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Abstract

A sharp density increase (referred to as density incrustation) of the Au plasmas in the radiative cooling process of high-Z Au plasmas
confined by low-Z CH plasmas is found through the radiative hydrodynamic simulations. The temperature of Au plasmas changes obviously in
the cooling layer while the pressure remains constant. Consequently, the Au plasmas in the cooling layer are compressed, and the density
incrustation is formed. It is also shown that when the high-Z plasma opacity decreases or the low-Z plasma opacity increases, the peak density of
the density incrustation becomes lower and the thickness of the density incrustation becomes wider. This phenomenon is crucial to the Ray-
leigh—Taylor instability at the interface of high-Z and low-Z plasmas, since the density variation of Au plasmas has a considerable influence on
the Atwood number of the interface.
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1. Introduction

Radiative shocks are fundamental radiation hydrodynamic
phenomena in astrophysics [1—4], which are of great impor-
tance in many astrophysical processes, including supernova
explosions [5], supernova remnants [6—9], and accretion flows
[10,11].

During the propagation of the radiative shocks, the radia-
tion transport process has a significant influence on the states
of upstream and downstream matters [12,13]. When the up-
stream matter passes through the shockwave front, it is
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compressed and heated to high temperature. Then the hot
matter enters the cooling layer region. In this region, the hot
materials release energy to the upstream materials through
radiation transport. As the hot matter passes through the
cooling layer, its temperature decreases while density in-
creases before it reaches the final downstream state. The
temperature distribution in the cooling layer forms a peak, and
the maximum temperature appears at the shock front. Radia-
tive shocks were firstly observed by Bozier in laboratory in
1986 [14]. After that, radiative shocks have been studied using
Inertial Confinement Fusion (ICF) facilities around the world
[15—23]. The state of the cooling layer was investigated by
several experiments [20—22], and the density increase caused
by radiative cooling is reported by these experiment results.
In our research on radiative shocks, we found that in the
systems including both high-Z and low-Z plasmas [24], there
was an incrustation of higher density near the interface of
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high-Z plasmas, which was different from the temperature
peak in the cooling layer of radiative shocks, and the profile of
the density incrustation was stable for a long time. This phe-
nomenon is crucial to the Rayleigh—Taylor instability (RTI) at
the interface of high-Z and low-Z plasmas. The density
incrustation increases the Atwood number of the interface,
thus it tends to accelerate the RTI growth at the interface.
Moreover, the density incrustation can change the opacity of
the high-Z plasmas near the interface. It is known that the
radiation flux passing through the interface is determined
mostly by the opacity of high-Z plasmas. Hence the density
incrustation affects the radiation flux. In the gas filled hohl-
raum, a density increase was observed in the laser ablated Au
plasma adjacent to the filling gas [25]. Simulation shows that
its formation mechanism is similar to that of density in-
crustations [26].

In this paper, we studied the radiative cooling process of the
hot high-Z Au plasmas which is confined by cold low-Z CH
plasmas, and investigated the generation mechanism of the
density incrustation. In Section 2, the theoretical methods are
briefly outlined. In Section 3, the phenomenon of the density
incrustation is introduced, and a detailed analysis of its for-
mation mechanism is presented. In Section 4, the conclusion is
given.

2. Theory

In this paper, three levels of theoretical methods are
adopted to characterize the radiation transport process, which
are the radiative heat conduction approximation, radiative
diffusion approximation and radiative transfer equation. In the
radiative heat conduction approximation, the motion of 1-D
planar plasmas can be described by the following radiation
hydrodynamic equations:
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where Egs. (1a) and (1b) are the mass and momentum con-
servation equations, and Eqs. (Ic)—(le) are the energy con-
servation equations of electron, ion and radiation. In Eq. (1), x
and ¢ represent space and time respectively; p and u are the
density and velocity respectively; p;, p., p; are the pressure of
radiation, electron and ion respectively, and p = p, + p. + p; is
the total pressure of plasmas; c,, T and F are the constant-

volume specific heat, temperature and flux, where the sub-
scripts e, i and r of ¢, represent the electron, ion and radiation;
wer and wy; are the rate of radiation-electron energy exchange
and the rate of ion-electron energy exchange.

