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Abstract

When intense laser beams interact with solid targets, high-energy photons are effectively generated via radiation reaction
effect. These photons receive a large portion of the incident laser energy, and the energy transport by photons through the
target is crucial for the understanding of the laser–matter interactions. In order to understand the energy transport, we newly
developed a Particle-in-Cell code which includes the photon–matter interactions by introducing photon macro-particles.
Test simulations are performed and compared with simulations using a particle transport code, which shows a good
agreement.
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1. INTRODUCTION

Interactions of intense laser beams and matters have attracted
much attention from various aspects including fast ignition in
inertial fusion (Tabak et al., 1994), laboratory astrophysics
(Remington et al., 1999), and generations of high-energy
particles (Tajima & Dawson, 1979; Murnane et al., 1991;
Hatchett et al., 2000). In the regime where the radiation reac-
tion effects on an electron motion in a laser field, the electron
motion becomes dissipative, which results in decreasing of
the electrons maximum energy (Zhidkov et al., 2002) and
ions energy (Naumova et al., 2009; Tamburini et al.,
2010). By paying attention to the fact that the electron
energy dissipates in the form of the radiation, it is proposed
that when the laser and plasma parameters are properly
chosen high-energy photons can be effectively generated
by the irradiation of ultra-intense laser on solid target (Naka-
mura et al., 2012; Ridgers et al., 2012), which shows the pos-
sibility of a unique source of gamma-rays with its high
intensity.
For the further understanding of the interactions of ultra-

intense laser beams and matters, exploring of the energy
transport inside of the target is needed, that is, the under-
standing of the energy transport by high flux of gamma-ray
is crucial. In order to investigate numerically the gamma-ray

transport in targets, relevant photon–matter interaction pro-
cesses should be treated as well as the collective motion of
plasmas. Particle-in-Cell (PIC) codes are widely used for in-
vestigating the intense laser–matter interactions. The PIC
codes deal with the time evolution of electromagnetic field
and charged particles motion self-consistently but without
the above mentioned photon–matter interactions yet.

In this paper, we explain the modeling of the photon–matter
interactions in the PIC code. In Section 2, the introduction of
macro-particle of gamma-ray in the PIC code is explained,
and the treatment of relevant photon–matter interactions are
described. In Section 3, the test calculations of gamma-ray
transport inside of a carbon target is performed and the
result is compared with the results by using Particle and
Heavy Ion Transport code System (PHITS). Conclusions
are given in Section 4.

2. NUMERICAL MODELING ON GAMMA-RAY
TRANSPORT IN PIC CODE

In PIC simulations, an electromagentic field is treated as a
wave. Its temporal evolution is calculated by solving Max-
well equations. When solving Maxwell equations, spatial
grids are introduced and the electromagnetic fields are de-
fined on the grid points. The introduction of the grids
limits the shortest wavelength resolved in the simulation
(Birdsall & Langdon, 1985). Therefore, it is not reasonable
to treat the propagation of photons in the gamma-ray
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regime using Maxwell equations, since it requires an unrea-
sonable numbers of grid points. Thus, in our code, the
gamma-rays are treated as photon macro-particles in the
same way as charged particles.

2.1. Generation of Gamma-rays in PIC Code

In the interactions of ultra-intense laser beams and matters,
the electron motion becomes dissipative due to the radiation
reaction effect. In this paper, we pay our attention on the
regime where the quantum effect in the radiation reaction

is weak, that is, χe = eh−
���������
(Fμnpn)2

√
/mcES ∼ γeE/ES ≪ 1,

where the emitted photon energy is relatively smaller than
the electron energy and the energy dissipation process is
treated as a continuous damping process. Here, m,e,c, and
ħ are the electron rest mass, the electric charge, the speed
of light, and the Planck’s constant, respectively. Fμn, pμ are
the field tensor and four-momentum, and E is the laser elec-
tric field and ES∼1.3 × 1018 V/m is the Schwinger field. The
damping of the momentum in this regime is evaluated by
using Landau–Lifshitz equation, which is incorported in
PIC code with reasonable computatinal load (Tamburini
et al., 2010). It is numerically shown that high-energy pho-
tons are effectively generated via radiation reaction effect,
where the conversion efficiency reaches 20–30% when the
optimum parameters are chosen (Nakamura et al., 2012;
Ridgers et al., 2012). The energy spectrum of radiation is
evaluated by post-processing with the classical form of syn-
crotron radiation formula for a single electron;

dI

dω
≅ 2

��
3

√ e2

c
γ
ω

ωc

∫∞
2ω/ωc

K5/3(x)dx, (1)

