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Interaction between media composed of clusters and high intensity lasers in the radiation dominant
regime, i.e., intensity of 1022!23 W=cm2, is studied based on the particle-in-cell simulation that
includes the radiation reaction. By introducing target materials that have the same total mass but
different internal structures, i.e., uniform plasma and cluster media with different cluster radii, we
investigate the effect of the internal structure on the interaction dynamics, high energy radiation
emission, and its reaction. Intense radiation emission is found in the cluster media where electrons
exhibit non-ballistic motions suffering from strong accelerations by both the penetrated laser field
and charge separation field of clusters. As a result, the clustered structure increases the energy con-
version into high energy radiations significantly at the expense of the conversion into particles,
while the total absorption rate into radiation and particles remains unchanged from the absorption
rate into particles in the case without radiation reaction. The maximum ion energy achieved in the
interaction with cluster media is found to be decreased through the radiation reaction to electrons
into the same level with that achieved in the interaction with the uniform plasma. The clustered
structure thus enhances high energy radiation emission rather than the ion acceleration in the con-
sidered intensity regime. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954152]

I. INTRODUCTION

With the advent of innovative laser technologies, the in-
tensity of ultrashort high power lasers reaches to the order of
1021 W=cm2.1,2 In laser–matter interaction in such a regime,
electrons are accelerated to relativistic energies within a few
laser cycle period. Such a high intensity laser–matter interac-
tion has opened up various applications, e.g., high energy
particle acceleration,3,4 generation of intense radiations from
tera-heltz5,6 to X- and gamma-rays,7–10 fast ignition-based
laser fusion,11 and neutron production.12

Today, higher intensities of 1022!25 W=cm2 are expected
to be achieved by developing laser peak power to multi-
petawatt and focusing it to the level of the diffraction
limit.13,14 In this regime, the energy of radiation from elec-
trons accelerated by the intense laser field reaches to the
range of gamma-ray.15,16 Accordingly, damping of electron
energy by the radiation friction force, i.e., the radiation
damping, is not negligible in the interaction dynamics. It is
reported that even for laser–matter interactions with the laser
intensity in the order of 1022 W=cm2, the energy loss by radi-
ation reaction becomes effective to the laser energy absorp-
tion.17 Laser–plasma interaction in such a radiation
dominant regime has a potential to be a source of high-
power gamma-ray in the level of terawatt to petawatt with
tailored plasma targets.9,10

Here, the state and structure of target materials are a key
ingredient in determining the interaction, and have to be

chosen properly according to the purpose. Among the vari-
ous materials, cluster and cluster medium, i.e., a medium
composed of multi-clusters, are interested owing to their
high energy absorption and unique optical properties.18,19

High harmonic generation and its resonant enhancement are
the typical examples, which are resulted from dipole moment
excitation by the laser field in expanding clusters.20–23

Propagation of laser field by the cluster mode (slow mode),
which is attributed to the polarization of clusters inside of
the cluster medium, is also found.24 Energetic ion genera-
tions using clusters are studied intensively for various appli-
cations, such as nuclear fusion by the Coulomb explosion of
nano-size clusters12,31 and generation of collimated high
energy ion beam for hadron therapy.25,26 Efficient ion accel-
eration up to 10–20 MeV per nucleon has been demonstrated
by using a target composed of gas and clusters.27 However,
these studies for laser–cluster interaction have been so far
conducted for the linear and electron relativistic regime, i.e.,
below 1021 W=cm2.

As the laser intensity increases, it is expected that more
electrons can be expelled from the cluster core in a short
time scale, owing to the large Lorentz force and also the rela-
tivistic penetration of the laser field. The latter leads to the
ideal Coulomb explosion of larger clusters, e.g., micro-meter
size for laser intensity in the order of 1022 W=cm2, and then
generates more energetic ions.28 In our previous study, we
have investigated the fundamental dynamics and ion acceler-
ation processes in the interaction between cluster media and
high intensity laser fields in the regime of 1022!24 W=cm2.29

In this regime, ions gain relativistic energies by the radiationa)iwata-n@ile.osaka-u.ac.jp
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pressure acceleration30 associated with the Coulomb explo-
sion. We have found that higher maximum energy of ions
can be obtained in the cluster media than that achieved by
the simple piston mechanism for a solid thin foil, which is
considered to be resulted from an additional acceleration by
the Coulomb explosion. Here, the results in Ref. 29 were
obtained without considering the radiation reaction.

However, as cluster media have been found to exhibit
such a strong interaction with laser fields, the effect of radia-
tion reaction is expected to be more important compared with
the case of solid foils. In this paper, we study the effect of
radiation reaction in the interaction between cluster medium
and laser field in the intensity regime of 1022!23 W=cm2. The
corresponding normalized amplitude, which is defined as
a0 ¼ eE0=mecxL, is a0 ¼ 100!200 where the laser wave-
length is assumed to be kL ¼ 0:82 lm. Here, e is the elemen-
tary charge, me the electron mass, E0 the amplitude of the
laser electric field, c the speed of light, and xL ¼ 2pc=kL the
laser frequency. For the above purpose, we here perform nu-
merical simulations based on the fully relativistic particle-in-
cell (PIC) code EPIC3D31 that includes the radiation reaction
force in the equation of motion for electrons in terms of the
Landau–Lifshitz formula.32,33

In Sec. II, we consider suitable cluster sizes to be consid-
ered in the simulation in order to achieve strong interactions
and then radiations in the assumed intensity regime. In Sec. III,
we discuss fundamental properties of the radiation emission
from accelerated charges and give estimations on the power
density of radiation obtained in the laser–matter interactions
considered in this study. In Sec. IV, we describe the inclusion
of the radiation damping effect to the PIC simulation.

To investigate the effects of clusters inside of the me-
dium on the interaction dynamics and on the radiation damp-
ing, we here consider three kinds of targets with different
configurational structures but having the same total mass in
two-dimensional (2D) geometry. The systems assumed here
and other simulation conditions are described in Sec. V. In
Secs. VI and VII, we discuss the energy evolution and funda-
mental dynamics for interactions with laser fields with the
peak normalized amplitude of a0 ¼ 100 and 200, respec-
tively. In Sec. VIII, summary of the rates of energy conver-
sion in each medium is given. In Sec. IX, we compare
electron trajectories between cases with and without radia-
tion reaction. In Sec. X, the effects of radiation damping to
electron and ion energy distributions are studied. Finally,
conclusions are given in Sec. XI.

II. INTERACTION OF CLUSTERS WITH LASER FIELDS

In laser–cluster interactions, larger energy absorption
from laser to particles and then radiation emissions are
expected compared with interactions with materials that
have uniform structure as a simple foil. This advantage of
clusters is attributed to the larger area of surface on which
electrons can interact with the laser field that is penetrated
into the medium through the inter-cluster region. On the
other hand, during the interaction with laser fields, electrons
are expelled from the clusters and both electrons and ions
expand to be a spatially uniform distribution which will

exhibit a similar interaction property to plasmas that are dis-
tributed uniformly from the initial time. However, an ideal
condition to increase the interaction, e.g., a near-critical den-
sity plasma that interact with the penetrated laser field inside
of the medium, can be created during the interaction.
Therefore, a key ingredient that determines the interaction
property in the cluster medium is expansion of electrons dur-
ing the interaction.

We consider a cluster with the initial radius of rcl irradi-
ated by a laser light of relativistic intensities a0 > 1 in vac-
uum. The cluster consists of a fully ionized neutral plasma
with ions of charge Ze and density ni where Z is the ion
atomic number. We here assume an overdense cluster Zni >
cnc so that the average density of cluster media navð<ZniÞ
can be near-critical, i.e., nav % cnc, where c is the relativistic
factor of electron and nc & mex2

L=ð4pe2Þ is the cutoff den-
sity. As for an overdense cluster, electrons at the cluster sur-
face are expelled at twice the laser frequency 2xL. The
expelled electrons are then blown off toward the laser propa-
gation direction by the Lorentz force, which is different from
the linear regime a0 < 1 where the expelled electrons come
back to the original cluster area in the oscillations induced
by the laser electric field.34

We assume that electrons have partly left the cluster and
the remaining electrons distribute uniformly in a sphere of
radius r0 while ions stay immobile in the radius rclð>r0Þ.
Here, the spheres of electron and ion are assumed to be posi-
tioned concentrically. We estimate the typical kinetic energy
gain of electrons from the laser field as !k ¼ a2

0mec2=4 which
corresponds to the exact solution for a relativistic electron
motion in vacuum averaged by the laser frequency. As the
electrons move toward the cluster edge r ¼ rcl, the Coulomb
force !eEcl by the remained cluster ions begins to contribute
to decelerate the ejection of electrons. Hence, whether
electrons can leave the cluster is determined by the ratio
between the kinetic energy !k and the potential energy of the
cluster je/clj.