Compared with the radiative heat conduction approxima-
tion, the radiative diffusion approximation is a relatively ac-
curate description of radiation hydrodynamic process, in
which Eq. (le) should be modified as the following radiative
diffusion equation

O0E, .
P div(D,gradE,) = o) [B,(T.) — E,], (2)

where v is the photon energy, E, is the radiation energy den-
sity, D, is the radiation diffusion coefficient, (T;/ is the effective
absorption coefficient, B,(T;) is the Planck function.

The radiative transfer equation is the most precise
description on the radiation energy transport processes. The
equation is expressed as

1d1,(2) [eBy(Te)
ZT+9~VIV(Q):UV {T—b(g)], (3)

where [, is the radiation intensity, £ is the direction of pho-
tons. The radiative transfer equation is equivalent to the
Boltzmann equation of the photons.

The system investigated is in 1-D planar geometry con-
sisting of two materials: Au and CH. The thickness and den-
sity of Au are 1000 pm and 19.24 g/cm’ respectively. The
corresponding parameters for CH are 1000 pm and 10 g/cm®.
At the beginning, the Au plasma is heated to high temperature
(1.0 keV in this model), while the CH plasmas are at low
temperature (1.0 eV). Both boundaries of the model are free.
Based on the radiative heat conduction approximation, the 20-
group radiative diffusion approximation and the 20-group
radiative transfer equations with S8 angular quadrature
scheme, we simulated the radiation hydrodynamic process of
the system using the Radiation Diffusion code in Multi Group
(RDMG) code [27]. The angular resolution of radiative
transfer simulations was carefully chosen to ensure that the
results are convergent to the higher order Sy simulations.
RDMG is a 1-D radiation hydrodynamic code, which can
solve multi-group radiative transfer or diffusion equations in
Lagrangian meshes under 1-D planar or 1-D sphere geometry.
In this code, the electrons are assumed to be in thermal
equilibrium with temperature 7,. The ions are in the same
assumption with temperature 7;, where the electron tempera-
ture and the ion temperature can be different. In the simula-
tion, the photon energy varied from 10~ eV to 50 keV, and the
tabulated opacity was used, which was calculated by OPacity
code IN CHina (OPINCH) [28] based on a relativistic Har-
tree—Fock—Slater (HES) self-consistent average atom model.
The equation of state (EOS) of CH plasmas was that of fully-
ionized gases, and the EOS data of Au plasmas came from our
unpublished scientific report. If the temperature of Au plasma
is 1 keV and the density is 19.24 g/cm’, then the plasma
pressure calculated by our EOS is 4.3 Gbar, and the pressure
of fully-ionized Au plasma is 7.5 Gbar in this condition.
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3. Simulation results and discussions

The radiation hydrodynamic motion of the system is dis-
played in Fig. 1. It is shown that there are shock waves,
rarefaction waves and heat wave interacting with each other
during the evolution of the system. At the initial stage, the
pressure of the Au plasmas is much higher than that of the CH
plasmas. So the Au plasmas compress the CH plasmas, push
the Au/CH interface towards CH, and drive a shock wave in
CH. The expansion of Au produces a rarefaction wave prop-
agating from the Au/CH interface to the interior of Au
plasmas.

Due to the high temperature, the Au plasmas release energy
to CH plasmas, and drive a heat wave into CH. In this system,
the heat wave is subsonic, which means that the velocity of the
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Fig. 1. The radiation hydrodynamic motion of the system. The gray scale
represents the absolute value of velocity gradient in (0.1 ns)~'. This value
indicates whether the plasma is in compression or expansion. The red line is
the trajectory of CH-Au interface.
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heat wave front is smaller than the local sound speed. At the
early stage (before 0.2 ns) the heat wave front propagates
together with the shock wave front. Then the heat wave slows
down, the shock wave moves ahead of the heat wave, and the
heat wave propagates in the downstream region of the shock
wave in CH.

The density distributions obtained from the radiation heat
conduction approximation at different time are shown in
Fig. 2. The density incrustation arises near the interface when
Au plasmas expand toward CH. The density of the Au plasmas
reaches the peak value (referred to as the height of the density
incrustation) at the Au/CH interface, while it decreases from
the interface to the interior of Au plasmas. In Fig. 2(a), the
density distributions from 0.002 ns to 0.05 ns are presented.
During this period the boundary density of Au plasma rises
quickly from 19.24 g/cm® to 32 g/em®, and the density
incrustation grows up gradually. In Fig. 2(b) the density dis-
tributions at 1.0 ns, 3.0 ns and 5.0 ns are presented. From
1.0 ns to 5.0 ns, the height and the profile of the density
incrustation are stable although the CH-Au interface moves
rapidly. There are slight density fluctuations in the down-
stream region of the shock wave in CH plasmas as a result of
the numerical error induced by the pseudo-viscosity method
used in the simulation.

