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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
FY 2003 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 plasmawaves 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 2. Turbulence excitation in laser-sold interaction and
In the present research subject, we aim to understand non- propagation of ionization waves
linear interactions between electromagnetic (EM) fields Using the EPIC3D on Earth Simulator, we performed

including coherent lasers and complex material state in  simulations of interaction between a solid carbon (Z=6) and
which various atoms and molecules, multiply charged ions  a short pulse laser with focused intensity of 2x10%w/cm?
and electrons are mixed. For simulating such plasmas, we  (normalized amplitude a,~1), wavelength of 820nm, pulse
have developed a code EPIC3D (Extended Particle based  length of 100fsec (Gaussian shape). Figure 1 illustrates the
Integrated Code) based on plasma approach by taking into  time history of (a) laser energy, and electron and ion kinetic
account various new effects such as ionization due to EM energies, and (b) ion number (PIC particle) with different
fields and electron impact, and also Coulomb collision and  charge state g, i.e. C*. In the first half of the interaction with
relaxation among charged particles [1, 2]. The physics of  the laser pulse, C** and C*? are produced, whereas in the lat-
laser-matter interaction plays a central role in applications  ter half, C** appears through C*® from t=90fsec at which the
utilizing high power lasers, such as laser fusion, laser driven  laser intensity becomes maximum. C* and C*® are also pro-
particle accelerator, and laser driven X-ray and neutron  duced, but the generation rate islow.
sources [3, 4]. However, an ideal plasma state has been usu- Figure 2 shows the ion density distribution, where all
aly assumed and the study taking into account atomic and  charge states are summed up. In the beginning of the interac-
relaxation processes by which the plasma state is established  tion, alocalized high density distribution is formed in a nar-
is rare. In order to understand the underlying physical row region near the surface and from this region, ionization
process, here we studied short pulse laser-solid (or thin-film) convectively develops toward the inside of the solid. A flat
interactions utilizing the EPIC3D and investigated the ion-  density distribution which originates from C*? ions is found
ization dynamics in detail. to be formed around t=90fsec. This process corresponds to
the propagation of the ionizing wave front of C*? ions and

261



Annual Report of the Earth Simulator Center April 2004 - March 2005

o
N
a1

o
[N
o

average energy (keV) —
o o
S &

0.05F

particle number —

C+6

I -
0 E— : * - L
0 50 100 150 200
t time (fs) — c*
Fig.1 (a) time history of laser, and electron and ion kinetics energy.

(b) time history of ion density with charge state C** (g=1-6).
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Fig.2 lon density distribution for different times. Three arrows corre-
sponds to the density for g=2, 4, and 6 (fully ionized state),
respectively.

the propagation speed is relatively high, which is approxi-
mately 0.7x10°m/sec. Furthermore, around t=95.7fsec, a
density hump appears around 1.2um 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 pulseisfinished, aflat density profile originat-
ing from C* ionsis formed. This process corresponds to the
propagation of the ionization wave front of C* ions and the
propagation speed is a little higher than that in the case of
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C*2, i.e. which is roughly given by 0.9x10®m/sec. Thus, the
ionization to the C*?and C* 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*2is 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*® and C*
ions, which propagates keeping prominent spiky structures
asseenin (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** and C* ions. The field is oscillating with a
wavelength around 50nm. Since the oscillation satisfies a
relation w, kv, where v, is the typical velocity of heated
fast electrons and w, 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* and C*®
ionsis also found to propagate with a slower time scale than
that of the C** ionizing front.

In order to understand the interaction between such a tur-
bulent excitation and ionizing plasma in detail, we investi-
gate () electron density and (b) electron temperature, and
aso (c) ion temperature in Fig. 5 at t=64.8fsec in the case of
a,=5. The spatial distribution of E, is also shown in Fig. 5
(8. It isfound that the ionization to C*is quickly developed
in the region (A) where the plasmaisin aturbulent 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 afast 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. 3 lon 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 E,
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-
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Fig. 5 (a) electron density, (b) electron temperature, and (c) ion temper-
ature at t=68fsec in the case of a=5. The figure in (a) shows the
distribution of E,.
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trons.