The electrostatic potential /cl at a distance r from the
cluster center created by the above-assumed charge distribu-
tion in 3D geometry is given by

/3D
cl ¼

!K3D

2
~r2 þ 2~r3

0=~r
! "

þ C1 r0 ( r ( rclð Þ;
K3D 1! ~r3

0

! "
=~r þ C2 r > rclð Þ;

8
<

: (1)

and /3D
cl ¼ 0 for 0 < r < r0 where ~r ¼ r=rcl, ~r0 ¼ r0=rcl,

K3D ¼ 4pqr2
cl=3, q ¼ niZe, C1 ¼ 2pqr2

0, and C2 ¼ C1

!2pqr2
cl. The boundary condition is given by /3D

cl ðr0Þ ¼ 0.
In 2D geometry where we perform PIC simulations in this
study, we model the cluster by a column of radius rcl in the
x-y plane having infinite length in the transverse z direction.
In this case, the electrostatic potential is obtained as

/2D
cl ¼

K2Dð~r2
0 ln ~r ! ~r2=2Þ þ C3 ðr0 ( r ( rclÞ;

K2Dð~r2
0 ! 1Þln ~r þ C4 ðr > rclÞ;

(
(2)

and /2D
cl ¼ 0 for 0 < r < r0 where K2D ¼ 2pqr2

cl,
C3 ¼ pqr2

0ð1! 2 ln ~r0Þ, and C4 ¼ C3 ! pqr2
cl with the

boundary condition /2D
cl ðr0Þ ¼ 0. In Fig. 1, the potentials
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given in Eqs. (1) and (2) assuming two different radii of elec-
tron distribution, i.e., r0 ¼ 0:3rcl and r0 ¼ 0, are shown. It
should be noted that the 2D simulation overestimates the
potential energy with a logarithmic divergence of /2D

cl seen
in Fig. 1 compared with the 3D case, which is also men-
tioned in Ref. 31.

To determine the simulation configurations, we compare
the potential energy je/2D

cl j and the kinetic energy of elec-
trons !k at a position r ¼ rf , which we here assume to be the
distance from cluster center to the surface of neighboring
clusters in cluster media, i.e., rf ¼ 3rcl, in the condition we
will present in Sec. V. The ratio is given by

je/2D
cl rfð Þj
!k

¼ C5ne

a2
0

r2
0 ln

rf

rcl
þ 1

2
þ ln

rcl

r0

# $
! C6

% &
; (3)

where C5 ¼ 8pe2=ðmec2Þ and C6 ¼ r2
clðlnðrf =rclÞ þ 1=2Þ. In

Fig. 2, we show the ratio Eq. (3) as a function of the radius

of electron core r0 for several a0 and rcl. The ratio denotes
that the electrons can leave the cluster as long as
je/2D

cl j=!k < 1 is satisfied at the corresponding radius r0. In
the figure, Z¼ 6, ni ¼ 1:76) 1023 cm!3, and kL ¼ 820 nm
are assumed, which are the same as those in Sec. V. For
a0 ¼ 100, the potential energy je/2D

cl j with radius
rcl¼ 320 nm (black solid line) exceeds !k when the radius of
the electron core r0 reduces to 0:3rcl. In other words, the
electron core will remain with radius r0 % 0:3rcl without
being expelled by the laser field. On the other hand, for
a0 ¼ 200, the cluster of rcl¼ 320 nm (red solid line) keeps
je/2D

cl j=!k < 1 until r0 reaches zero, and thus all the electrons
will be expelled in this case. As for rcl¼ 160 nm,
je/2D

cl j=!k < 1 is kept for all r0 in both a0 ¼ 100 and
a0 ¼ 200, which indicates that no electron core is sustained
in the interaction with laser fields of a0 * 100.

For the purpose of maximizing the interaction of elec-
trons in cluster media with laser fields and also with cluster
Coulomb fields, the suitable cluster size is considered to be
that satisfies je/2D

cl j=!k % 1 with r0 % 0 and the average den-
sity of the cluster medium is given to be near-critical. In
such a condition, a large number of electrons can interact
with laser fields that has penetrated through the inter-cluster
region, while the Coulomb field from cluster cores play a
role in trapping the electrons in the strong interaction region.

In the above derivations, ions are assumed to be immo-
bile. However, the quick expelling and heating of electrons
could result in ion expansion by Coulomb explosion and/or
charge separation during the interaction time, which will
reduce the restoring force !eEcl.

III. RADIATION EMISSION FROM CHARGED
PARTICLES IN THE RADIATION DOMINANT REGIME

It is known that charged particles emit radiation when-
ever they are accelerated. The energy of radiation by the
accelerated charge can be estimated by32 !hxmax % c3!hxL. In
laser–plasma interactions, the typical relativistic factor of
electrons can be represented by c ¼ ð1þ a2

0=2Þ1=2, which is
equivalent to the averaged relativistic factor for quiver
motion of electrons in linearly polarized laser electric fields.
The corresponding photon energies !hxmax are obtained as
!hxmax % 1:5 MeV and 12.1 MeV for c % a0 ¼ 100 and 200,
respectively, which correspond to the energy range of
gamma-ray. Here, the ratio between the energy of radiation
and that of oscillatory motion of electrons in laser fields is
obtained as !hxmax=cmec2 % c2!hxL=mec2 % 12% in the case
of c ¼ 200. Thus, one can expect that the energy loss by
radiation emission affects largely the electron motion in such
high intensity laser fields. Note that the relativistic factor can
reach to larger values when electrons are accelerated for a
long time without dephasing toward the direction of laser
propagation by the Lorentz force (v) B force) as in vacuum
or plasma channels.35 In such a case, the relativistic factor
scaled as c % a2

0=2 will result in higher energy radiation
emissions.

The power of radiation from an accelerated electron is
given by the Larmor formula, which can be represented in
the relativistic form as36

FIG. 1. Electrostatic potential /cl of the cluster that consists of electron and
ion cores with radius r0 and rclð*r0Þ in 2D (red) and 3D (black) geometries.
By solid and dotted lines, we indicate clusters whose electrons are expelled
up to radius r0 ¼ 0:3rcl and r0 ¼ 0, respectively, while the ion core with ra-
dius rcl is immobile.

FIG. 2. Ratio of the absolute value of Coulomb potential energy je/2D
cl j at

rf ¼ 3rcl to electron kinetic energy !k in 2D geometry for various cluster ra-
dius rcl and laser field amplitude a0. The horizontal axis corresponds to the
ratio of distribution radius of electrons, r0, and that of ions, rcl. When the
value in the vertical axis is smaller than unity, i.e., je/2D

cl j < !k , electrons at
the surface r ¼ r0 can reach r ¼ rf beyond the cluster edge rcl.
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Prad ¼
2

3
remecc6 _b

! "2 ! b) _b
! "2

h i
; (4)

where re is the classical electron radius, b ¼ v=c, and the
dot denotes the time derivative. Assuming quiver motion of
electron by linearly polarized laser electric field, i.e., dp=dt
¼ xLmeca=c where b k _b, we obtain

Prad ¼
2

3
rex2

Lmecc2a2: (5)

Here, we estimate the radiation power emitted from
laser–matter interaction assuming overdense target with
electron density ne. In this case, the laser electric field causes
oscillatory motion of electrons at the front surface of the tar-
get. The power density of radiation at the front surface
is estimated by prad ¼ Pradne. Assuming laser wavelength
kL ¼ 820 nm and electron density ne ¼ 1023 cm!3, we obtain
prad ¼ 1) 1025 W=cm3 for a0 ¼ 100 and 2) 1026 W=cm3 for
a0 ¼ 200, respectively. Since the strong interaction is
expected in the width of skindepth kskin in the case of over-
dense target, the corresponding intensity of radiation is esti-
mated by Irad ¼ pradkskin ¼ 2) 1020 W=cm2 for a0 ¼ 100 and
Irad ¼ 4) 1021 W=cm2 for a0 ¼ 200 when kskin ¼ 17

ffiffiffi
c
p

nm,
i.e., the relativistic skin depth for ne ¼ 1023 cm!3.
Comparing with the laser intensities for a0 ¼ 100 and 200,
i.e., 2:0) 1022 W=cm2 and 8:1) 1022 W=cm2, respectively,
we can see that the radiation intensity estimated in the above
is not negligible, being 1%–5% of the incident laser energy.
Due to such a high intensity radiation, the energy loss of
electrons, i.e., the radiation damping, in the laser–matter
interaction becomes important.

