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In order to investigate the high dense core compression in the implosion required for achieving small-size 
and high-repetition thermonuclear fusion reactor CANDY, we have conducted the implosion experiments 
with the tailored laser pules. Also, we have conducted the fast-ignition in which the compressed core 
plasma is irradiated by the ultra-high intense laser. In this talk, we show the results of radiation 
hydrodynamic simulations of our implosion, and show the current plasma conditions. In our experiments, 
the amount of laser energy is only several-Joule. However, the conventional shell with diameter of 500 
microns can be imploded to central part of the target. 

 
1. Introduction 

We have conducted the fusion research and 
technology development for achieving the small size 
high-repetition thermonuclear fusion reactor 
CANDY. In our design, a Deuterium-Tritium fuel 
pellet is imploded by compression lasers, and then 
the compressed core plasma is heated by the 
ultra-intense additional heating. This scheme is the 
fast-ignition. For this purpose, we have investigated 
the many elementary physical processes in our 
laboratory. One of the most important problem to 
achieve the small size fusion reactor is to achieve 

the high-dense imploded plasma core. In order to 
investigate the high dense core compression in the 
implosion, shaped laser pulse, namely, Tailored 
pulse is required. We have conducted the implosion 
experiments with two beams of compression laser 
with tailored pulse shape. The amount of 
compression laser energy is several-Joules. In our 
laboratory, a CD plastic shell of 500 micron 
diameter is imploded by two beams and we observed 
the generation of the relatively hot plasma at the 
center of the target. In this talk, we show results of 
the radiation hydrodynamic simulations for our 
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implosion experiments to clarify current condition of 
our plasma. 
 

2. Radiation Hydro simulation 
Our hydrodynamic model is two-temperature one-fluid 
model shown as; 
 

 
 

 

 
Figure 1 shows the example of temporal profile of 
the compression laser pulse. 

Fig.1 temporal profile of laser pulse 

In Fig. 2, we show the calculated radius-time 
diagram for the typical implosion in our 
experiments. Here a 500 micron diameter CD is 
irradiated by the tailored pulse as shown in Fig.1 
and imploded successfully. The laser wavelength is 
1micron. The amount of compression early in the 
pulse is several-Joule. Just before the maximum 
compression, we inject relatively large pulse for 
generating the shock. Finally the shell is 
compressed into the center of the target. 

 
Fig. 2 Calculated radius-time diagram of the 
implosion 
 

In the talk we will show 1D and 2D analysis of 
our tailored pulse implosions by 1D and 2D 
radiation hydroyanmic simulations. 
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We investigated the plasma condition to obtain the high efficient Extreme Ultra-Violet light from laser-
produced tin plasmas for the lithography of next generation of semi-conductors. Based on the accurate atomic
data tables calculated by the detailed configuration accounting code, we conducted the 1-D radiation hydrody-
namic simulations to calculate the dynamics of the tin plasma and its emission of Extreme Ultra-Violet light.
We included the photo-excitation effect in the radiation transport. Our simulation successfully reproduced the
experimental observations. Using our verified code, we simulated that CO2 laser is profitable to obtain higher
conversion efficiency up to 4%.
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Extreme Ultra-Violet (EUV) emission from laser-
produced plasmas is a candidate for the light source used
in lithography of the next generation semi-conductors [1].
For practical industrial application, we must understand
the physical process of EUV emission from laser-produced
plasmas, and optimize various parameters in laser and tar-
get conditions. Tin is considered to be the most attractive
material that emits 13.5 nm EUV with 2% bandwidth [2].
For simulation of EUV emission from laser-produced tin
plasmas, we have developed a 1-D Lagrangian radiation
hydrodynamic code ”Star-1D”. In our code, we used the
one-fluid and two-temperature model, namely, a single mo-
mentum equation for fluid and an energy equation for each
of ion and electron. Thus, these four equations are solved:

Dρ
Dt

= −ρ∇ · v⃗ (1)

ρ
Dv
Dt

= −∇(p + q) (2)

