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Chapter 4  Epoch Making Simulation

We have developed a three dimensional extended particle based integrated code (EPIC3D) in order to simulate complex

plasma states where multiply charged ions and free electrons, polarized neutral atoms and molecules, external fields like lasers

and induced fields with various frequencies, etc, coexist. The code was parallelized on the Earth Simulator (ES) during

FY2003 based on a domain decomposition technique in two dimensional directions in real space. Using the EPIC3D, we suc-

cessfully performed large scale simulations of high power laser-matter (solid carbon) interaction and found a new ionization

dynamics and associated heat transport, which develops in fast time scale of the order of light speed. We investigated the

underlying physical mechanism and found that the Cherenkov emission of plasma waves by laser induced fast electrons leads

to the ionization. The process may play an important role in various applications utilizing laser-matter interaction such as laser

driven particle accelerator, high power X-ray generation using laser-cluster interaction, and fast ignition of laser inertia fusion,

etc. 
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1. Introduction
In the present research subject, we aim to understand non-

linear interactions between electromagnetic (EM) fields

including coherent lasers and complex material state in

which various atoms and molecules, multiply charged ions

and electrons are mixed. For simulating such plasmas, we

have developed a code EPIC3D (Extended Particle based

Integrated Code) based on plasma approach by taking into

account various new effects such as ionization due to EM

fields and electron impact, and also Coulomb collision and

relaxation among charged particles [1, 2]. The physics of

laser-matter interaction plays a central role in applications

utilizing high power lasers, such as laser fusion, laser driven

particle accelerator, and laser driven X-ray and neutron

sources [3, 4]. However, an ideal plasma state has been usu-

ally assumed and the study taking into account atomic and

relaxation processes by which the plasma state is established

is rare. In order to understand the underlying physical

process, here we studied short pulse laser-solid (or thin-film)

interactions utilizing the EPIC3D and investigated the ion-

ization dynamics in detail. 

2. Turbulence excitation in laser-sold interaction and
propagation of ionization waves 
Using the EPIC3D on Earth Simulator, we performed

simulations of interaction between a solid carbon (Z=6) and

a short pulse laser with focused intensity of 2×1018w/cm2

(normalized amplitude a0~1), wavelength of 820nm, pulse

length of 100fsec (Gaussian shape). Figure 1 illustrates the

time history of (a) laser energy, and electron and ion kinetic

energies, and (b) ion number (PIC particle) with different

charge state q, i.e. C+q. In the first half of the interaction with

the laser pulse, C+1 and C+2 are produced, whereas in the lat-

ter half, C+4 appears through C+3 from t=90fsec at which the

laser intensity becomes maximum. C+5 and C+6 are also pro-

duced, but the generation rate is low.

Figure 2 shows the ion density distribution, where all

charge states are summed up. In the beginning of the interac-

tion, a localized high density distribution is formed in a nar-

row region near the surface and from this region, ionization

convectively develops toward the inside of the solid. A flat

density distribution which originates from C+2 ions is found

to be formed around t=90fsec. This process corresponds to

the propagation of the ionizing wave front of C+2 ions and
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the propagation speed is relatively high, which is approxi-

mately 0.7×108m/sec. Furthermore, around t=95.7fsec, a

density hump appears around 1.2µm inside from the left-

hand side of the solid surface. The corresponding front also

convectively propagates toward the inside of the solid,

which is similar to that happened in the C+2 ionization

dynamics. Around t=150fsec where the direct interaction

with the laser pulse is finished, a flat density profile originat-

ing from C+4 ions is formed. This process corresponds to the

propagation of the ionization wave front of C+4 ions and the

propagation speed is a little higher than that in the case of

C+2, i.e. which is roughly given by 0.9×108m/sec. Thus, the

ionization to the C+2 and C+4 states is successively triggered

and the front propagates with avalanche-like nature.

Figure 3 illustrates the 2-dimensional distribution of ion

density which corresponds to those in Fig. 2. The propaga-

tion of ionizing front of C+2 is seen in Fig. 3(a) (t=68.4fsec).

Micro-scale complex spiky structures are seen around the

propagation front. The region around x=300 in Figure 3(b)

shows a density hump due to the generation of C+3 and C+4

ions, which propagates keeping prominent spiky structures

as seen in (c) and (d). 

Figure 4 shows the spatial distributions of (a) longitudinal

(x-direction) electric fields and (b) corresponding ion density

[region indicated by square in Fig. 3(b)]. In Fig. 4(a), a spiky

structure similar to wake fields is seen ahead of the density

hump due to C+3 and C+4 ions. The field is oscillating with a

wavelength around 50nm. Since the oscillation satisfies a

relation ωp ≅ kve, where ve is the typical velocity of heated

fast electrons and ωp is the plasma frequency. Therefore, the

fields may result from the Cherenkov emissions of plasma

waves induced by the fast electrons. In particular, it is found

that the excited plasma waves develop to a turbulent state as

seen in Fig. 4(a) and ionizations are triggered by the electric

fields. The domain of the turbulence and corresponding ion-

ization front propagate in the x-direction. The high density

region near the surface which corresponds to C+5 and C+6

ions is also found to propagate with a slower time scale than

that of the C+4 ionizing front. 

In order to understand the interaction between such a tur-

bulent excitation and ionizing plasma in detail, we investi-

gate (a) electron density and (b) electron temperature, and

also (c) ion temperature in Fig. 5 at t=64.8fsec in the case of

a0=5. The spatial distribution of Ex is also shown in Fig. 5

(a). It is found that the ionization to C+4 is quickly developed

in the region (A) where the plasma is in a turbulent state. On

the other hand, the turbulent fields are found to disappear in

the region of the upper stream (B), where electrons are heat-

ed and the electron temperature increases. This is due to the

fact that the turbulent energy is converted to that of electrons

via wave-particle interaction. Furthermore, a sheath electric

field originating from the thermal conduction due to the for-

mation of electron temperature gradient is established in the

x-direction. In addition to the electron heating, ions are also

heated as seen in Fig. 5(c) in a fast time scale through colli-

sional process between electrons and ions.

3. Summary
A plasma wave turbulence is caused by the Cherenkov

process in the solid where the laser field does not penetrate

and the turbulent electric fields dominate the ionization

dynamics. Such an elementary process may play an impor-

tant role in various studies utilizing high power lasers.
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Fig.2  Ion density distribution for different times. Three arrows corre-

sponds to the density for q=2, 4, and 6 (fully ionized state),

respectively. 
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Fig.1  (a) time history of laser, and electron and ion kinetics energy.

(b) time history of ion density with charge state C+q (q=1-6). 
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Fig. 3  Ion density dis- tribution in 2 dimensional

simulation domain at four different times.

Propagation of the ionization front of charge

state 4 is seen having a complex finger-like

structure

Fig. 4  Distribution of longitudinal electric field Ex

and corresponding ion density at t=95.7fsec.

Micro-scale finger-like structure at the ion-

ization front corresponds to Cherenkov emis-

sion of plasma waves induced by fast elec-

trons.  
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Fig. 5  (a) electron density, (b) electron temperature, and (c) ion temper-

ature at t=68fsec in the case of a0=5. The figure in (a) shows  the

distribution of Ex.  
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