The estimated values for radiation power in the
above can become even higher when ideal pre-plasmas
are formed in the front region of the target material.9

Furthermore, for the interaction of laser fields with cluster
media, the radiation energy loss is expected to be more sig-
nificant compared with materials with uniform structure,
such as thin foils, since the interaction surface is larger
including the area inside of the medium as is discussed in
Sec. II.

IV. PIC SIMULATION INCLUDING THE RADIATION
REACTION

In order to treat the damping effect of electron motion
by the radiation emission in the PIC simulation, we consider
the radiation reaction force Frad as a friction in the equation
of motion for electron as

dp

dt
¼ FL þ Frad; (6)

where FL ¼ !eðEþ b) BÞ is the Lorentz force.32 Note that
we can neglect the radiation friction to ions in the intensity
regime assumed here due to the large mass ratio mi=me

% 1800Za where mi is the ion mass, and a¼ 1 and 2 for
Hydrogen (Z¼ 1) and for species Z * 2, respectively.
Namely, the relativistic factor for ions is me=mi times
smaller than that for electrons, and thus the radiation

power given by Eq. (4) for ions is considered to be neg-
ligibly small compared with that for electrons.

For the radiation reaction force, we here employ the
Landau–Lifshitz formula given by32

Frad ¼
2

3
rec

@

@ ctð Þ
þ b +r

# $
FL

þ 2

3
r2

e b + Eð ÞEþ Eþ b) Bð Þ ) B½ -

! 2

3
r2

ec
2b Eþ b) Bð Þ2 ! b + Eð Þ2
h i

; (7)

which is the first-order formula derived from the energy con-
servation relation between the emitted radiation energy and
the work done by the friction force Frad with an assumption
FL . Frad in the rest frame of electron. Equation (7) is con-
sidered to be applicable below the laser intensity of quantum
regime, in which the wavelength of laser field in the electron
rest frame becomes small in the order of the Compton wave-
length for single electron motion.37,38 For the relativistic re-
gime where c. 1 is satisfied, the third term on the RHS of
Eq. (7) which is in proportion to the highest order of the rela-
tivistic factor and the field amplitude, i.e., c2 and E2,
becomes dominant.

Due to adding the force Frad as a friction, the energy in
the whole simulation system is damped. We regard the
damped energy as the emitted radiation energy.

Note here that high energy radiations with the wave-
length shorter than the simulation mesh size are not resolv-
able in the PIC simulation. From the estimated values for
!hxmax in Sec. III, we obtain the ratio between the corre-
sponding wavelength kmax and the mesh size of simulations
we perform in this study, i.e., Lmesh ¼ 10 nm, as kmax=Lmesh

% 10!4 / 1. Therefore, the dominant part of the high energy
radiation emitted by accelerated electrons is not resolvable
and thus not included in the calculation of fields in the simu-
lation. This is equivalent to assuming that the emitted high
energy radiations do not interact with plasma particles in the

FIG. 3. Configuration of numerical simulation for cases (i)–(iii).
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simulation system. This treatment is reasonable since the
cross section for scattering of high energy photons by
charged particles, i.e., the Compton scattering, is lower for
higher photon energies being proportional to the inverse of
the photon energy. A rigorous treatment of interaction
between plasmas and the emitted high energy radiation are
considered in Ref. 39 which becomes important in consider-
ing electron–positron pair production by the Bethe–Heitler
process in high-Z material.

V. SIMULATION CONDITION

In order to consider the effects of clustered structure on
the interaction with laser field in the radiation dominant re-
gime, we execute 2D PIC simulations by assuming three
configurations shown in Fig. 3, i.e., (i) uniform plasma and
cluster media composed of (ii) small clusters with radius
rcl¼ 160 nm and (iii) large clusters with radius rcl¼ 320 nm,
where all the media (i)–(iii) have the same total mass. The
simulations are performed using the EPIC code in which we
included the radiation reaction force as described in Sec. IV.

The simulation boxes set for cases (i)–(iii) are shown in
Fig. 3. We set the periodic boundary condition in the x direc-
tion so that the plasma or clusters are distributed infinitely in
the x direction as shown outside of the simulation box in Fig.
3 in gray. On the other hand, the boundary condition for the
y direction is outgoing, so that particles and fields that reach
to the y¼ 0 or y ¼ Ly boundary go out of the simulation sys-
tem. Here, the size of the simulation box is Ly ¼ 20:48 lm in
the y direction and Lx ¼ 1:28 lm for cases (i) and (iii), and
Lx ¼ 0:64 lm for case (ii), in the x direction. The mesh size
is Lmesh ¼ 10 nm in both x and y directions.

We assume an antenna located at y ¼ 0:02 lm that
excites a p-polarized laser pulse with the wavelength
kL ¼ 820 nm. The laser field is uniform in the x direction
while having the Gaussian time profile with duration 2s
¼ 40 fs where s corresponds to the half width of the Gaussian
pulse function which is proportional to expð!t2=s2Þ. The
peak amplitude of the laser field is given by â0 ¼ 100 or 200.
Note that the situations considered here are essentially one
dimensional, since we assume the transversely uniform laser
field together with the periodic boundary in x.

Media (i)–(iii) consist of fully ionized carbon plasmas
(Z¼ 6). The ion density of clusters in cases (ii) and (iii)
is assumed to be the diamond density, i.e., ni ¼ 1:76
)1023 cm!3. The electron density for (ii) and (iii) is then
given by ne ¼ Zni ¼ 637 nc. Clusters are modeled by uni-
form plasma columns where the cluster sizes are determined
on the basis of the discussions given in Sec. II. Note that
rcl ¼ 160 nm and 320 nm in cases (ii) and (iii) are the radii
which result in je/2D

cl j=!k < 1 and je/2D
cl j=!k > 1, respec-

tively, for a0 ¼ 100 in Fig. 2. The packing ratio is given by
fp ¼ Nclpr2

cl=S ¼ 0:20 where Ncl is the number of clusters in
the simulation box and the background area S is shown by
the dashed line in Fig. 3. The clusters are distributed regu-
larly where the distance between the cluster surfaces is
almost the same as the cluster diameter. The ion and electron
densities for uniform plasma (i) is set to be the averaged den-
sity in the cluster media, i.e., nav ¼ fpne ¼ 130 nc.

VI. INTERACTION WITH â05100 LASER FIELD

A. Energy evolution in each medium

In this section, we consider the interaction with laser
peak amplitude â0 ¼ 100. In this case, the assumed average
density nav ¼ 130nc is overdense even when we consider
the relativistic effect, i.e., the relativistic cutoff density cnc

% â0nc=
ffiffiffi
2
p
¼ 71nc is still smaller than nav.

First, we study the energy partition among electrons,
ions, and radiations during the interactions by presenting the
time evolution of energy densities of electrons ee, ions ei,
and field ef in the simulation system, and that of radiation
energy loss erad calculated from the time integration of the
corresponding power v + Frad. Here, all the energy densities
are averaged by the total volume of the system V. The
explicit definitions are given in Appendix A.