ρcvi
DTi

Dt
= −(pT Hi + q)∇ · v⃗ + ∇ · (κi∇Ti) (3)

+ α(Te − Ti)

ρcve
DTe

Dt
= −pT He∇ · v⃗ + ∇ · (κe∇Te) (4)

− α(Te − Ti) + QL + Qr

Here v⃗, ρ, pi, pe, (e = electron and i=ion) and q are, respec-
tively, velocity, mass density, ion pressure, electron pres-
sure and the artificial viscosity. The total pressure p is de-
fined by p = pi+ pe. In Eqs. (3) and (4), pT Hi and pT He are
defined as pT Hi = Ti(∂pi/∂Ti) and pT He = Ti(∂pe/∂Te),
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respectively. cvi and Ti represent the specific ion heat and
ion temperature, and cve and Te represent the specific elec-
tron heat and electron temperature, respectively. κi and
κe are ion conductivity [3] and electron conductivity [4],
respectively. The term α(Te − Ti) in Eqs. (3) and (4) is
electron-ion temperature relaxation term. Here α is deter-
mined by the Spizer relaxation time [5]. In Eqs.(3) and
(4), ion and electron heat conductions are simultaneously
calculated, and we applied the flux-limited Spitzer-Harm
model [6] with the flux-limiter of 0.1. The source term QL

in Eq.(4) is the heating term due to the laser heating term
for electrons. For the laser absorption process, we assumed
the inverse-bremsstrahlung [7]. The laser energy deposited
between the vacuum/plasma boundary and the critical sur-
face is calculated by the ray-tracing method with 100 rays.
The laser absorption coefficients is given by energy deposi-
tion rate due to invese-bremsstrahlung process. The energy
damping rate due to inverse-bremsstrahlung νabs is given
by νabs = 1.195 × 10−3Z∗lnΛ f ñ2/λ2

µm(kBTe)3/2, where Z∗

is the effective charge defined as Z∗ =< z2 > / < z >,
< > indicates averaging over ion species. lnΛ is Coulomb
logarithm [8]. ñ is normalized electron density defined
as ñ = ne/ncritical. ne and ncritical are the electron den-
sity and the critical density of laser, respectively. kB is
the Boltzmann constant. λµm is the laser wavelength in
µm unit, respectively. f is the reduction factor of the laser
absorption due to Langdon effect [9]. Langdon effect is
important for long wavelength laser irradiation.The laser
energy deposition for each calculation mesh is calculated
by Pexp(−νabs∆t), where P is the local laser ray power,
and ∆t is the time required for the laser ray to pass through
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as ñ = ne/ncritical. ne and ncritical are the electron den-
sity and the critical density of laser, respectively. kB is
the Boltzmann constant. λµm is the laser wavelength in
µm unit, respectively. f is the reduction factor of the laser
absorption due to Langdon effect [9]. Langdon effect is
important for long wavelength laser irradiation.The laser
energy deposition for each calculation mesh is calculated
by Pexp(−νabs∆t), where P is the local laser ray power,
and ∆t is the time required for the laser ray to pass through

Plasma and Fusion Research: Rapid Comunications Volume 1, 001 (2006)

Optimization of Extreme Ultra-Violet Emission from
Laser-produced Tin Plasmas Based on Radiation Hydrodynamics

Simulations
Atsushi SUNAHARA1), Katsunobu NISHIHARA2) and Akira SASAKI3)

1) Institute for Laser Technology, 2-6 Yamadaoka Suita Osaka 565-0871, Japan
2) Institute of Laser Engineering, Osaka University, 2-6 Yamadaoka Suita Osaka, 565-0871, Japan

3) Advanced Photon Research Institute of Japan Atomic Energy Agency, 8-1 Umemidai Kizugawa Kyoto 619-0215, Japan

(Received 1 April 2008 / Accepted 31 March 2008)

We investigated the plasma condition to obtain the high efficient Extreme Ultra-Violet light from laser-
produced tin plasmas for the lithography of next generation of semi-conductors. Based on the accurate atomic
data tables calculated by the detailed configuration accounting code, we conducted the 1-D radiation hydrody-
namic simulations to calculate the dynamics of the tin plasma and its emission of Extreme Ultra-Violet light.
We included the photo-excitation effect in the radiation transport. Our simulation successfully reproduced the
experimental observations. Using our verified code, we simulated that CO2 laser is profitable to obtain higher
conversion efficiency up to 4%.

