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ABSTRACT

Experiments exploring the propagation of heat waves within cylindrical CH foams were performed on the Shenguang-III prototype laser facility
in 2012. In this paper, the radiation fluxes out of CH foam cylinders at different angles are analyzed theoretically using the two-dimensional
radiation hydrodynamics code LARED-R. Owing to the difficulty in validating opacity and equation of state (EOS) data for high-Z plasmas, and
to uncertainties in the measured radiation temperature Tr and the original foam density ρ0, multipliers are introduced to adjust the Au material
parameters, Tr, and ρ0 in our simulations to better explain the measurements. The dependences of the peak radiation flux Fmax and the breakout
time of the heat wave thalf (defined as the time corresponding to the radiation flux at half-maximum) on the radiation source, opacity, EOS, and ρ0
scaling factors (ηsrc, ηop, ηeos, and ηρ) are investigated via numerical simulations combined with fitting. Then, with the uncertainties in the
measured Tr and ρ0 fixed at 3.6% and 3.1%, respectively, experimental data are exploited as fiducial values to determine the ranges of ηop and ηeos.
It is found that the ranges of ηop and ηeos fixed by this experiment overlap partially with those found in our previous work [Meng et al., Phys.
Plasmas 20, 092704 (2013)]. Based on the scaled opacity and EOS parameters, the values of Fmax and thalf obtained via simulations are in good
agreement with the measurements, with maximum errors ∼9.5% and within 100 ps, respectively.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0043745

I. INTRODUCTION

Radiation transport is of crucial importance to high-energy-
density physics (HEDP)1,2 and is a fundamental energy transport
mechanism in inertial confinement fusion (ICF)3 and in many
laboratory and astrophysical plasmas.4–8 In indirect drive ICF, a
high-Z hohlraum is used to convert large amounts of laser energy
into high-temperature x-rays, which are then absorbed by the
ablator of a fusion capsule through radiation transport, with ra-
diation hydrodynamic behavior ensuing. In the astrophysical field,
many phenomena, such as radiative shocks9 and nebulae with dense,
cool star-forming regions irradiated by nearby stars,10 are correlated
with radiation transport.

Over recent decades, a number of theoretical11–15 and
experimental16–21 investigations focusing on radiation transport have
been conducted. From a theoretical aspect, Hammer and Rosen11

have developed a perturbation technique for solving the nonlinear

radiation diffusion equation for both the supersonic and subsonic
cases. Quantities of practical interest, such as the depth of heat front
penetration and the absorbed heat flux, can be readily derived with
their method. In our previous work,12 a theoretical method was
proposed to verify the opacity and equation of state (EOS) of high-Z
plasmas in rarefactive states, based on two independent experimental
measurements, namely, the propagation of heat waves and hydro-
dynamic motion in radiation ablation processes. From an experi-
mental aspect, Back et al.16 have performed experiments on low-
density (40–50mg/cm3) foams to study diffusive supersonic radiation
transport, where the ratio of the diffusive radiation front velocity to
the material sound speed exceeds 2, using the Omega laser facility.
Guymer et al.17 have carried out supersonic diffusive radiation flow
experiments on the National Ignition Facility (NIF), aiming at ex-
ploring the radiation flow through optically thickmedia from a strong
radiation source.
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The propagation of heat waves within CH foam cylinders was
explored experimentally on the Shenguang-III prototype laser facility
in 2012. Compared with the experimental works in Refs. 16–21, the
heat wave in the foam was nondiffusive in this experiment, and the
foam became optically thin after it had been completely heated by the
radiation. Furthermore, the radiation fluxes out of the CH foam were
measured simultaneously at different angles in each shot, which gave a
more detailed characterization of the radiation transport process in
the foam. The experiment was designed to obtain accurate data on
heat wave propagation, so that we could study the effect of the Au
sleeve on the heat wave propagation and validate our two-
dimensional (2D) radiation hydrodynamic code. A schematic of
the targets for the experiments, consisting of a half-hohlraum
(referred to as a “halfraum” in this paper), a glint shield, and a
foam sample, is displayed in Fig. 1. In the experiments, the 800 μm
long Au halfraum with a diameter of 1000 μm was illuminated
through a laser entrance hole (LEH) with a diameter of 800 μm by
square pulses from one end, delivering an energy of ∼6 kJ in 1 ns. The
laser wavelength was 0.35 μm. The generated x-rays, with a peak
radiation temperature Tr ≈ 240 eV, were delivered into the cylindrical
CH foam, driving a supersonic heat wave within it. A glint shield
composed of 0.1 μm thick Au foil and 1 μm thick CH foil was placed
between the halfraum and the foam sample with the purpose of
eliminating any reflected laser that might preheat the foam. The CH
foamcylinders at 19.9mg/cm3 (uncertainty∼3.1%),with lengths 1000
and 1500 μm and diameter 1000 μm, were surrounded with a 20 μm
thickAu sleeve.22 The radiation fluxes out of the CH foam cylinders at
different angles (45°, 56°, and 67°) relative to the foam cylinder axis
were measured using flat-response x-ray detectors (FXRDs).23,24 The
Tr at 20° relative to the halfraum axis was measured from the LEH
using a soft x-ray spectrometer (SXS).