The above energy densities are shown in Figs. 4(i-a),
4(ii-a), and 4(iii-a). Here, the values are normalized by the
total energy input during the time t ¼ 0 to tfinal by the laser
into the simulation box, i.e., ein, which is also divided by the
total volume of the system. Here, tfinal ¼ 200 fs corresponds
to the final time of the simulation. The normalized values are
represented with tilde, e.g., ~eeðtÞ ¼ eeðtÞ=einðtfinalÞ is the nor-
malized electron energy density. Note that in this notation,
~einðtfinalÞ ¼ 1. We also plot the total absorption energy ~eabs

¼ ~ee þ ~ei in Figs. 4(i-a)–4(iii-a). We note that the energy
conservation relation can be represented as ~eeðtÞ þ ~eiðtÞ
þ~ef ðtÞ þ ~ePoyðtÞ þ ~eradðtÞ ¼ ~einðtÞ. Here, ~ePoy, which is not
shown in Fig. 4, is the normalized Poynting energy denoting
the energy of reflected and/or transmitted wave that has
gone out from the y-boundaries of the simulation box up to
the time t. The conservation relation is confirmed to be well
satisfied as shown by Fig. 14 including ~ePoy in Appendix A.

We see from Figs. 4(i-a)–4(iii-a) that the field energy
(black solid line) increases initially, and then, from around
t¼ 50 fs, the absorption energy (blue bold line) begins to
increase. Note that the laser pulse peak reaches to the front
surface position y ¼ 2:56 lm at t¼ 62 fs in the case of vac-
uum. Around this pulse peak time, the energy absorption by
electrons becomes the largest by which the electron energy
absorption rate reaches to ~ee % 0:3 for the case of uniform
plasma (i) and ~ee > 0:4 for cluster media (ii) and (iii). After
t¼ 80 fs, as the laser input is almost finished as seen from
the saturation of ~ein, the electron energy begins to decrease
while the ion energy (blue dashed line) increases by the
same gradient. As a result, the total particle absorption
energy ~eabs remains constant after the time. This indicates
that the electron energy is converted to the ion energy due to
ion acceleration by the electrostatic field created by the
expanding electrons.

The radiation energy ~erad shown by the red dashed-
dotted line increases during the peak interaction time t
¼ 50! 80 fs and remains constant after the time for all the
cases. This indicates that the radiation loss takes place domi-
nantly at the time when electrons are interacting with the
laser field of large amplitude. The radiation energy loss rates
at the final time, ~eradðtfinalÞ, are obtained as 1.4%, 8.3%, and
8.9% for cases (i)–(iii), respectively.
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In the right side in Fig. 4, i.e., (i-b), (ii-b), and (iii-b), ~ef

and ~ee in t¼ 40–90 fs are closed up. In addition, we show the
power of radiation Prad in the same figure by red bold line.
Note that for case (ii), we doubled the value of Prad obtained
in the simulation in order to compare it with the other cases,
since the size of the simulation box for case (ii) is half of
those in cases (i) and (iii). In the radiation power Prad, coher-
ent radiation emissions with period TL=2, where TL ¼ 2p=xL

is the laser period, are seen in all the cases (i)–(iii). One can
see that the oscillations in Prad synchronize with those in the

field and electron energies, ~ef and ~ee. This indicates that the
electrons oscillate in the direct interaction with the laser elec-
tric field whose strength changes in the period of TL=2, and
due to such strong accelerations, the electrons emit high
energy radiations with the same period TL=2.

Here, the minimum value in the oscillatory part of Prad

does not reach to zero specifically in the case of cluster media
(ii) and (iii). The remained incoherent component represents
radiations by quivering motion of electrons by laser field at
positions of different phase, and also by accelerated motions

FIG. 4. ((i-a)–(iii-a), left) Time evolution of energy densities averaged by volume for field ~ef (black solid line), electron ~ee (blue dotted), ion ~e i (blue dashed),
absorption ~eabs (blue solid), and radiation ~erad (red dashed-dotted), which are normalized by the final value of the input energy ein (t¼ 200 fs), for media
(i)–(iii). ((i-b)–(iii-b), right) Radiation power (red bold line) during t¼ 40–90 fs for the same simulations as the left side figures for each medium. Energy den-
sities for field ~ef (black) and electron ~ee (blue), which are the same as those in the left side (a), are shown for reference. For all results, the assumed laser peak
intensity is â0 ¼ 100.
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by the Coulomb field from cluster surfaces. On the other
hand, the dominance of oscillatory component of Prad in case
(i) indicates that the most part of radiation is emitted from the
coherent oscillatory motion of electrons by laser electric field
at the front surface of the plasma distribution. We find that the
enhancement of radiation energy ~erad in the cluster media
which we have seen in Figs. 4(i-a)–4(iii-a) resulted mainly
from the increase of the incoherent part of Prad.

Here, amplitude of the coherent oscillatory part of Prad

in case (ii), whose maximum value reaches to 1:2 TW=lm,
is about twice larger than that in case (iii). This is considered
to be resulted from the twice larger surface in case (ii) at the
same position in y where electrons move with the same phase
coherently. Namely, the numbers of clusters distributed in
the x direction in length 1:28 lm are 2 and 1 for cases (ii)
and (iii), respectively, and thus, the points on cluster surface
that are positioned at the same coordinate in y are doubled in
case (ii), which enhances the coherent part of Prad.

The radiation power reaches to 3 TW=lm instantane-
ously in case (ii), which is the largest among cases (i)–(iii).
If we assume that the radiation takes place uniformly in a
laser spot area Sspot of 5 lm diameter for instance, the corre-
sponding radiation power for the cluster medium (ii)
becomes 59 TW.

Note that, in the radiation power for case (ii), two peak
periods with large oscillations around t¼ 60 fs and t¼ 70 fs
are seen. It is confirmed that these peaking times of Prad cor-
respond to the times when the laser field is passing between
clusters that have not yet dissolved to be uniform. Therefore,
the first and second peak periods of Prad correspond to the
times when the laser field interacts with the surface electrons
at the first and second clusters, respectively.

B. Two dimensional spatial distribution of radiation
energy loss

In Subsection VI A, we found that cluster media exhibit
higher radiation rates compared with the uniform plasma.
We here compare the interaction dynamics of each medium,
which results in the difference of the radiation rates.

In Fig. 5, we show the two-dimensional distributions of
field, electrons, and radiation energy loss for each medium.
All the plots in Fig. 5 are for the instant time t¼ 70.1 fs
around which the total energy in the system becomes the
largest. The upper figures (a), i.e., (i-a), (ii-a), and (iii-a), are
one-dimensional plots at the center of the system, x ¼ Lx=2,
for charge density of electrons ne (black) and ions Zni (blue)
for media (i)–(iii). The upper two contours (b) and (c) repre-
sent the 2D distributions of electric field Ex ((i-b), (ii-b), and
(iii-b)) and electron density ne ((i-c), (ii-c), and (iii-c)),
respectively, where they are also normalized by the peak
laser amplitude E0 and cutoff density nc, respectively. In the
color bar for electron density ne, the colors are separated rig-
idly so that the relation with relativistic cutoff density cnc

can be seen clearly. Namely, with the assumption of
c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

0=2
p

, the values on the color bar 35, 71, 106, and
141 indicate the relativistic factor c for a0 ¼ 50; 100; 150
and 200, respectively. Therefore, ne=nc ¼ 35; 71; 106, and
141 correspond to the relativistic cutoff densities for the laser

field amplitudes a0 ¼ 50; 100; 150, and 200, respectively.
The dashed lines in the figures indicate the initial distribution
area for each medium.

In the lowest contour, we present the power density of
radiation prad that is obtained from the work done by the radia-
tion reaction force Frad to electrons in each simulation cell.
The detail of the calculation is presented in Appendix B.

FIG. 5. One dimensional snap shots of (a) charge density of electron ne

(black) and ion Zni (blue) and two dimensional contours of (b) electron den-
sity ne, (c) electric field Ex, and (d) radiation energy density erad at t¼ 70.1
fs for the case of â0 ¼ 100.
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First, in the case of plasma (i), the high density region of
ne=nc > 141 (dark-red and black) is formed at the front sur-
face of the plasma being pushed by the laser field. The radia-
tion loss for case (i) is seen at the peripheral of the front
surface, i.e., 2:6 lm ( y ( 3:8 lm, where the electrons inter-
act with the incident laser field. The radiation power density
obtained for this case (i) is typically in the order of
1023 W=cm3.

