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A B S T R A C T

Using both numerical and experimental approaches are applied to evaluation for low- 
tem perature and dense plasma. To investigate properties of low-temperature and dense plasma, 
the numerical simulation of time-dependent one-dimensional thermal diflFusion with radiative 
transfer is carried out in a compact pulsed power discharge device. The simulation result is 
useful to understand the thermodynamic phenomena during the discharge in comparison with 
the experimental result.
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1 In tro d u c tio n

Property data  of low-temperature and dense plasma 
and warm dense m atter (WDM) are im portant to 
control implosion dynamics in a fuel pellet of in
ertial confinement fusion ( I C F ) [ 1 ] .Because the 
material phase of the fuel pellet changes from a 
solid to plasma due to irradiation of energy drivers, 
such as intense lasers, high power X-ray, and high- 
current heavy ion beams.

However, the condition is in an extreme high 
pressure situation. For this reason, it is difficult 
to create statically the condition with measurable 
setup. As a result, the properties in WDM and 
low-temperature dense plasma are unclear.

Pulsed power discharge devices were used to 
generate the extreme state of m atter [2-4]. For 
the generation of WDM with a well-defined con
dition. the apparatus with isochoric heating using 
sapphire hollow capillary as a rigid body wall was 
proposed by using a table-top pulsed power sup
ply [5,6]. In the experimental apparatus, the emis
sion from the heated sample was observable due to

the transparent sapphire capillary.
In our previous study, we numerically investi

gate to generate the low-temperature and dense 
plasma by using pulsed power discharge devices 
to  obtain the properties of low-temperature and 
dense plasmas [7]. In this study, we calculate si
multaneously the condition with radiative trans
port to obtain the properties of low-temperature 
and dense plasmas.

2 S im ulation  M odel

In the experimental setup, the fluid dynamics of 
the sample plasma is limited by the capillary [5,6]. 
For this reason, we can calculate the phenomena 
in the foam/plasm a ignoring the hydrodynamics. 
In this study, we solve simultaneously the thermal 
diffusion and radiative transfer, numerically.

2.1 C o m p u ta tio n a l B ox

The computational box is shown in F ig .1 . In this 
apparatus, a foamed copper is used as a  sample, 
and is surrounded with a hollow sapphire capillary.
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Figure 1 : Computational box for time-dependent 
one-dimensional thermal diffusion and radiative 
transfer equations with cylindrical symmetry con
figuration. The inner region (0 <  r  <  2.5 mm) 
is the foamed copper as a sample, and the outer 
region (2.5 mm <  7’ < 4 mm) is the sapphire as a 
rigid capillary.

Time-dependent one-dimensional thermal dif
fusion equation with cylindrical symmetry config
uration is numerically solved to simulate the low- 
tem perature and dense plasma generation in the 
compact pulsed power discharge experiment [5,6].

The density of the foamed copper surrounded 
in the hollow capillary is 0.1 times the solid density 
(8920 kg/m 3). The mass density of the sapphire 
is 3970 kg/m 3 as the solid. In this setup, the fluid 
dynamics of the sample plasma is limited by the 
capillary. For this reason, we only calculate the 
thermodynamics in the foam/plasm a without the 
fluid dynamics of plasma.

Since the sample is a foamed material, we as
sumed tha t the skin effect can be ignored. As a re
sult, the discharge current distribution is assumed 
as uniform in the copper region.

is the source term due to Joule heating, and S T is 
the source term due to the absorption and emission 
of radiation, respectively. The source term due to 
Joule heating is obtained by

5j = ^  (2)

where P m is the input power from the pulse power 
supply and Vf〇am is the volume of the sample.

The above equation is rewritten by

pC v^
I d  

r  d r
-f S j — Sr , ⑶

along the radius r  in the cylindrical coordinate.

2.3 T h e rm o d y n a m ic  P r o p e r ty

The initial tem perature is set as 300 K by a room 
tem perature in the whole computational region. 
The conventional thermal property data  of cop
per in solid, liquid, and gas phases are given by 
Refs. [8-11]. Figures 2 and 3 show the summary 
of the thermal conductivity and the specific heat 
as a  function of temperature.

Temperature T  [K]

2.2 T h e rm a l D iffusion

The temperature T  of the sample is the function 
of spacial position and time t , and the thermody
namics is given by

p C v T i  =  V ' (,tVT) +  5 j ~  5r, (1)

where p  is the mass density of the sample, C w is 
the specific heat, k  is the thermal conductivity, 5 j

Figure 2: Thermal conductivity as a function of 
tem perature for copper [8,9].

