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Abstract. By using a particle code including atomic and relaxation processes, we
investigated the ionization dynamics of a carbon film irradiated by an intense
laser pulse. We found two types of ionization dynamics, namely, a fast time scale
convective propagation of the ionization front with C4+ triggered by induced plasma
waves, and a slow front with C5+ and C6+ triggered by heated electrons due to non-
local thermal conduction. Thus, ionization dynamics in solids are found to evolve
through multiple stages.

1. Introduction
Development of ultra-short, high-power lasers opens up various innovative ap-
plications, such as a fast-ignition-based laser fusion, compact electron and ion
accelerators, high-intensity short pulse X-ray and neutron sources, etc. [1]. Many
computational works have been done to analyze such laser–matter interactions, but
most of themmade an a priori assumption of an ideal plasma as the initial condition.
However, for applications utilizing relatively high-Z materials, complex atomic
processes, such as ionization and recombination, and also relaxation processes
among charged particles, may play an important role in determining the evolution
of the interaction.
In order to study such complex physical processes, we have developed an ex-

tended particle-based integrated code EPIC3D which includes such atomic and
relaxation processes. By using the code, we investigated the ionization dynamics of
a carbon thin film irradiated by a short-pulse high-power laser. We found prominent
ionization dynamics which evolve transiently in the solid through multiple stages.
Specifically, it is found that Cherenkov-type plasma waves and/or wake emissions
induced by fast electrons leads to tunneling field ionizations in the solid.

2. Model of relaxation and atomic processes in particle code
In order to investigate the detailed ionization dynamics in a solid thin film, here
we have developed a particle-based integrated code EPIC3D by incorporating
collisional relaxation and ionization processes of charged particles. The collisional
relaxation process is taken into account by the Monte Carlo technique via successive
binary collisions of particle pairs, which precisely conserves the momentum and
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Figure 1. (a) Time histories of electron, ion and field energy. (b) Time histories of ion
abundance with charge state Cq+.

energy in the relativistic regime [2, 3]. Therefore, the non-local heat transport,
which is crucial to determine the kinetic structure in the solid, can be treated. The
ionization effects are also taken into account by the Monte Carlo technique. For
field ionization, the rate is calculated using the cycle-averaged Ammosov–Delone–
Krainov (ADK) formula [5]. For electron impact ionization, the cross section is
calculated using the Binary-encounter-Bethe (BEB) model [6] for every electron–
ion pair inside the computational mesh.

3. Ionization dynamics in laser–thin film interaction
Using a two-dimensional version of the EPIC3D, we studied the interaction between
solid carbon film and short pulse laser with the focused peak intensity of 5.1 ×
1019Wcm−2 (normalized amplitude a0 = 5). Here the wavelength and pulse width
of the laser are 0.82µm and 100 fs, respectively. The system size is Lx = 13.12µm
and Ly = 1.64µm, and the thickness of the film is 8.2µm. The p-polarized laser
pulse is emitted in the x-direction from the antenna placed at x = −2.56µm.
The time histories of the mean electron and ion energies as well as the field energy

are shown in Fig. 1(a). The corresponding time histories of the ion abundance with
the charge state Cq+ is shown in Fig. 1(b). As seen in Fig. 1(b), as the laser pulse
hits the film, ionization is successively triggered from C1+ to a higher charge state.
Interestingly, the number of the charge state q = 4 almost linearly increases with
time. Furthermore, the number of C5+ and C6+ gradually increase even after the
direct interaction with the laser pulse has ceased.
Figure 2 shows the normalized ion charge density profile (Σjqjnj/en0) at differ-

ent time scales, i.e. Fig. 2(a) shows profiles from 30.8 to 82.1 fs and Fig. 2(b) shows
those from 82.1 to 225.1 fs. Here, nj and qj (= je) represent the ion density and
charge of the charge state j, and n0 is the solid carbon density. A localized high-
density distribution is seen in a narrow region near the surface. From this region,
ionization proceeds inside and a hump with a steep density gradient is formed in
the front. Around the peak of the laser pulse (t = 82.1 fs), the front reaches to the
rear side, leading to a flat density profile over the whole carbon film. The density
in the flat region corresponds to the density at which the carbon is thoroughly
ionized to C4+. Hence, it is concluded that the propagation observed in Fig. 2(a)
corresponds to an ionization front to the charge state q = 4. The speed of the front
is high, estimated as 1.3× 108m sec−1. The linear increase of C4+ with time as seen
in Fig. 1(b) is ascribed to this convective propagation of the front.
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Figure 2. Ion charge density distributions (a) from 30.8 to 82.1 fs and (b) from 82.1 to
205.1 fs. All charges are summed up.

Figure 3. Statistics of ionization processes.

Followed by the propagation of C4+, ionizations to higher charge states, i.e. q = 5
and q = 6, are triggered as seen in Fig. 2(b), and the front also starts to convectively
propagate from the surface region to the inside. The speed of this front is around
1.7 × 107msec−1, which is one order magnitude slower than that for C4+. This
suggests that the ionization mechanism is different. It is also noted that a diffusive
nature is blended in the propagation of C6+ especially in the downstream region
on the rear side.
In order to study the ionization mechanism in two different regimes, we invest-

igated the number of electrons produced by field ionization and by electron impact
in each electronic state of the atom in Fig. 3. It is clearly seen that ionization up
to the charge state q = 4 is produced by the field ionization, whereas ionization
to the charge states q = 5 and 6 results from the electron impact. Therefore, it is
concluded that the fast convective propagation is triggered by the field, whereas
the subsequent slow propagation is triggered by the electron impact.
Figure 4 shows the spatial distributions of (a) the normalized ion charge density

(Σjqjnj/en0) and (b) the longitudinal electric field (Ex) at 61.5 fs. In Fig. 4(a), com-
plex corrugated structures of charge density are seen in 3.5µm< x <5.5µm, which
corresponds to the ionization front with a steep density gradient. As also seen in Fig.
4(b), micro-scale electric fields that are oscillating similar to those in turbulence are
excited from the front region towards the upstream direction. The amplitude of the
waves is of the order of 109Vcm−1, which is near the threshold value to ionizations
from C2+ to C3+ and, subsequently, C4+. We also investigated the characteristic of
the waves and found that the relation ω ∼ kxve is approximately satisfied, where
kx ∼ 9 × 105 cm−1 is the typical wave number, ω ∼ 2.7 × 1016 s−1 is the plasma
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Figure 4. (a) Ion charge density, (b) longitudinal electric field (Ex) at t = 61.5 fs.

frequency for C2+ plasma, and ve ∼ 3 × 1010 cm s−1 is the typical velocity of fast
electrons produced near the surface. This suggests that the Cherenkov-type plasma
waves or wake emissions are the origin of the field ionization [7].
Furthermore, a quasi-stationary positive electric field was observed at x ∼

0.8µm. This corresponds to a thermal electric field revealed near the front due
to electron non-local heat transport associated with a steep pressure gradient [8].
Namely, energetic tail electrons heated by non-local thermal conduction lead to
ionization to C5+ and, finally, C6+ through impacts and trigger the propagations.

4. Conclusions
We have investigated the ionization dynamics of a thin carbon film irradiated by
an intense laser pulse. We found a prominent ionization dynamics which evolves
through multiple time scales. These are a fast convective propagation triggered by
tunneling field ionization and a slow propagation triggered by heated electrons
due to non-local thermal conduction. These ionization dynamics are important for
studying various applications using laser–matter interaction.
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