Second, for the cluster medium with small clusters (ii),
the first cluster has just been dissolved at this time. From
Fig. 5(ii-b), it is seen that the electrons from the first cluster are
pushed by the laser field to the second cluster position and
make a one-dimensional wall structure with 141 < ne=nc

< 283, by which the laser field coming after the time is
reflected as in (ii-c). As seen from (ii-b), electrons are distribut-
ing in regime y ¼ 2:3! 4:5 lm with density 35 < ne=nc < 71
(green) that is high but underdense for the field amplitude
a0 ¼ 100. Owing to such a cluster expansion during the inter-
action, the larger number of electrons can interact directly with
the laser field compared with case (i). As a result, the radiation
loss shown in (ii-d) distributes in wider area than that in (i).

Third, for the cluster medium with large clusters (iii),
the electron core of the first cluster still remains with density
ne=nc > 283 as seen in (iii-b). Here, since the inter-cluster
distance in case (iii) is twice larger than that in case (ii), the
region with ne=nc < 71 which is relativistically underdense
for the laser field amplitude of a0 ¼ 100 still exists in case
(iii) between clusters with respect to the x direction. The
laser field can then penetrate into the medium as seen in (iii-
c). The radiation loss distributes in the area 1:8 lm ( y (
4:4 lm beyond the position of the remaining first cluster. A
high radiation power density in the order of 1024 W=cm3 can
be seen also at the second cluster surface.

From Figs. 5(i)–5(iii), it is found that the high power
density of radiation loss distributes in the area where elec-
trons with near-critical density and strong laser field in the
level of Ex=E0 % 1 are overlapped. Namely, the wider distri-
bution of the radiation loss in cluster media (ii) and (iii) than
in case (i) reflects the wider expansions of electrons to the
front side for case (ii), and both front side and inside for case
(iii), respectively, which are shown in green and gray colors
(1 ( ne=nc ( 71) in Figs. 5(ii-d) and 5(iii-d).

Here, the electron expansion to the front side in the clus-
ter media can be understood as follows. In the case of uni-
form plasma distribution (i), the front surface is pushed
uniformly by the laser field. On the other hand, in the case of
cluster media (ii) and (iii), the laser fields tend to penetrate
through the low-density region between clusters, and there-
fore, the pressure at the front of the each cluster are dimin-
ished compared with the uniform case (i). A large number of
electrons from clusters can then expand not only to the rear
but also to the front direction.

VII. INTERACTION WITH â05200 LASER FIELD

A. Energy evolution in each medium

Next, we consider the interaction with higher laser peak
amplitude â0 ¼ 200. In this case, the assumed average den-
sity nav ¼ 130nc is underdense considering the relativistic

effect. Namely, the cutoff density is estimated to be cnc

% â0nc=
ffiffiffi
2
p
¼ 141nc which is a little higher than nav.

We first show the time evolution of the averaged energy
densities in Fig. 6. The definition of each energy is the same
as that in Fig. 4. We notice in the left side of Fig. 6 for the
cluster media (ii) and (iii), i.e., (ii-a) and (iii-a), that the final
value of the absorption energy density ~eabs (tfinal ¼ 200 fs)
decreases largely compared with that in the case of
â0 ¼ 100. Instead, the radiation energy density ~erad is found
to increase significantly compared with the case of
â0 ¼ 100. As a result, the absorption rate ~eabs in cluster
media (ii) and (iii) is found to become almost the same value
as that for the uniform plasma (i) in the current case
â0 ¼ 200. The ratio of energy depositions to electrons ~ee and
ions ~ei are also the same among cases (i)–(iii).

The radiation energy density ~erad evolves during the
time t ¼ 50! 80 fs with the increase of ~eabs in a similar
manner with the case of â0 ¼ 100. Here, ~erad in case (iii),
which takes the highest value among cases (i)–(iii), reaches
to the value near to that of the absorption rate ~eabs. The final
radiation loss rates ~erad (tfinal) are obtained as 13%, 31%, and
36% for cases (i)–(iii), respectively. Therefore, the relative
relation that the radiation rates in cluster media are larger
than the uniform plasma (i) is sustained as the laser field am-
plitude is increased from â0 ¼ 100 to 200.

In the right side in Fig. 6, i.e., (i-b)–(iii-b), we show the
radiation power Prad and the normalized energy densities for
field ~ef and electrons ~ee for t¼ 40–90 fs.

As same as in the case of â0 ¼ 100, we see that the
coherent oscillatory component of Prad dominates in the case
of uniform plasma (i), whereas the incoherent component is
large in the cluster media (ii) and (iii). For cases (i) and (ii),
the amplitude of the coherent oscillation in Prad in the current
case â0 ¼ 200 is about 17 and 15 times larger, respectively,
compared with those for â0 ¼ 100. The above increase fac-
tor, which is near to the value 16ð¼24Þ, is reasonable, since
the radiation power given by Eq. (5) shows the dependence
on c2a2

0 % a4
0, and the ratio of â0 is currently 200=100 ¼ 2.

As for case (iii), the ratio of maximum amplitude of the
coherent oscillation in Prad between cases â0 ¼ 100 and 200
is more than 20. This is due to that the coherent radiation
emission is contributed not only from the first cluster which
is located at the most front side, but also from the second
cluster whose center is initially located at a distance of
1:94kL, i.e., about twice the laser wavelength, from that of
the first cluster.

Different from the case of â0 ¼ 100, the amplitude of
the coherent oscillatory part of Prad in case (ii) shows similar
value to the other cases (i) and (iii). This denotes that the
clustered structure in case (ii) is dissolved to be uniform in a
short time during the interaction with the laser field of
â0 ¼ 200. Note that the short-time expansion can also be
expected from Fig. 2 discussed in Sec. II where the small
cluster rcl¼ 160 nm satisfies je/2D

cl j=!k / 1 for a0 ¼ 200
even when all the electrons are expelled from the cluster to
be r0 ¼ 0. Hence, the uniform distribution can be easily
formed in case (ii) for the case of â0 ¼ 200, and the property
that the cluster medium (ii) has larger interaction surface dis-
appears in a short time.

063115-8 Iwata et al. Phys. Plasmas 23, 063115 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  129.104.65.1 On: Mon, 27 Jun
2016 17:22:17



The radiation power reaches to 40 TW=lm instantane-
ously in case (iii), which is the largest among cases (i)–(iii).
If we assume a laser spot area Sspot of 5 lm diameter as same
as in Sec. VI A, the corresponding radiation power for the
cluster medium (iii) becomes 0.78 PW.

B. Two dimensional spatial distribution of radiation
energy loss

Next, we investigate the interaction by using two-
dimensional figures (Fig. 7). All the plots and contours in
Fig. 7 are for the instant time t¼ 70.1 fs as same as in Fig. 5.

First, in the case of plasma (i), the front surface is
pushed by the radiation pressure of the laser field for a dis-
tance about 1 lm from the initial front position as seen
in (i-b), and as a result, the high density region with ne=nc

> 141 (dark-red and black) is made at the surface. Therefore,
despite that the original plasma density ne ¼ 130nc is under-
dense for the field amplitude a0 ¼ 200, the laser field cannot
propagate exceeding the high density surface with ne=nc > 141
as seen in Fig. 7(i-c). At the front of the interaction surface,
high intensity radiation losses that reach to the level of
1026 W=cm3 are obtained.

FIG. 6. ((i-a)–(iii-a), left) Time evolution of energy densities averaged by volume for field ~ef (black solid line), electron ~ee (blue dotted), ion ~e i (blue dashed), absorp-
tion ~eabs (blue solid), and radiation ~erad (red dashed-dotted), which are normalized by the final value of the input energy ein (t¼ 200 fs), for media (i)–(iii). ((i-b)–(iii-
b), right) Radiation power (red bold line) during t¼ 40–90 fs for the same simulations as the left side figures for each medium. Energy densities for field ~ef (black)
and electron ~ee (blue), which are the same as those in the left side (a), are shown for reference. For all results, the assumed laser peak intensity is â0 ¼ 200.
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Second, for the cluster medium (ii), the electrons from
the first and second clusters are pushed by the laser field to-
ward the position of the third cluster and make a high density
wall with ne=nc > 141 which is relativistically overdense for
the field amplitude a0 ¼ 200. The laser field reaches to the
front surface of the third cluster, exceeding the relativisti-
cally underdense region of 35 ( ne=nc ( 106 (green and

orange). Although both cases (i) and (ii) produce the high
density wall structure one-dimensionally, by which the laser
field is reflected, the difference of the initial structure
between cases (i) and (ii) can be seen clearly in (ii-d) as the
wider distribution of intense radiation loss in the front side
of the medium in case (ii). Namely, the radiation loss in the
order of 1023!24 W=cm3 seen from y ¼ 1:7 lm to 2:6 lm in
(ii-d) is not seen in case (i). This coincides with the wider
expansion of the electrons to the –y direction in the cluster
medium, as is discussed for â0 ¼ 100 in Sec. VI B. Such a
wider distribution of radiation results in the larger value of
the incoherent part of Prad shown in Fig. 6(ii-b).