In the sapphire region, the material parame
ters for numerical simulation are 42 W /m -K for 
the thermal conductivity and 750 J/kg-K  for the 
specific heat, as room tem perature values.
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1 S ^ a+l l / ^ d B J d k s T d u

k r s  f ^ +1 d B v / d k BT d u  (8)

is the Rosscland absorption coefficient a t g  th  group [14] 
in LTE approximation,

K p 9  =

is the Planck absorption coefficient a t g  th  group [14], 
k n  is the Boltzmann constant. Here

Kv B v d v

k r
⑼

^1/ =  B l，Kj/y IF^I =  c E v . (14)

where B v is the distribution function of photon in 
a frequency v . As a result, the radiation diffusion 
equation can be rewritten by

d t ( 点
V E U ) = {AnBv — c E v) (6)

For one-dimensional case, the above equation is 
rewritten by

㈣ し ， な

along the radius r  in the cylindrical coordinate 
with a  multi-group approximation in the frequency 
domain [13]. Here index g  indicates the group

For this reason, the radiative transfer is calculated 
by approximately

芜 ， ⑽

in the sapphire domain.

2.5  O p a c ity

In this study, we calculate the radiative transfer 
as one-group diffusion equation in the frequency 
domain.

The Planck mean opacity [cm2/gj[16] can be 
calculated by

Xp  =  —  =  〇.4 3 ^ 2 -p T '7/2,
Z3

(16)
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Figure 3: Specific heat as a function of tempera
ture for copper [10,11].

2.4 R a d ia tiv e  T ran s fe r

The radiative transfer equation is solved by the dif
fusion approximation. The diffusion equation for 
the radiation energy density E u a t the frequency 
v  is [12]

d E u

d t
V

▽ 私 )
^7T7]U -  KVC E U, (4)

where c  is the speed of light, k v and rju are the 
opacity and the emissivity a t the frequency i/, re
spectively. In the assumption as local thermal 
equilibrium (LTE),

E 9
I：：+' E , d u

d u
(10)

is the radiation energy density at g  th  group, and 
the blackbody intensity is

D 9
e ' d u

( i i )

The source term due to the radiation, introduced 
in the thermal diffusion equation, is obtained by

S r =  J 2 ( ^ B 9 ~ c E 9)K 9p . (12)

The radiative transfer in an optically thin re
gion is expressed by the flux limited diffusion [15]

cA,
F レ

kレ
(13)

where A is the flux limiter [15]. For the optically 
thin limit, the flux limited diffusion is written by

number, and
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and the Rosseland mean opacity [cm2/g] [16] is

XR =  y  =  O . O U ^ p T - 7/ 2, (17)

where p  is the (mass) density [g/cm3], T  is the 
tem perature [keV], Z  and A  are the nuclear charge 
and mass number, respectively.

Figure 4 shows the opacities normalized by the 
mass density. The opacities are used to calculate

Figure 4: Planck (solid line) and Resseland 
(dashed line) mean opacities normalized by mass 
density as a  function of tem perature for copper 
calculated by Eqs. (16) and (17)，respectively.

the radiation diffusion equation in the foamed cop
per region.

3 C alculation  R esu lt

Figure 5 shows the input power history, which is 
given by the corresponding experimental data  [5, 
6]. Figure 6 shows the tem perature distribution as 
the numerical simulation result of time-dependent 
phenomena in the copper foam and the sapphire 
capillary regions. The numerical simulation con
firmed th a t the sample is achieved to the temper
ature generating WDM. The result can be com- 
pared with the experimental result to understand 
the phenomena in the capillary during the dis
charge [5,6]. The result indicates tha t the temper
ature at the interface between the copper foam and 
the sapphire capillary is diffused, and the temper-

0 10 20 30
Time t [|is]

Figure 5: Input power history by pulsed power 
discharge experiment.

ature around the edge of copper region is reduced 
due to the difference of the heat capacities.

Figure 7 shows the radiation energy density 
solved numerically. The radiation energy density 
profile corresponds to  the tem perature distribution 
as shown in Fig. 6. Since the sample tem perature 
is not high, the radiation energy density is low in 
comparison with the thermal energy of the sample. 
Figure 7 implies tha t the radiation energy density 
history can be observed by the thermal and ra
diative diffusion system. To improve the opacity 
model, the radiative transfer calculation can be 
confirmed with the experimental results. As a  re
sult, the calculation result can support the exper
imental results through the radiation distribution.

4 C onclusion

Using both the numerical and experimental ap
proaches were carried out to evaluate the low tem
perature and dense plasma. In this study, the nu- 
merical simulation of time-dependent one-dimensional 
thermal diffusion with radiative transfer was car
ried out in the experimental results using the com
pact pulsed power discharge device. The simula
tion result was useful to understand the thermo
dynamic properties during the discharge in com- 
parison with the experimental results. To improve 
the opacity model and multi-group approximation,

o

o'
o'
o
o
o
o
o

【
3s/
5
6o】
c/
/><
y
{l
lsu<u

p
s
scd
U
I

X
q
p<L)
N
13
U
I
J
O
U
^
l

o
ca
d
o

0
0
0
0
0
0

 

o

n

8
7

6
5
4
3

2
1

 

鬥 M
W

】
c
/  

J<u
M
O
&.
J
n
d
u
J

83



SapphireCopper Foam

Figure 6: Temperature distribution in radial di
rection as a function of time.

the radiative transfer calculation will be confirmed 
with the experimental results in our near future 
work.