where ωc= 3γ3c/ρ and K5/3(x) is the modified Bessel func-
tion. Here, γ and ρ are the electron Lorentz factor and the cur-
vature radius of the electron trajectory, respectively. By
summing up the contribution from the electrons which are
decelerated by radiation reaction, we can obtain the energy
spectrum of radiated photons via radiation reaction. In
Figure 1, the radiation spectrum via radiaion reaction calcu-
lated by the PIC code PREIM (Nakamura et al., 2010) is
plotted as a red dotted line, where the laser pulse having
the normalized ampitude of a= 150, a power of 10 PW,
and duration of 30 fs irradiates on a solid carbon target at-
tached with preplasma having scale length of L= 2.5 μm.
Here we consider the energy transport by photons. We in-

troduce macro-particles of photons in oder to reproduce the
above spectrum by the ensemble of the introduced photons.
The photon emission of the energy below E≤ 10 keV is
not included, since we are interested in the physics related
to the photons in the gamma-ray regime. But even in this
case, the electrons motion is calcluated by Landau–Lifshitz
equation and energy loss via radiation reaction is taken into
account. In each time step of calcluations, the frequency ωc

is calcluated from the trajetory of accelerated electrons.

Then the emitted photon energy is determined by randomly
sampling from the synchrotron radiation profile where the
probability is proportional to the spectrum intensity. Next,
the weight of the macro-particle is determined from the
energy conservation, that is, the weight of the electron macro-
particle times the electron energy loss equals to the weight
of the photon macro-particle times the determined photon
energy. In this manner, photons are generated in each time
step of calculations when the electrons loose their energies
by radiation reaction. The energy spectrum calculated from
the photon macro-particle is plotted in Figure 1 as the
black line. The spectrum of the photon macro-particle well
reproduces the spectrum evaluated by Eq. (1).
The direction of photon momentum is also determined

from the formula for the radiation emission direction from
a single elecron (Landau & Lifshitz, 1975);

dI

dΩ
= e2

4πc3
2(n ·w)(v ·w)
c 1−(v ·n)c[ ]5+

w2

1−(v ·n)c[ ]4−
(1− v2/c2)(n ·w)2

1−(v ·n)c[ ]6
{ }

,

(2)

where n is the unit vecotr in the emission direction, v and
w = v̇ are the electron velocity and acceleration, respective-
ly. After determining the photon energy, momentum, and
weight, the photon macro-particle is generated at the position
of the corresponding electron, and it propagates in the simu-
lation box with the speed of light. Figure 2 shows the
temporal evolution of the photon distributions, where the
simulation condition is chosen as same as that in Figure 1.

2.2. Transport of Gamma-rays in PIC Code

The photons propagate through the target interacting with
atoms and atomic nucleus. This photon propagation results
in the absorption and scattering of photons and in the gener-
ation of charged particles and nucleons. In Figure 3, the
photo-cross-section for a carbon atom is plotted. For photons

Fig. 1. Comparison of energy spectrum evaluated by synchrotron radiation
formula as post-processing (dotted line), and ensemble of the macro-particle
of gamma-rays introduced in PIC (solid line).
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with the energy higher than tens of keV the cross-section is
dominated by that of Compton scattering, where a photon
collides with a bound electron and some portion of energy
is transferred to the electron becoming a free electron. For
photons with energies beyond tens of MeV, the cross-section
is dominated by that of pair-creation where the photon energy
is materialized under the electric field of nucleus resulting on
the creation of an electron–positron pair.

First, we consider the modeling of Compton scattering
process in a PIC code. The total cross-section of Compton
scattering is expressed by integrating the Klein–Nishina for-
mula (Klein & Nishina, 1929; Weinberg, 1995) over the solid
angle;

σ=3
4
σTh

1+ε

ε3
2ε(1+ε)
1+2ε

− log(1+2ε)
[ ]

+ log(1+2ε)
2ε

− 1+3ε

(1+2ε)2
{ }

,

(3)

where σTh = 8πr2e/3 ∼ 0.67 [barn] is the cross-section of
Thomson scattering and e= ħω/mc2. Here, re is the electron
classical radius and mc2 expresses the electron rest energy.
Using the total cross-section, the probability of Compton
scattering to take place during a time step Δt is obtained as
n= natomσ(cΔt), where natom is the number density of
carbon atoms. Using the scattering probability, the occur-
rence of Compton scattering is determined by the Monte
Carlo manner.