Third, for the cluster medium with larger clusters (iii), it is
seen from Fig. 7(iii-b) that the electrons from the first and sec-
ond clusters form a high density region with 71 ( ne=nc ( 141
(orange and red), which is high but underdense for the field am-
plitude a0 ¼ 200, around y ¼ 3! 4 lm. Such a wide distribu-
tion of near-critical density is seen only for case (iii), which
results in the high energy absorption and radiation rates in
(iii) shown in Fig. 6. Note that no electron core is remained
at the original first cluster position, i.e., y¼ 2.6–3.2 lm, in
Fig. 7(iii-b) for the current case â0 ¼ 200 as is expected in the
discussion for Fig. 2 in Sec. II. From Fig. 7(iii-c), it is seen that
the laser field penetrates through the low density region between
clusters in the x direction and reaches to the rear side with a
small amplitude. In this time t¼ 70.1 fs, intense radiation losses
that reach to the level of 1025 W=cm3 are obtained at the periph-
eral of the first cluster and also at the front surface of the second
cluster as shown in (iii-d). Such an intense radiation indicates
that the number of electrons that emit high energy radiation is
increased in case (iii) compared with cases (i) and (ii).

VIII. RATES OF ENERGY CONVERSION

Here, we summarize the variation of energy conversion
rates from laser to particles and high energy radiations at the
final time tfinal ¼ 200 fs with â0 ¼ 100, 150, and 200 in Fig.
8. The upper figure, Fig. 8(a), represents the absorption rate
~ee þ ~ei obtained in the simulations without radiation reac-
tion. The triangle, circle, and square points represent the
rates for cases (i), (ii), and (iii), respectively. On the other
hand, in the lower figure, Fig. 8(b), the absorption and radia-
tion rates obtained in the simulation with radiation reaction
are shown in blue and red, respectively, on the left side.
On the right side, the sum of absorption and radiation rates
~ee þ ~ei þ ~erad for simulations with radiation reaction is shown.

Note that by observing the Poynting energy at the y
boundaries, we confirmed that the transmission rate of the
field to the rear boundary is less than 2% for all the cases.
Therefore, the energy which is not absorbed or lost as the
radiation emission corresponds to the reflected Poynting
energy that goes out of the system from the y¼ 0 boundary.

In the case without radiation reaction (Fig. 8(a)), the
absorption rate for the uniform plasma (i) shown by blue tri-
angles increases as the laser field amplitude â0 increases.
This is due to the relativistic penetration of the laser field for
larger â0. When the radiation reaction is taken into account,
the absorption rate for case (i) saturates even â0 increases as
seen in the left side of Fig. 8(b). Instead, the energy

FIG. 7. One dimensional snap shots of (a) charge density of electron ne

(black) and ion Zni (blue) and two dimensional contours of (b) electron den-
sity ne, (c) electric field Ex, and (d) radiation energy density erad at t¼ 70.1
fs for the case of â0 ¼ 200.
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conversion to the radiation (red triangles) increases with
almost the same gradient as that for the absorption rate in the
case without radiation reaction. As a result, the absorption
rate without radiation reaction and the sum of absorption and
radiation rates (black triangle on the right side of Fig. 8(b))
exhibit the same variation with respect to â0.

In the case of cluster medium with large clusters (iii), all
the rates shown in Fig. 8 by square points exhibit the largest
value among the three cases (i)–(iii) for each â0. We note
that the rates for cluster medium with small clusters (ii) ex-
hibit the intermediate values between those for cases (i) and
(iii). This is reasonable since the configuration of the cluster
medium (ii) shown in Fig. 3 is taken to be the intermediate
structure between cases (i) and (iii).

For the interaction without radiation reaction in (iii), the
absorption rate represented by blue squares in Fig. 8(a) reaches
to around 75% and exhibits little variation for different â0, i.e.,
the rate increases only 3% from the case of â0 ¼ 100 to that of

â0 ¼ 200. By the inclusion of radiation reaction, the absorption
rate for (iii) is reduced especially for large â0 as shown by blue
squares on the left side of Fig. 8(b). For instance, for â0 ¼ 200,
the absorption rate for (iii) is reduced by the radiation damping
to the half value, i.e., from 80% to 40%. The latter is the same
level as the absorption rates in the case of plasma (i) and also
in (ii) with radiation reaction. Namely, for â0 ¼ 200, the
absorption rates for all the cases (i)–(iii) decreased to around
40% by the radiation damping. However, we find that the radi-
ation rates, which are shown in red, for cluster media increase
with â0 with almost the same gradient as the decrease of the
absorption rate for (iii).

As a result, for case (iii), the sums of absorption and
radiation rates in the right side of Fig. 8(b) show almost the
same values as the absorption rates without radiation reac-
tion shown in Fig. 8(a). For cluster medium (ii), due to the
smaller gradient of the decrease of the absorption rate (blue
circles) compared with that in the increase of the radiation
rate (red circles), the sum of absorption and radiation rates
increases for â0 ¼ 200, which is a different behavior from
the absorption rate without radiation reaction.

The above results denote that the conversion ratio
between particle and radiation differs depending on the inter-
nal structure of the medium. We conclude that the cluster
media assumed here provide effective conversions to high
energy radiations.

IX. ELECTRON TRAJECTORY IN THE INTERACTION
WITH â05200 LASER FIELD

As summarized in Fig. 8, we have so far seen large radi-
ation energy losses in the cluster media. Since the radiation
reaction acts on electrons, the effect can be seen directly in
the electron trajectories. To see it, we compare the electron
trajectories obtained in the simulations without and with
radiation reaction for cases (i)–(iii) in Figs. 9–11, respec-
tively. By the colors of the trajectories, we also show the rel-
ativistic factor of the electrons. The dashed lines in the
figures represent the initial surfaces of plasma or clusters.
The black dots on the trajectories correspond to the positions
of the electron at t¼ 0 fs and 70.1 fs. Since we employed the
periodic condition for the x boundary, we connected the tra-
jectories coming to the position x ¼ xa across the boundary
x ¼ Lx for n times to x ¼ xa þ nLx, and vice versa for x< 0.

First, we show trajectory of an electron in the uniform
plasma (i) in Fig. 9. In this case, the trajectory obtained from
simulation with radiation reaction shown in the lower figure
shows basically the same behavior as that for the case with-
out radiation reaction shown in the upper figure. The electron
moves from the initial position to the direction of the front
surface as the return current with a slow velocity. At the
front surface of the plasma, the electron interacts with the
laser field and changes its direction to the þy direction due
to the v) B force. After the time, the electron moves toward
the rear side surface in a ballistic trajectory with a slow ve-
locity of c % 30 in the case without radiation reaction and
that of smaller energy c % 6 in the case with radiation reac-
tion. At the rear surface, the electron again changes its direc-
tion to the –y direction being dragged by the sheath field of

FIG. 8. Dependence of absorption and radiation rates on the peak normal-
ized amplitude of the incident laser field â0. (a) Absorption rates obtained in
the simulations without radiation reaction are shown by blue triangles,
circles, and squares for media (i) uniform plasma, (ii) cluster medium with
cluster radius rcl¼ 160 nm, and (iii) cluster medium with rcl¼ 320 nm,
respectively. (b) Results for the cases with radiation reaction. On the left
side panel, absorption (blue) and radiation (red) rates are plotted for each
medium. On the right side panel, the sum of absorption and radiation rates is
shown in black for each medium (i)–(iii).
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the plasma. Interaction with the laser field again takes place
at around y ¼ 4 lm, which roughly corresponds to the posi-
tion of the interaction front at time t¼ 70.1 fs as is seen in
Figs. 7(i-b) and 7(i-c). Such a ballistic trajectory with no
rapid change of the energy will not contribute to high energy
radiation emissions.

