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Abstract

High-energy ion generation from the interaction of an ul-
trashort intense laser pulse with an overdense plasma slab is
studied with fully electromagnetic and relativistic particle-
in-cell simulation. With a properly designed underdense
preplasma, we observed that the forward ion acceleration
from the front surface can be enhanced. The momentum
distribution functions of the accelerated ions are investi-
gated with respect to the laser pulse intensity and the pre-
plasma profile.

INTRODUCTION

With the fast development of laser technology, the rela-
tivistic interaction of a super intense laser pulse with plas-
mas attracted lots of interests in the society of particle ac-
celerators. Advanced acceleration concepts using a laser
pulse can be applied for the generation of ions [1, 2, 3, 4]
as well as electrons [5, 6, 7] due to the enhancement in the
intensity and the pulse duration with the help of chirped
pulse amplification (CPA) technique.

Two mechanisms of forward ion acceleration from a
solid target irradiated by an ultrashort intense laser pulse
were introduced recently. One is the ion generation from
the rear surface [1, 2], and the other is that from the front
surface [3, 4]. The former is generated by hot electrons
penetrating through the slab and has low emittance and
high maximum energy. However, the energy spread of
the accelerated ions is large. The latter is produced by a
shock wave produced by the ponderomotive force of the
laser pulse and has low energy spread. It was also reported
that the advantages of both of them can be combined as the
ions initially formed in the shock wave at the front surface
reach the rear side of the exploding plasma layer and are
further accelerated by the electric field produced by the hot
electrons [8].

In this study, we investigate the effect of preplasmas on
the formation of the ion shock wave in the front surface
by using one-dimensional (1d) electromagnetic particle-in-
cell (PIC) code (1D-XOOPIC) [9] and two-dimensional
(2d) one (OSIRIS) [10] in order to achieve high maximal
ion energy.

∗E-mail address : leehj@keri.re.kr. This work is supported by the Cre-
ative Research Initiatives of the Korea Ministry of Science and Technol-
ogy.

SIMULATION PARAMETERS

For 1d simulation, we use a linearly polarized plane
wave with a Gaussian profile,

Ez(x, t) = E0 exp[−(x−xc)2/c2τ2
L] sin(kx−ω0t), (1)

where Ez is the transverse electric field, E0 is the maxi-
mum electric field, xc(t) is the center position of the laser
pulse, ω0 is the frequency, k is the wavenumber, and τL

is the pulse duration of the laser pulse. The wavelength in
vacuum is set to λ0 = 2π/k = 1 µm and the full width at
half maximum (FWHM) is calculated as 1.18 cτL, where
c is the speed of light. For 2d simulation, the laser pulse
is linearly polarized and has a Gaussian profile also in the
transverse direction.

The laser intensity is represented as a normalized vector
potential,

a =
eE0

mcω0
, (2)

which can be expressed with the laser intensity (I) as

a = 0.85 × 10−9λ0

√
I. (3)

Here, I is in W/cm2 and λ0 is in µm. The target is as-
sumed to be a fully ionized cold plasma slab with thick-
ness of 2 µm composed of protons and electrons with den-
sity of ne. Mainly ne = 1023 cm−3 = 90 nc is used
in the simulation, where nc is the critical density of the
laser pulse. The electron plasma frequency for this case is,
ωp = (nee

2/ε0m)1/2, which is about ten times larger than
the laser frequency, ω0. Here, e, ε0, and m are the elemen-
tary charge, the vacuum permittivity, and the electron mass,
respectively.

For 1d simulation, The simulation domain was set to
have a length of 100 µm and the target is located at x0

= 50 µm. A laser pulse is launched from the left side of the
simulation domain at t = 0 and propagates toward the tar-
get. The grid size is ∆x = 3.9 nm (256 cells per one wave-
length) and the time step is ∆t = 0.0065 fs (∆x/∆t = 2c).
Note that ωp∆t ≈ 0.12 < 1.0, which is small enough
to simulate the electron motions in the overdense plasma
regime.

For 2d simulation, however, simulation time becomes
very long to calculate with the same size of simulation
domain as that of 1d case. Therefore, we simulated the
case of ne = 1022 cm−3 = 9 nc instead of ne = 1023

cm−3 just in order to confirm that the tendency of 1d and
2d simulation results are almost similar. The grid size is
∆x = 31.3 nm (32 cells per one wavelength), and the time
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step is ∆t = 0.076 fs (∆x/∆t = 1.38c) for 2d simulation.
In this case, ωp∆t ≈ 0.44 < 1.0. For a higher plasma
density, the grid size should be reduced.

In order to represent wide density ranges of the pre-
plasma, we used varying ratios of the simulation particles
to real particles. Because of small collision cross sections
for fast moving particles, the collisions of electrons and
ions with neutrals are neglected.
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Figure 1: Shown are the profiles of the ion (solid) and elec-
tron (dashed) densities [(a), (c), and (e)] and the longitu-
dinal electric field [(b), (d), and (f)] at different time. The
dotted line in the density profiles shows the initial plasma
profile. Simulation parameters are a = 10, τL = 10 fs, and
ne = 9 nc.

