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ABSTRACT

Using both numerical and experimental approaches are applied to evaluation for low-
temperature 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 Introduction

Property data of low-temperature and dense plasma
and warm dense matter (WDM) are important to
control implosion dynamics in a fuel pellet of in-
ertial confinement fusion (ICF)[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 matter [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
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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 Simulation Model

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/plasma ignoring the hydrodynamics.
In this study, we solve simultaneously the thermal
diffusion and radiative transfer, numerically.

2.1 Computational Box

The computational box is shown in Fig.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 < 25 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-
temperature 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/m3). The mass density of the sapphire
is 3970 kg/m3 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/plasma without the
fluid dynamics of plasma.

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

2.2 Thermal Diffusion

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

pCvT i =V ' '(;tVT) + 5] ~ b5r, 1)

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

is the source term due to Joule heating, and STis
the source term due to the absorption and emission
of radiation, respectively. The source term due to
Joule heating is obtained by
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where Pm is the input power from the pulse power
supply and Vf am is the volume of the sample.
The above equation is rewritten by

Id

-fSj —Sr,
pCvh rdr J '

along the radius r in the cylindrical coordinate.

2.3 Thermodynamic Property

The initial temperature is set as 300 K by a room
temperature 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]

Figure 2. Thermal conductivity as a function of
temperature 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 temperature values.
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Figure 3: Specific heat as a function of tempera-
ture for copper [10,11].

2.4 Radiative Transfer

The radiative transfer equation is solved by the dif-
fusion approximation. The diffusion equation for
the radiation energy density Eu at the frequency
v is [12]

dEu
dt

\Y AMTTIU- KVCEU, (4)
where ¢ is the speed of light, kv and rju are the
opacity and the emissivity at the frequency i/, re-
spectively. In the assumption as local thermal

equilibrium (LTE),
A/ = BI Kjly

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

VEU) = {AnBv —€EV) (6)

dt (

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

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

1 Sra+l 1/AdBJdksTdu

fA+1dBv/dkBTdu (8)

krs

is the Rosscland absorption coefficient at g th group [14]
in LTE approximation,
KvBvdv
Kp9 =
kr
is the Planck absorption coefficient at g th group [14],
kn is the Boltzmann constant. Here

I +'E.,du

E9 (10)

du
is the radiation energy density at g th group, and
the blackbody intensity is
e 'd u
D9 (ii)
The source term due to the radiation, introduced
in the thermal diffusion equation, is obtained by

Sr=J2 ("B9~CcE 9)Kp. 12)
The radiative transfer in an optically thin re-
gion is expressed by the flux limited diffusion [15]

CA,
F . (13)

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

IFAl = cEv. (14)

For this reason, the radiative transfer is calculated
by approximately

in the sapphire domain.

2.5 Opacity

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
(16)

Z3
Xp = — = 4372-pT'7/2,



and the Rosseland mean opacity [cm2/g] [16] is
XR=y =0.0U"pT-7/2, an

where p is the (mass) density [g/cm3], T is the
temperature [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
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(dashed line) mean opacities normalized by mass
density as a function of temperature for copper
calculated by Eqgs. (16) and (17) respectively.

the radiation diffusion equation in the foamed cop-
per region.

3 Calculation Result

Figure 5 shows the input power history, which is
given by the corresponding experimental data [5,
6]. Figure 6 shows the temperature distribution as
the numerical simulation result of time-dependent
phenomena in the copper foam and the sapphire
capillary regions. The numerical simulation con-
firmed that 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 that the temper-
ature at the interface between the copper foam and
the sapphire capillary is diffused, and the temper-
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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 temperature distribution
as shown in Fig. 6. Since the sample temperature
is not high, the radiation energy density is low in
comparison with the thermal energy of the sample.
Figure 7 implies that 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 Conclusion

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,
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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 fis) 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 SETIGO-ir, [18] are
1MV-1MA -50ns (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.
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