In order to verify the density incrustation, the radiation
hydrodynamic evolution of this system was also simulated
based on the 20-group radiative diffusion approximation and
20-group radiative transfer equations, as shown in Fig. 3.
Similar density incrustations are observed in these radiation
models, which indicates that the density incrustation is inde-
pendent of the radiation models. Because the radiative transfer
equation is the most accurate method, the results hereafter
were obtained from the radiative transfer simulations.

It is known that the effect of wall heating [29,30] can also
cause the density perturbation to be similar to the phenomenon
of the density incrustation, but the spatial scale of the density
perturbation caused by the wall heating effect is dependent on
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Fig. 2. The density distributions near the CH-Au interface (a) from 0.002 ns to 0.05 ns and (b) from 1.0 ns to 5.0 ns.
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Fig. 3. The density distributions near the Au/CH interface at 3.0 ns. The red
line denotes the result of the radiative heat conduction approximation (RHC);
the green line denotes the result of the 20-group radiation diffusion approxi-
mation (MGRD); the blue line denotes the result of the 20-group radiation
transfer equations (MGRT).

the mesh size of the simulation. Taking this into account, the
density distributions simulated in both coarse and fine meshes
at 3.0 ns are shown in Fig. 4. It can be seen that the height and
the profile of the density incrustation are independent of the
mesh size, which proves that the density incrustation is not
caused by the effect of wall heating. We haven't found other
numerical artifacts which might result in the incrustation.

The Rosseland optical depth of the density incrustation is
about 50—100, suggesting that the region of density incrus-
tation is optically thick. In the model using coarse meshes, the
Rosseland optical depth per mesh near the Au surface is about
0.2, which indicates that the resolution of our meshes is good
enough for the radiative transfer calculation.
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Fig. 4. The density incrustations in coarse meshes and fine meshes.

The density, radiation flux, temperature and pressure dis-
tributions near the CH-Au interface are displayed in Fig. 5. It is
shown that the temperature decreases rapidly while the pressure
remains almost constant in the Au plasmas near the interface.
In this process, the radiation pressure in the Au and CH
plasmas accounts for less than 1.5 percent of the total pressure,
suggesting that it is not important in the evolution of density
curst. There are two spatial scales in the Au plasmas. The first
is the scale of hydrodynamic motion, which is equal to the
maximum local sound speed multiplied by time. For this spatial
scale, the pressure of Au plasmas changes due to hydrodynamic
motion. The second is the scale of radiation diffusion, which is
equal to the mean free path (MFP) of photons in Au plasmas.
For the second spatial scale, the temperature of Au plasmas
changes due to radiation transport. In this system, the first scale
is much larger than the second one.

At the early stage, the high-temperature Au plasmas release
energy to the cold CH plasmas due to radiation transport, so
that a thin layer of Au plasmas (referred to as the cooling layer)
at the interface becomes colder than the inner Au plasmas. The
size of the cooling layer is larger compared to the Rosseland
MFP of Au plasmas, and is smaller compared to the spatial
scale of hydrodynamic motion. Thus the temperature of Au
plasmas changes obviously in the cooling layer while the
pressure remains nearly constant. In order to maintain the
pressure, the density of Au plasmas in the cooling layer is
compressed to a higher value. The height of the density
incrustation is 30.7 g/cm3, which is about 1.5 times as much as
the initial magnitude. The width of the density incrustation
(defined as the full width at 70% of the peak) is 2.6 pm.

Fig. 5 also gives the radiation flux distribution near the CH/
Au interface. Since the radiation pressure is small, the radia-
tion energy density can also be neglected compared with the
plasma energy density. Thus the slope of radiation flux rep-
resents the energy loss/absorption rate of the local plasma to/
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Fig. 5. The temperature, radiation flux, density and pressure distributions near
the CH-Au interface at 2.0 ns. The squares in the density distribution curve
represent the simulation meshes. The positive value of radiation flux means
that the direction of radiation flux is from right to left.
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from the radiation field. In the cooling layer and rare zone of
the rarefaction wave, the slope is negative, indicating that the
plasmas continually release energy to the radiation field. There
is a variation of radiation flux in Au plasma near the interface,
where the curve seems to be discontinuous. However, when
the plot is zoomed in near the interface, it is found that the
radiation flux is continuous, and the region of variation is less
than the Rosseland mean free path (MFP), suggesting that this
phenomenon is caused by the leaking of radiation energy at
the boundary.