Acknowledgements
The present research was performed with the collaborat-
ing work with Mr. T. Masaki (code devel opments).

Reference

[1] Y. Kishimoto, Control of Molecules in Intense Laser
Fields, Scientific Research on Priority Area (2003),
Grants-in-Aid for Scientific Research MEXT 2002-
2005, pp.102-105.

Y. Kishimoto, Resarch on Structure Formation of
Plasmas Dominated by Multiple Hierarchical
Dynamics, Annual Report of the Earth Simulator Center,
April 2003-March 2004, p199, 2004.

(2]

(3]

(4]

Y. Kishimoto, T. Masaki, and T. Tgima, High energy
ions and nuclear fusion in laser-clauster interaction,
Phys. Plasmas 9, pp.589-601, February, 2002

Y. Fukuda, Y. Akahane, M. Aoyama, N. Inoue, H.
Ueda, Y. Kishimoto, K. Yamakawa, A. Ya. Faenov, A.
I. Magunov, T. A. Pikuz, I. Yu. Skobelev, J. Abdallah,
Jr., G. Csanak, A. S. Boldarev, and V. A. Gasilov,
Generation of x rays and energetic ions from superin-
tense laser irradiation of micron-sized Ar clusters, Laser
Part. Beams 22, 215 (2004).



Annual Report of the Earth Simulator Center April 2004 - March 2005

ZERBIAFIv AR KET BT 5 DREIRICE S 55

Tudrs VEHELE
BEA HARBET- WS W F.L 7 9<%l 79X HERMeER
T RFRFET 3L F—Fgarsedl  #Hig

AR = AR senr MITMIE o 77X HRER 7oXvEmERE
R FERFBL AL F— R iR #dR

ARAFSERE T, Je—L VML —F B2 B UL L B4R REROE#RE L . PHET 5T yﬁlﬁ/(z‘w?aa
TR AEL F M W BIRRE L o R Hﬁﬁfﬁﬁ%iﬁiﬁ@ﬁé_&%aﬂﬁ W, wrahwlkivra o i
7"7x“7%’=%7:~ AR, ERGSR T HRICLLWEO THE - BREABRE, AR SN ER TFE O 7 — U‘/@iﬁf@ﬁ#ﬂ

BREREOMK LI ZOBRETFLN aﬁ)\l,f’y 21— g a— FEPIC3D (Extended Particle based Integrated 3-
dimensional Code) » %% RMAICHED TV b, L—F—rWE L OMEEROWEIZ, L —F—BRBomEzE L —
Wy IR —MEEREMA L@ 87 —XEREL R TE, L —F - HBE s R MK EORK. OB seIcEmE L
?&%ﬂ%%f’@‘ LAl CRFTOELDTIRARK TV Ial—Yar 3MPICHEENZ 79X RELFEELTBY, &

BRLEABRLY EHICH - 2830w, Ra—Fid, 20034 Edic, SHBGHEE AV 5280k, 3k 32
u~7j:_iamf5e§F§J®2>kﬁ:75ﬁ HUTEF LS NT VB, ZOEPIC3D % v T, B8 —L —F— L W E (RFER
R EOMEMERD YIal—2ar @ ERL, BEOF—F—DFEVCEM Ay — LV THEITILHLVEESIFIvrREEFNR

WA SR ERRE L R L ICR I L7z, oW L IS, Ll Lo TER SN B EE T ICL L 79X

TEDOT 2L AT RFEENICEI DT IXTEERA COBREBRE L TIEREIL TSI RIRL 7.

FoU—NIZRBHRS, VP -WEMEEMN, AT, Fal a7

264