Second, in Fig. 10, trajectory of an electron from the sec-
ond cluster is shown. In the case without radiation reaction,
the electron that has left the cluster changes its direction
around the third cluster, moves to the direction of the front
surface, and goes away from the medium. After t¼ 70.1 fs,
the electron oscillates due to the force from the laser electric
field whose pulse front is coming to y ¼ 4 lm at t¼ 70.1 fs as
shown in Fig. 7(ii-c). Such a quiver motion with a large mo-
mentum to the counter direction to the laser field is expected
to suffer from a large radiation friction, since the power of
radiation from an accelerated charge, which is in proportion to
the acceleration frequency xL as in Eq. (5), becomes larger
when blue shift of the frequency takes place due to the counter
propagation of the charge and the field.

We see in the lower figure in Fig. 10 that the electron
loses its momentum of the –y direction around the surface of
the medium due to the radiation damping, and consequently
the electron is pushed back into the medium after excursion at

the peripheral of the second cluster. We note that during the
excursion, the second cluster core still remains and the ion
core disappears to be uniform at just after the time t¼ 70.1 fs.
The electron trajectory for case (ii) in the lower figure in
Fig. 10 represents that the electron stays around the second
cluster core and interacts with the laser field and charge sepa-
ration field until the clustered structure becomes uniform.
During this time, the electron suffers from large accelerations
to c > 300 and decelerations to c % 100 are seen for several
times. Note that at this time, t¼ 70.1 fs, we see the intense
radiation loss in Fig. 7(iii-d) around the position of the elec-
tron in Fig. 10. Therefore, the electron can be regarded as one
of the sources of the intense radiation emission.

Third, in Fig. 11, trajectory of an electron from the first
cluster is shown. In the case without radiation reaction, the
electron escapes from the cluster to the þy direction, turns to
the –y direction at position between the first and second clus-
ters, and interacts with the laser field in the inter-cluster region
just before the time t¼ 70.1 fs, which results in the quiver
motion at around the front surface. The electron then begins to
move ballistically toward the þy direction. At t¼ 70.1 fs, we
see a strong acceleration to c > 400 at the position of initial
surface of the first cluster. The similar acceleration to c > 400
is seen also after the time at the second cluster position. These

FIG. 9. Electron trajectory in uniform plasma (i) for â0 ¼ 200 without
(upper) and with (lower) radiation reaction. Dashed lines represent the initial
surface of plasma.

FIG. 10. Electron trajectory in cluster medium (ii) for â0 ¼ 200 without
(upper) and with (lower) radiation reaction. Circles with dashed line repre-
sent the initial position of clusters.
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accelerations are attributed to the charge separation field cre-
ated by the remaining ion cluster cores.

On the other hand, when the radiation reaction is taken
into account, the trajectory becomes complex exhibiting non-
ballistic trajectory that suffers strong accelerations and decel-
erations. This is considered to be due to the radiation reaction
force which acts mainly to the !v direction as seen from the
dominant third term in Eq. (7) and thus suppresses ballistic
motions. We see that the electron is trapped by the neighbor-
ing cluster and suffers from accelerations for several times by
the laser field and sheath field of the cluster. The electron then
moves to the next cluster around the time t¼ 70.1 fs.

These accelerations and/or trappings by charge separa-
tion fields inside of cluster media is not seen for uniform
media as case (i) where the sheath field is created only at the
front and rear surfaces.

X. EFFECT OF RADIATION DAMPING IN ENERGY
DISTRIBUTION

We further investigate the energy distributions for elec-
trons and ions for the cases of uniform plasma (i) and cluster
medium (iii) with â0 ¼ 200.

First, in Fig. 12, we show the distributions of electron
energy Ee at the time tfinal ¼ 200 fs. The vertical axis is the
normalized distribution function defined by floge ¼ dNe=
dðlog EeÞ=Netot where Netot is the total number of electrons in
the system so that

Ð
flogedðlog EeÞ ¼ 1. Upper and lower fig-

ures correspond to the cases of plasma (i) and cluster me-
dium (iii), respectively. In each figure, results obtained from
calculations without and with radiation reaction are shown
by the black and bold blue lines, respectively. Note that the
electron energy distribution for the cluster medium (iii) has
two peaks indicated by bold arrows, one of which in the low
energy regime denotes electrons that stay in clusters. Such a
division of energy distribution is not seen in case (i), since
whole electrons start to move being affected by the charge
separation field in the continuous medium (i) as a return
current.

For both cases (i) and (iii), the high energy component
above Ee ¼ 100 MeV is decreased largely due to the radia-
tion damping by more than one order. The decelerated elec-
trons distribute in the lower energy regime below 10 MeV
where the distribution for the case with radiation damping
shows higher value than that without radiation damping. These
results denote that the radiation damping is effective especially
for the high energy electrons with large relativistic factors, for
which the dominant term of the radiation reaction force, i.e.,
the third term on the RHS on Eq. (7), becomes large.

In Fig. 13, we show ion energy distributions for cases (i)
and (iii). Here, the vertical axis is the normalized distribution
function defined by fi ¼ Fi=

Ð
FidEi where Fi ¼ dNi=dEi=ffiffiffiffiffi

Ei
p

so that
Ð

fidEi ¼ 1. We can also see the effect of radia-
tion reaction on the high energy component in the ion energy

FIG. 11. Electron trajectory in cluster medium (iii) for â0 ¼ 200 without
(upper) and with (lower) radiation reaction. Circles with dashed line repre-
sent the initial position of clusters.

FIG. 12. Energy distributions of electrons for â0 ¼ 200 without (black line)
and with (bold blue line) radiation reaction. Upper and lower figures are for
cases (i) and (iii), respectively.

063115-13 Iwata et al. Phys. Plasmas 23, 063115 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  129.104.65.1 On: Mon, 27 Jun
2016 17:22:17



distribution for both cases (i) and (iii). This is the indirect
effect of the radiation reaction to ions, since the radiation
reaction acts only on electrons and the ion acceleration takes
place via electrons as we have seen in the energy evolution
for electrons and ions in Fig. 6. Comparing Fig. 13 for (i)
and (iii), we see that in the case without radiation reaction,
the cluster medium (iii) generates more energetic ions whose
maximum energy is larger by more than 80 MeV/u than that
for plasma (i). However, the maximum ion energy in the
cluster medium (iii) is decreased by the inclusion of radiation
reaction to the same level of that in case (i), i.e., about
240 MeV/u. Therefore, it is found that the clustered structure
enhances the ion acceleration when the radiation reaction is
not taken into account; however, as the radiation reaction is
included, the clustered structure enhances high energy radia-
tion emission rather than the ion acceleration.

Note that for case â0 ¼ 100, we confirmed that the rela-
tive difference of the maximum ion energy between cases
without and with radiation reaction at t¼ 200.1 fs is less
than 15%, and the maximum ion energy is still higher in the
cluster medium (iii) than case (i) when the radiation reaction
is taken into account.

XI. CONCLUSION

We studied the interaction between cluster media and
high intensity laser fields in the radiation dominant regime
assuming the laser peak amplitude of â0 ¼ 100 and 200.
Based on a theoretical estimation for the size of clusters that
can interact with incident laser fields effectively while sustain-
ing their property as the structured material, we introduced
three kinds of targets with same total mass but have different

structures, i.e., uniform plasma and cluster media with two
different cluster radii, in the two-dimensional PIC simulation.
We investigated the effects of the internal structure of target
materials on the interaction dynamics and radiation damping
based on the PIC simulation that includes the radiation reac-
tion to electrons in terms of the Landau–Lifshitz formula.

For both cases of â0 ¼ 100 and 200, higher radiation
energy loss rate, which corresponds to larger radiation emis-
sion, in the cluster media than that in the uniform plasma is
found with enhancement of the incoherent component of the
radiation friction. In the case of â0 ¼ 200, the radiation rate is
found to be 36% for the cluster medium assumed here, which
is about three times higher than the radiation rate for the uni-
form plasma. The enhancement of radiation in the cluster media
resulted from a wider spatial distribution of the radiation energy
loss inside and front side area of the cluster media where elec-
trons can interact directly with the intense laser field.