We developed a simplified analytical model to calculate the
profile of the density incrustation. In this model, we made
several assumptions: firstly, the radiation transport process in
the Au plasma can be described by the radiation heat con-
duction model; secondly, the pressure is balanced in the cold
layer, which means that there is no hydrodynamic motion if
the coordinates are set along with the CH/Au interface; thirdly,
the cold layer region is in the steady state, which means that
the temperature of this region doesn't alter obviously. Based on
these assumptions, the radiation transport process in the cold
layer is determined by the following equation:

> (Kg—i) —0, 4)

where T is the temperature of the plasmas, « is the heat con-
duction coefficient, which can be expressed as:

1607

K=k, (5)

where ¢ is the Stefan—Boltzmann constant, K is the opacity of
the plasmas. Following Hammer and Rosen's work [31], the
opacity and the EOS of Au plasma can be expressed as:

ST, (©)
p=1T"p". (7)

If the temperature range of Au plasma is 1—2 HeV, T'is in
the unit of HeV, p is in g/cm3, then the constants in Egs. (6)
and (7) are set as:

1 P
=—g/em”, =15, 8=-02, 1 =0.85M
8 7200g/c , o 5,8 0.2, if =0.85MJ/g, ()

uw=1.6, »=0.86.

According to the second assumption, the pressure in the
cold layer satisfies:

p=1fT"p" = p;, )

where p, is the pressure at the CH/Au interface. By
substituting Eq. (7) into Eq. (6), 1/K can be expressed as:

—= T pr. (10)
K (nf)?

By substituting Egs. (5), (9) and (10) into Eq. (4), we get
the following differential equation:

62
@T”zo, (11)
where
o
n:a—;(ﬁ—1)+4. (12)

Integrating Eq. (11) from the CH/Au interface to the inte-
rior of Au plasmas, we can find the solution as

1 +7an(rf)z x]n, (13)

T=T
| RoegpiT!

where T, F are the temperature and radiation flux at the CH/
Au interface, and A = 8 — 1/v. The density distribution can be
expressed as

Fa(f) |7
p=p |1 +e—5x| (14)
[ LogpiT!
where
1
Ps \’
ps( W) (15)

is the height (i.e. peak density) of the density incrustation.

We can also give a brief discussion on the width of the
incrustation. From Eq. (14), we can define the spatial scale of
the incrustation /g as

x 7%
p=ps[l+l—} ; (16)
where
3T (17)
Fon(rf)’

From Eq. (16), we can find that the width of the incrustation
is proportional to ;. Supposing the albedo of the CH plasma at
the CH/Au interface is acy, the boundary flux F can be
expressed as:

Fs:(l—aCH)an. (18)
Substituting Eq. (18) into Eq. (17), we can find that
Dep{Ty

=28
(0~ acmn(f) 1)

Eq. (19) shows that in the system with constant boundary
pressure ps and constant boundary temperature T, the width of
the incrustation is proportional to the parameter g, which is
inversely proportional to the Au opacity Ka,.

Fig. 6 gives the comparison between the analytical and
simulation profiles of the density incrustation. The analytical
curve shows that the density profile of Au plasmas forms a
density incrustation near the CH/Au interface. Comparing the
analytical curve with simulation results, we find that the width
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of the analytical curve is larger than the simulation result. This
phenomenon has two possible reasons. The first reason is the
assumption that the cold layer is in the steady state. This
assumption requires that the radiation flux is constant in the
cold layer. However, Fig. 5 shows that the radiation flux varies
in the cold layer region, which may lead to the difference be-
tween the analytical and simulation results. The second reason
is that the constants in Eq. (8) are fitted from the opacity and
EOS data in the temperature range of 1—2 HeV. In our simu-
lation, the temperature range of Au plasma is 3—10 HeV.
Therefore these constants may not be good fitting results of the
opacity and EOS of Au plasmas in our model. The analytical
model is only a simple model of the density incrustations,
which can give the relative density distribution of the incrus-
tation but cannot give the peak density of the incrustation.
Eq. (14) shows that how the profile of density incrustation is
influenced by the boundary flux and the Au opacity. In this
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Fig. 6. The comparison of profiles of density incrustation between analytical
and simulation results. The horizontal axis is the distance from the CH/Au
interface.
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model, the dependence of the boundary flux on Au and CH
opacities are complicated. How initial states and material
properties affect the height and the profile of the density
incrustation is studied by simulations. Fig. 7 shows how the
density incrustation is affected by the Au and CH opacities.
When the opacity of Au plasmas decreases, the height of the
density incrustation diminishes, and its width increases. In this
situation, the radiation flux in Au plasmas becomes larger.
Accordingly, the temperature of the cooling layer near the Au/
CH interface increases, while the density decreases. The
detailed data of the height and width of the density incrustation
for different Au opacities are presented in Table 1. By fitting
these data, we can find that the height and width of the density
incrustation are proportional to K$!° and K,>%7 respectively.
The dependence of the width on the Au opacity given by
simulation is consistent with the analytical results in Eq. (19).
Meanwhile, the dependence of peak density on the Au opacity
is complex and more work need to be done in the future.