Keywords: EUV, Lithography, Radiation Hydrodynamics, Conversion Efficiency, Laser-produced Tin Plasmas

DOI: 10.1585/pfr.1.001

Extreme Ultra-Violet (EUV) emission from laser-
produced plasmas is a candidate for the light source used
in lithography of the next generation semi-conductors [1].
For practical industrial application, we must understand
the physical process of EUV emission from laser-produced
plasmas, and optimize various parameters in laser and tar-
get conditions. Tin is considered to be the most attractive
material that emits 13.5 nm EUV with 2% bandwidth [2].
For simulation of EUV emission from laser-produced tin
plasmas, we have developed a 1-D Lagrangian radiation
hydrodynamic code ”Star-1D”. In our code, we used the
one-fluid and two-temperature model, namely, a single mo-
mentum equation for fluid and an energy equation for each
of ion and electron. Thus, these four equations are solved:

Dρ
Dt

= −ρ∇ · v⃗ (1)

ρ
Dv
Dt

= −∇(p + q) (2)

ρcvi
DTi

Dt
= −(pT Hi + q)∇ · v⃗ + ∇ · (κi∇Ti) (3)

+ α(Te − Ti)

ρcve
DTe

Dt
= −pT He∇ · v⃗ + ∇ · (κe∇Te) (4)

− α(Te − Ti) + QL + Qr

Here v⃗, ρ, pi, pe, (e = electron and i=ion) and q are, respec-
tively, velocity, mass density, ion pressure, electron pres-
sure and the artificial viscosity. The total pressure p is de-
fined by p = pi+ pe. In Eqs. (3) and (4), pT Hi and pT He are
defined as pT Hi = Ti(∂pi/∂Ti) and pT He = Ti(∂pe/∂Te),

author’s e-mail: suna@ile.osaka-u.ac.jp

respectively. cvi and Ti represent the specific ion heat and
ion temperature, and cve and Te represent the specific elec-
tron heat and electron temperature, respectively. κi and
κe are ion conductivity [3] and electron conductivity [4],
respectively. The term α(Te − Ti) in Eqs. (3) and (4) is
electron-ion temperature relaxation term. Here α is deter-
mined by the Spizer relaxation time [5]. In Eqs.(3) and
(4), ion and electron heat conductions are simultaneously
calculated, and we applied the flux-limited Spitzer-Harm
model [6] with the flux-limiter of 0.1. The source term QL

in Eq.(4) is the heating term due to the laser heating term
for electrons. For the laser absorption process, we assumed
the inverse-bremsstrahlung [7]. The laser energy deposited
between the vacuum/plasma boundary and the critical sur-
face is calculated by the ray-tracing method with 100 rays.
The laser absorption coefficients is given by energy deposi-
tion rate due to invese-bremsstrahlung process. The energy
damping rate due to inverse-bremsstrahlung νabs is given
by νabs = 1.195 × 10−3Z∗lnΛ f ñ2/λ2

µm(kBTe)3/2, where Z∗

is the effective charge defined as Z∗ =< z2 > / < z >,
< > indicates averaging over ion species. lnΛ is Coulomb
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as ñ = ne/ncritical. ne and ncritical are the electron den-
sity and the critical density of laser, respectively. kB is
the Boltzmann constant. λµm is the laser wavelength in
µm unit, respectively. f is the reduction factor of the laser
absorption due to Langdon effect [9]. Langdon effect is
important for long wavelength laser irradiation.The laser
energy deposition for each calculation mesh is calculated
by Pexp(−νabs∆t), where P is the local laser ray power,
and ∆t is the time required for the laser ray to pass through

 

 

 