Electron trajectories in the cluster media are found to ex-
hibit complex motions with less ballistic behaviors compared
with the case of uniform plasma, due to accelerations and/or
trappings by internal sheath fields created by clusters. Such an
electron motion, which suffers from strong acceleration and
then radiation friction for many times, results in the high radia-
tion emission rate for the cluster media. The ion energy distri-
bution is also found to be affected by the radiation reaction
through the damping of the electron energy. As a result, the
larger maximum ion energy achieved in the cluster medium is
reduced by the inclusion of the radiation reaction to the same
level with that in the uniform plasma. These results suggest
that the clustered structure assumed here enhances the emission
of high energy radiations rather than ion acceleration.

From the results obtained here, it is expected that the
cluster media have a potential to create a high energy density
state that is composed of relativistic electrons, intense laser
field, and high energy radiations. The species of clusters (Z)
will also be an important ingredient in determining the inter-
action such as cluster expansion and trapping of electrons to
the cluster core, and even in considering the electron–posi-
tron pair production via the Bethe–Heitler and/or trident
processes40–42 using the created high energy density state.
These issues will be studied in future work.
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APPENDIX A: ENERGY CONSERVATION IN THE PIC
SIMULATION INCLUDING THE RADIATION DAMPING

Here, we consider the energy conservation law in the
simulation including the radiation damping.33 We start from
the energy density equation given by

FIG. 13. Energy distributions of ions for â0 ¼ 200 without (black line) and
with (bold red line) radiation reaction. Upper and lower figures are for cases
(i) and (iii), respectively.
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@Uf

@t
þr + S ¼ !E + J; (A1)

where Uf ¼ ðE2 þ B2Þ=8p is the field energy density, S ¼
cE) B=4p the Poynting vector, E the electric field, B the
magnetic field, and J the current density. Here, since the laser
field is excited by the external input of antenna current in our
simulation, the current density J is composed of that of the
antenna JA and that generated by the plasma particles in the
system Jp, i.e., J ¼ JA þ Jp. The RHS of Eq. (A1) for the for-
mer component, i.e.,!E + JA, represents the power input by the
external antenna current. The latter component Jp can be deter-
mined by the energy equation for particle of species r given by

d

dt
crmrc2
! "

¼ qrvr + E rrð Þ þ vr + Frad rrð Þ; (A2)

where q, c, r, and v are the charge, relativistic factor, posi-
tion, and velocity of the particle, respectively. The first and
second terms on the RHS of Eq. (A2) are originated from the
Lorentz force and the radiation reaction force in the equation
of motion Eq. (6), respectively. The plasma current density
Jp is obtained as the sum of all the particles in the system as

JpðrÞ ¼
X

r

XNr

ir¼1

qirvirdðr! rirÞ; (A3)

where Nr is the total number of particles of species r.
We here consider averaging Eq. (A2) by the total vol-

ume V in order to obtain the energy conservation relation in
the whole simulation system. For convenience, we introduce
the notation hAi ¼

Ð
VA dr=V and ef ¼ hUf i. The averaged

energy density equation is then expressed as

@ef

@t
þ hr + Si ¼ !hE + JAi! hE + Jpi: (A4)

By using Eqs. (A2) and (A3), we calculate the second term
on the RHS of Eq. (A4) as

!hE + Jpi ¼ !
1

V

ð

V

X

r

XNr

ir¼1

qirvird r! rirð Þ + E rð ÞdV

¼ ! 1

V

X

r

XNr

ir¼1

d cirmirc2
! "

dt
! vir + Frad rirð Þ

% &
:

(A5)

Hereafter, we represent the averaged kinetic energy density
as

ek ¼
1

V

X

r

XNr

ir¼1

cirmirc2; (A6)

and the averaged radiation power density as

wrad ¼ !
1

V

X

r

XNr

ir¼1

vir + Frad rirð Þ: (A7)

Then, the averaged energy density equation (A4) is rewritten
as

@ef

@t
þ @ek

@t
þ hr + Si ¼ !hE + JAi! wrad: (A8)

This equation represents the energy conservation law for
the simulation system that includes the laser field excitation
by antenna and the radiation reaction force. The first and
second terms on the LHS of Eq. (A8) are the time variation
of field and kinetic energy densities in the system, respec-
tively. The third term on the LHS corresponds to the
Poynting power density flowing out of the system. On the
RHS, note that !E + JA > 0 for antenna energy input and
wrad > 0 for damping of energy of the system by the radia-
tion friction.

In obtaining the plots for time evolution of energy given
in Figs. 4 and 6, we integrate Eq. (A8) in time and express
the energy conservation relation at time t as

ef tð Þ þ ee tð Þ þ ei tð Þ þ
ðt

0

hr + Sidtþ 1

2

ðt

0

hE + JAidt

!ein tð Þ þ erad tð Þ ¼ eerror tð Þ: (A9)

Here, erad is the density of radiation energy loss defined by

erad ¼
ðt

0

wrad dt: (A10)

In Eq. (A9), we define the energy density of laser input as

ein ¼ !
1

2

ðt

0

hE + JAidt: (A11)

Here, we put 1/2 on the RHS of Eq. (A11), taking into
account that the half of the antenna current energy goes out
immediately from the simulation system without any interac-
tion for situations where the antenna is located near the
boundary y¼ 0 with outgoing boundary condition as is
assumed in this paper. Therefore, the half of the antenna cur-
rent energy becomes the actual laser input energy to the sys-
tem. Another half of the antenna current energy is then left
as the fifth term on the LHS of Eq. (A9). On the RHS of Eq.
(A9), we introduce the error of the energy conservation eerror

which becomes zero in the ideal case without numerical
errors. In Eq. (A9), the kinetic energy is divided into the
electron and ion components as ek ¼ ee þ ei. Note here that,
in the simulations presented in this paper, erad includes only
the radiation loss for electrons (r ¼ e) since we can neglect
the radiation loss by ions as discussed in Sec. IV.

As an example, we plot each term of Eq. (A9) for the
simulation of cluster medium (iii) with â0 ¼ 200 in Fig. 14.
Here, each value in Fig. 14 is normalized by the total antenna
input energy up to the final time of simulation, einðtfinalÞ, as
same as in Fig. 6, e.g., ~ef ¼ ef=einðtfinalÞ. Note that Fig. 14
includes the actual Poynting energy density ePoy, i.e., the
sum of the fourth and fifth terms on the LHS of Eq. (A9),
and the error on the RHS of Eq. (A9), which are not shown
in Fig. 6. Note also that, instead of the absorption energy
~eabs ¼ ~ee þ ~ei, we here plot ~etot that represents the sum of all
terms except the sixth term ein on the LHS of Eq. (A9), i.e.,
~etot ¼ ~ef þ ~ee þ ~ei þ ~ePoy þ ~erad, for the purpose of confirm-
ing the balance relation with the antenna input energy.
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It is seen in Fig. 14 that the minus value of the antenna
energy !~ein is balanced with the sum of the other energies
~etot. In the lower figure in the log scale, we see that the abso-
lute value of the normalized error j~eerrorj shown by the green
line is kept small in the order of 10!3 ¼ 0:1%. Another sim-
ple example for the energy conservation assuming an under-
dense plasma is given in Ref. 33.

APPENDIX B: CALCULATION FOR RADIATION
DENSITY DISTRIBUTION

In calculating the spatial distribution of radiation power
density prad shown in Figs. 5 and 7, we first obtain the radia-
tion energy loss during the simulation time step, i.e., Dt
¼ 0:0067 fs, for each simulation cell as

DeradðtÞ ¼ !
XMsp

i¼1

viðtÞ + FradðriÞDt

¼ !
XMsp

i¼1

Dri + FradðriÞ; (B1)

where Msp is the number of super particle for electrons in the
mesh, and ri and vi are the position and velocity of the i-th

super particle, respectively. We added the minus sign on the
RHS so that Derad becomes positive, taking into account that
Frad is considered to be a friction force, i.e., vi + Frad ( 0.
The radiation power density prad in the unit of W=cm3 can be
obtained from Derad as

prad tð Þ ¼ nsavV

Nsp

Derad tð Þ
VcellDt

: (B2)

Here, Vcell is the volume of the cell, nsavV=Nsp corresponds
to the number weight of the super particle where nsav is the
average density of electrons in the system, V the total volume
of the system, and Nsp the total number of super particle for
electrons.
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