The compact pulsed power discharge device used 
is useful tool to  generate the low-temperature and 
dense plasma condition. Although typical implo
sion time for ICF is in several-10 ns [17], the dis
charge time (several-10 f i s )  driven by the com- 
pact pulsed power device is not suitable to ob
serve the ultrafast phenomenon during the implo
sion process. The nominal parameters of the in
tense pulsed power generator >>ETIGO-ir, [18] are 
1 M V -1 MA - 50 ns (FWHM) in the current condi
tion. Using this intense pulsed power device, the 
volumetric dense plasma generation is expected， 

even in the short pulse duration. The numerical 
simulation with the experimental approach by us
ing the above apparatus is also one of our future 
stages.

R eferences
[ 1 ]  S. ATZENI and J. M EYER-TER-VEHN, The 

Physics of Inertial Fusion: Beam Plasma Interac
tion, Hydrodynamics, Hot Dense Matter (Oxford 
Univ” N.Y.，2004).

[2] A.W. DES1LVA and J.D . KATSOUROS, Phys. 
Rev. E  57 , 5945 (1998).

[3] T . SASAKI, M. NAKAJIM A, T . KAWAMURA, 
and K. IIORIOKA, Phys. P lasm as,17, 084501 
(2010).

Figure 7: Radiation energy density in radial direc
tion as a  function of time.

[4] T. SASAKI, T . SUZUKI, Y. AMANO, Y. MIKI, 
T . KIKUCHI, Nob. HARADA, and K. HO- 
RIOKA, IOP Conf. Series： Material Science and 
Engineering, 2 1 , 012016 (2011).

[5] Y. AMANO, Y. MIKI, T . SASAKI, T . KIKUCHI， 
and Nob. H ARAD A, submitted to Rev. Sci. In
strum.

[6] Y.iMIKI, Y. AMANO, T. SASAKI, T . KIKUCH1, 
and Nob. H ARAD A, in this proceedings.

[7] T. KIKUCHI, T . SASAKI, Nob. HARADA, W. 
JIANG, and A. TOKUCHI, ^Numerical Analy
sis for Low-Temperature and Dense P lasm a Gen
eration using Pulsed Power Discharge Devices),, 
Plasma 2011} Kanazawa, Nov. 22-25, (2011) 
23P162-R.

[8j C.Y. HO, R.W . POW ELL, and P.E. LILEY, 
” Therm al Conductivity of the Elements” , 
JPCRD, 1 (2 ), pp.279-422 (1972).

[9] C.Y. HO, R.W . POW ELL, and P.E. LILEY, 
Therm al Conductivity of the Elements: A Com

prehensive Review,,) JPCRD^ 3 ( S u p p l .1 ) , p p .l-  
796 (1974).

[10] NIST S tandard  Reference Database Number 69, 
h ttp ://w ebbook.n ist.gov/chem istry /

[11] M.W. CHASE, NIST-JANAF Thermochemical 
Tables, Fourth Edition, J. Phys. Chem. Ref. 
Data^ M onograph 9 (1998).

[12] J.I. CASTOR, Radiation Hydrodynamics (Cam
bridge University Press, 2007).

[13] S. ATZENI and J. M EYER-TER-VEHN, The 
Physics of Inertial Fusion: Beam Plasma Interac
tion, Hydrodynamics, Hot Dense Matter (Oxford 
Univ., N .Y.，2004) Chap. 7.3.

1 2  3
Radius [mm]

Symmetry
Axis

【
>l】
<l;
J
r
q
£
cu
d
E
.a)一

84

http://webbook.nist.gov/chemistry/


[14] L. DRSKA and M. SINOR, Computer Phys. 
Communications^ 997 , pp.1-12 (1996).

[15] C.D. LEVERM OEE and G.C. POM RANING, 
Astrophysical Journal, 248, pp.321-334 (1981).

[16] S. ATZENI and J. M EYER-TER-VEHN, The 
Physics of Inertial Fusion: Beam Plasma Interac
tion, Hydrodynamics, Hot Dense Matter (Oxford 
Univ., N.Y., 2004) p.356.

[17] T . KIKUCHI, et al., IEEJ Trans. F M ,125 , 
pp.515-520 (2005).

[18] W. JIANG, T. SAKAGAMI, K. MASUGATA, 
and K. YATSUI, Jpn. J. Appl. Phys.y 32, L752- 
L754 (1993).

85