When Compton scattering is determined to take place, the
photon scattering angle is determined using the differential
cross-section;

dσ

dΩ
= r2c

2
1+ cos2θ

2[1+ ε(1− cos θ)] 1+ ε2(1+ cos θ)2
[1+ ε(1− cos θ)](1+ cos2θ)

{ }
,

(4)

which is plotted in Figure 4, where θ is the photon scattering
angle.

Fig. 3. Photo-cross-section for a carbon atom.

Fig. 4. Differential cross-section of Compton scattering as a function of
photon scattering angle. Lines with different colors correspond to the differ-
ent values of e.

Fig. 2. Photon number densities of different timing is plotted, where the
density is normalized by the critical density. The lower figure corresponds
to 20 fs later from the upper figure.
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When the photon scattering angle is determined, the scat-
tered photon energy, the scattered electron energy and angle
are also calculated as

Eph = h− ω

1+ ε(1− cos θ) , (5)

Eele = h− ω(1− cos θ)
1+ ε(1− cos θ) . (6)

Then the photon energy is modified. A new-born electron is
generated at the position of the incident photon.
The pair-creation is treated in the same way as Compton

scattering, that is, to determine first the event occurrence
by using the cross-section which is given by Bethe and Heitler
(1934), then the angle and energy by Monte Carlo manner.
The difference from Compton scattering is that the photon
is annihilated and a pair of electron and positron is created.
The high-energy photons also interact with the nuclei
through Giant Dipole Resonance, where a relatively large
cross-section exists around MeV region known. The atomic
nucleus is excited by the absorption of an incident photon.
The excited nucleus de-excites to the ground state by emit-
ting gamma-ray or to another nucleus by emitting a nucleon
(proton, neutron, α-particle, etc.). In our code, photo-nuclear
reaction of (γ, n) process is also included by Monte Carlo
methods as in the same manner as Compton scattering and
pair-creation.

3. TEST SIMULATION: COMPARITON WITH
RADIATION TRASNPORT CODE

Calculations of photon transports in carbon targets are per-
formed using the newly developed PIC code in order to com-
pare with the radiation transport code called PHITS which is
developed in JAEA (Sato et al., 2013). The simulation con-
ditions in the PHITS calculation is that a single photon with
energy of 5 MeV irradiates the carbon target having the mass
density of 2 g/cc with a cubic geometry of 1 mm3. 107 events
in total are calculated. In three-dimensional PIC calculation,
the same number of photons irradiate the target with the
same configuration. In order to adopt the test particle approx-
imation, we do not solve Maxwell equations and plasma
motion is not included. The results are compared in Figure 5,
where the energy spectra of photons, electrons, and positrons
are plotted for PHITS calculation and PIC calculation, re-
spectively. Here, the numbers of the particles are normalized
by the incident photon number.
Photons are scattered byCompton scattering, resulting in the

generation of low-energy photons with rather uniform distribu-
tion ranging from Emin= ħω/(1+ 2ħω/mc)∼0.24–5 MeV.
Electrons are generated by Compton scattering, and also by
pair-creation together with positrons. Total number of elec-
trons per source are 2.51 × 10−3, and that of positron is
1.87 × 10−4 in PHITS calculation. These numbers are in

good agreement with the PIC results which are 2.64 × 10−3

for electrons and 1.01 × 10−4 for positrons, respectively.

4. CONCLUSIONS

We have modeled the high-energy photon trasnport in a
matter to include it in a PIC code which could be used to in-
vestigate the energy transport in ultra-intense-laser–matter
interactions. In order to simplify the modeling, the attention
is paid on the photon–matter interaction in the regime E>
10 keV, where Compton scattering and pair-creation is the
dominant processes in the photon–atom interaction. This
could be justified for the laser–matter interaction in the radi-
ation reaction dominated regime, since a large portion of
laser energy is converted into gamma-rays, and the energy
transport by photons is dominated by the laser-driven
gamma-rays. The developed code is tested using the
PHITS code, and shows a good agreement on enrgy spectra
of generated particles.
Our code is aplicable for a thin or low-Z target where

photon generation via Bremsstrahlungh is negligibly small.
Since the energy coupling form laser to gamma-rays via ra-
diation reaction reaches 20–30%, their energy transport dom-
inates over the energy transport by the Bremmsstrahlung
photons unless the large portions of laser-accelerated elec-
trons energy is conveted into the Bremsstrahlung photons.

Fig. 5. Energy spectra of photons, electrons, and positrons generated by
5 MeV photon irradiation on carbon target, calculated by (a) PHITS and
(b) PIC codes.
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In the future work, the interaction of ultra-intense laser
beams and matters will be investigated by our code to explore
the energy trasnport inside of the targets.
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