RESULTS

Figure 1 shows the evolution of plasma density and lon-
gitudinal electric field in 1d simulation. When the laser
pulse has been incident on the plasma slab, electrons are
pushed by the ponderomotive force of the intense laser
pulse and the charge separation produces strong longitu-
dinal electric field as shown in Figs. 1(a) and 1(b). Due
to the strong electric field, ions begin to move, and some
electrons are pulled backward while hot electrons propa-
gates inside the slab as shown in Figs. 1(c) and 1(d). Even
after the laser pulse has been reflected back, the hot elec-
trons penetrate through the plasma slab and make strong
electric field also in the rear side. Finally, there are three
types of ion acceleration which are the backward ion accel-
eration (BIA) at the front side, the forward ion acceleration

at the rear side (FIAR), and the forward ion acceleration at
the front side (FIAF) [8]. As shown in Fig. 1(e), the ion
density in FIAF is high, and thus it is possible to increase
the total amount of charges of the ion beam if we can utilize
FIAF properly.
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Figure 2: Density profile of the ions at (a) t = 239 fs and
(b) t = 292 fs. Simulation parameters are a = 5, τL = 10
fs, and ne = 9 nc.

With the same parameters, we observed that the 2d simu-
lation results at the center plane of the Gaussian laser pulse
agree qualitatively well with those shown in Fig. 1. Figure
2 shows the 2d ion density profiles at later time far after the
laser pulse has been reflected. BIA, FIAR, and FIAF are
clearly recognized in Fig. 2(b).

We investigated the effect of underdense preplasmas
which can be generated by a prepulse. The preplasma is
formed in front of the target and assumed to have an expo-
nential density profile, n(x) = n1e

κ(x−x0), over range of
10 µm. Here, n1 is the maximum density of the preplasma,
x0 is the location of the plasma slab, and κ is the scale fac-
tor of the preplasma profile. In the simulations, we set κ to
be 0.69 µm−1, and varied n1 from 10−3nc to 0.9 nc. Note
that the collisionless skin depth is δ ≈ c/ωp = 0.0168 µm
for ne = 1023 cm−3, which is much shorter than the target
thickness of 2 µm.

Figure 3 shows the enhancement of the ion acceleration
at the front surface with the maximum preplasma density
close to the critical density, nc. The maximum value of the
ion momentum in the longitudinal direction, Px, does not
change much when n1 is small, but it increases more than
30% when n1 = 0.9nc compared with the case without
the preplasma. The enhancement is caused by the electrons
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Figure 3: Momentum-position phase space for the cases of
(a) n1 = 10−3nc and (b) n1 = 0.9nc at t = 253 fs, 287 fs,
and 320 fs. Simulation parameters are a = 5, τL = 10 fs.

which is accelerated from the preplasma and penetrate into
the plasma slab. They produces more strong longitudinal
electric field at the front surface where the laser pulse is re-
flected. It was observed that not only the maximum energy
of FIAF but also that of FIAR increases with the preplasma.

1018

1019

1020

1021

1022

1023

0 0.01 0.02 0.03 0.04 0.05 0.06

D
is

tr
ib

ut
io

n 
fu

nc
ti

on

Px / Mc
(a)

a=2
a=6

a=10

1018

1019

1020

1021

1022

1023

0 0.01 0.02 0.03 0.04 0.05 0.06

D
is

tr
ib

ut
io

n 
fu

nc
ti

on

Px / Mc
(b)

a=2
a=6

a=10

Figure 4: Momentum distribution functions of the accel-
erated ions for different laser intensities (a) without pre-
plasmas and (b) with an exponential-profiled preplasma for
n1 = 0.9nc. The profiles are measured at t = 247 fs.

Figure 4 shows the comparison of the momentum distri-
bution function with and without preplasmas. For both the
cases, the maximal ion momentum increases as the laser
intensity increases. Here, a is proportional to I1/2 with the
relation of Eq. (3). As shown in Fig. 4(b), the distribu-
tion functions have a high energy tail and thus the maximal
ion momentum increases when there is a preplasma with a
proper density profile.

CONCLUSION

We simulated high-energy ion generation from the in-
teraction of ultrashort intense laser pulse with an over-
dense plasma slab which has exponential-profiled preplas-
mas. The forward ion acceleration from the front surface
with the formation of an ion shock wave is investigated.
The one-dimensional and the two-dimensional simulation
results show the same tendency for the profile evolution
of the plasma density and the induced longitudinal electric
field. With a preplasma of which maximum density is close
to the critical density of the laser pulse, the accelerated ion
energy has been enhanced more than 30% compared with
the case without preplasma.
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