When the CH opacity increases, the height of the density
incrustation diminishes, while its width increases, as shown in
Fig. 7(b). In this situation, the increase of the CH opacity
results in the increase of the albedo of CH plasma acy. Eq.
(19) gives that when acy increases, the width of the incrus-
tation also increases. The height and width of the density
incrustation for different CH opacities are presented in
Table 2, which shows that the width of the density incrustation
depends on the Au opacity more intensely than on the CH
opacity, while the height of the density incrustation is not very
sensitive to the CH opacity.

Table 1
The height and width of the density incrustation for different Au opacities.

Au opacity factor Height (g/cm®) Width (pum)
2.0 332 1.42
1.0 30.7 2.56
0.5 28.5 5.00
0.2 26.3 133
0.1 25.3 304
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Fig. 7. The density distributions with different (a) Au and (b) CH opacities.
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Table 2

The height and width of the density incrustation for different CH opacities.
CH opacity factor Height (g/cm?) Width (pum)
1.0 30.7 2.56

10.0 23.3 8.56

100.0 17.6 38.0

4. Conclusion

According to the above discussions, the density incrustation
is a physical phenomenon. Although the density incrustation is
displayed only in CH/Au 1-D planar model, this phenomenon
is also observed at 1-D spherical geometry with different pairs
of materials (CH/Au and D,/W). Our simulation shows that
the density incrustation will appear when three conditions are
satisfied: the first is that the high-Z plasmas are in high tem-
perature and continually release energy to low-Z plasmas; the
second is that the pressure of low-Z plasmas can confine the
expansion of high-Z plasmas; the third is that the difference of
the opacity between the high-Z plasmas and the low-Z plasmas
is large enough to make the cooling layer thin enough
compared with the spatial scale of hydrodynamic motion. This
phenomenon can decrease the radiation flux across the high-Z
and low-Z material interface.

The phenomenon of density incrustation is important in the
implosion processes, in which there is usually RTI near the
interface between high-Z and low-Z plasmas. The linear
growth rate of RTI is determined by the following equation
[32,33].

Akg

YN T F AL

(20)
where A is the Atwood number, k is the wave number, L is the
density-gradient scale length, and g is the acceleration. The
density incrustations can raise the linear growth rate of the RTI
at the interface. In our simulations, the Atwood number of the
Au-CH interface increases from 0.31 to 0.59 due to the density
incrustation, and the density-gradient scale length diminishes
from 54.1 pm to 7.3 pm. When the acceleration of the plasma
near the interface is 50 um/nsz, the density incrustation makes
the linear growth rate of the 10 pm wavelength perturbation
rise from 0.91 ns™' to 5.0 ns™".

Meanwhile, the RTI process mixes the high-Z and low-Z
plasmas near the interface, makes the opacity change
smoothly. The RTI process makes the opacity of the low-Z
plasmas increase and that of the high-Z plasmas decrease
near the interface. This process can decrease the height while
increase the width of the density incrustation. Thus the density
incrustation and the RTI near the interface are coupled with
each other. The influence of the density incrustation on the
RTT will be investigated in future works. The profile of the
density incrustation is related to the radiation transport process
in the high-Z plasmas. The experimental investigation on the
radiative cooling process is highly expected, and the mea-
surement of the density distribution of high-Z plasma near its

interface can be used to verify the material parameters and the
radiation hydrodynamic simulations.
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