency case.
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Fig. 9—OSIRIS: Energy fraction vs. time. Fig. 10—EPOCH: Energy fraction vs. time.

Fig. 11—Particle energy spectrum.

Fig. 12—Peak field amplitude and radiation-reaction
parameter vs. time.
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Fig. 13—Time dependence of photon energy Eγ (black) and radiated power Pγ (blue).

Fig. 14—Spectrum of radiated emission by electrons.



16 A. H. Younis

Fig. 15—Electron momentum distribution at the indicated times.

Fig. 16—Variation of the total (black) and maximum (red) electron quantum parameter.
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Fig. 17—Average γ energy (left) and density (right) at the instant of peak photon radiation.

Fig. 18—Angular distribution of emitted γ-rays with the indicated energy cutoff conditions.
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5. CONCLUSION

The interaction of a high-intensity pulse with an overcritical plasma target results in γ-ray emission by
the nonlinear Compton scattering process. We demonstrated that under the right conditions, this process can
be made extremely efficient, allowing for the conversion of roughly one-quarter of the incident pulse energy
into high-energy photons. Moreover, we showed that two state-of-the-art PIC codes are in agreement when
it comes to the magnitude of the energy conversion efficiency.

Our simulations highlight multiple aspects of this nonlinear process which warrant further investigation.
The forward-propagating electrons are responsible for the γ-rays of highest energy, yet the quantum param-
eter is maximized for an electron that is counter-propagating with the Poynting vector (see Appendix A).
Therefore, we suspect that the efficiency of γ-ray emission relies heavily on the intensity of reflected radia-
tion. A series of parametric scans intended to optimize the reflected pulse intensity, which will primarily de-
pend on the target geometry and plasma density, can elucidate the dependence between the back-propagating
field strength and γ-ray conversion efficiency, and help to derive phenomenological scaling laws.

It is also interesting to consider whether a QED-plasma can be produced by counter-propagating a sec-
ond pulse to interact with the ultra-relativistic electrons and γ-rays produced by the first pulse. The pair-
production efficiency then factors into the plasma dynamics, in addition to quantities such as the counter-
propagating pulse intensity, duration, and delay. In the near future, this double-pulse configuration may be
explored.
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Appendix A

ON THE ELECTRON QUANTUM PARAMETER

Recall the definition of η , which characterizes the strength of nonlinear QED effects for electrons,A.1

η =
eh̄

m3c4 |Fµν pν | (2)

where pν = (E /c,�p) is the 4-momentum of an electron of energy E = γmc2 and momentum �p = γm�v, and
Fµν is the electromagnetic field tensor. We wish to evaluate η for typical field magnitudes in the case of
(1) an electron beam counter-propagating with a plane electromagnetic wave, and (2) an electron beam in a
static magnetic field.

A.1 Plane Electromagnetic Wave

Consider an electron beam which is oriented in the −ẑ direction, with the electromagnetic wave propagating
at a relative angle θ (Fig. A1). Then

|Fµν pν |=
��

mcE sinθ
�2

+
�
(ε/c)E cosθ + pB

�2 (A1)

and

η EM(θ) =
�
(E/Es)2 sin2 θ +

�
γ (E/Es)cosθ + γβB/Es

�2 (A2)

where β = v/c, and the electric and magnetic field magnitudes are denoted E and B, with Es the Schwinger
critical field. Note that an e-beam which is anti-parallel to the incident pulse has the highest efficiency, in
the sense that it maximizes η EM. In this case, taking θ = 0 in Eqs. (A1) and (A2) gives:

|Fµν pν |= (ε/c)E + pB (A3)

and

η EM =
γE
Es

+
γβB
Es

(A4)

In Section 4, we showed that the normalized field amplitude can reach as high as a0 � 300 as a result of
relativistic self-focusing in the plasma, which corresponds to E = 9.63×1014 V/m at λ = 1 µm. A highly
energetic e-beam (β = 0.99) encountering a field of such intensity has a quantum parameter

η EM � 10−2

see Fig. A2
A.1photon emission being of particular interest.
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A.2 Static Magnetic Field

For an e-beam in a static magnetic field, the quantum parameter η B will be non-zero only when �B is trans-
verse to the beam’s propagation direction. In such a case,

|Fµν pν |= pB (A5)

and

η B =
γβB
Es

(A6)

If the magnetic field is 0.2 MT, as simulations involving magneto-bremsstrahlung radiation indicate [A7],
then an e-beam of the same energy considered above has a quantum parameter of

η B � 3.2×10−4

Note that η B is 2 orders of magnitude smaller than the quantum parameter due to an e-beam and an electro-
magnetic wave, η EM.
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Fig. A1—Geometrical diagram used for the calculation of the quantum parameter η vs. angle θ .

Fig. A2—Quantum parameter as a function of angle between the e-beam and incident wave. Dashed
blue: Maximum efficiency case, θ = 0.