In this paper, we analyze the radiation fluxes out of the foam
using the two-dimensional (2D) radiation hydrodynamic code
LARED-R.25,26 Since it is difficult to validate opacity and EOS data for
high-Z plasmas, and uncertainties exist in the measured Tr and the
original foam density ρ0, multipliers are introduced to adjust the Au
material parameters,Tr, and ρ0 in our simulations to better explain the
measurements. The dependences of the peak radiation flux Fmax and
the breakout time of the heat wave thalf (defined as the time corre-
sponding to the radiation flux at half-maximum) on the radiation
source, opacity, EOS, and ρ0 scaling factors (ηsrc, ηop, ηeos, and ηρ) are
investigated via numerical simulations combined with fitting. Then,
with the uncertainties in the measured Tr and ρ0 fixed at 3.6% and

3.1%, respectively, the ranges of ηop and ηeos are determined using
experimental data as fiducial values and are compared with those
presented in our previous work.12 Finally based on the scaled opacity
andEOS parameters, Fmax and thalf obtained via simulations are found
to be fairly consistent with the measurements, with maximum errors
∼9.5% and within 100 ps, respectively.

The remainder of this paper is organized as follows. In Sec. II, we
briefly describe the simulation code LARED-R and the computational
model employed in this study. In Sec. III, an analyses anddiscussion of
the experimental results are presented. Finally, in Sec. IV, concluding
remarks are made.

II. MODEL AND METHOD

The propagation of the heat wave within the foam sample is
simulated using the LARED-R code, which is a 2D Lagrangian ra-
diation hydrodynamic code in cylindrical geometry. It code includes
three kinds of radiative models: multigroup radiative diffusion,
multigroup radiative transfer, and multigroup radiative transfer and
diffusion coupling. The electrons and ions are assumed to be in
respective local thermodynamic equilibrium (LTE) states, with
individual temperatures Te and Ti.

In our simulations, the heated glint shield and CH foam cyl-
inders, which are optically thin, are simulated based on the multi-
group radiative transfermodel. The Au sleeve is always optically thick
and is simulated using the multigroup radiative diffusion model. The
opacity data for Au and CH plasmas are obtained using the OPINCH
code,27 based on a relativistic Hartree–Fock–Slater (HFS) self-
consistent average atom model.

The EOS data for CH and Au plasmas are extracted from the
quotidian equation of state (QEOS)28 and our unpublished internal
scientific report, respectively. The independent thermodynamic
variables in the Au EOS are the density and the temperature. The ions
are treated as an ideal gas with pressure pi and specific internal energy
ϵi given by

pi � ΓiρTi, (1)

ϵi � cυiTi, (2)

where ρ is density, Ti is ion temperature, cυi is the ion specific heat at
constant volume, and Γi � 2

3cυi. The electron EOS is derived from a
real gasmodel. The electron pressure pe and specific internal energy ϵe
are given by

pe � D ρ
ρc

( )n

Tm
e , (3)

ϵe � B ρ
ρc

( )−l
Tm
e , (4)

where Te is the electron temperature, ρc is the normal density of the
material, and D, B, n, m, and l are constants related to the material.

III. RESULTS AND DISCUSSION

First, in Sec. III A, we describe the radiation source in our
simulations, present the simulation results calculated with LARED-R
using the original Au material parameters, and discuss the possible
physical factors resulting in discrepancies between simulations andFIG. 1. Schematic of the targets for the experiments.
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experiments. Second, in Sec. III B, we investigate the dependences of
Fmax and thalf on the radiation source, opacity, EOS, and ρ0 scaling
factors (ηsrc, ηop, ηeos, and ηρ) by combining simulations with fitting.
Then, with the uncertainties in the measured Tr and ρ0 fixed at 3.6%
and 3.1%, respectively, we determine the ranges of ηop and ηeos by
using experimental data as fiducial values. Finally, simulation results
based on the scaled Au material parameters are presented and
compared with the experiments.

A. Simulation results using the original Au material
parameters

In the experiments, the laser-heated Au halfraums provided a
time-dependent radiation source, which drove supersonic heat waves
within the CH foam cylinders. In our simulations, the glint shield, the
CH foam cylinder, and the Au sleeve are treated as a system, and the
radiation source is applied at the boundary of the glint shield as a
surface source. The source is fixed in space during the heat wave
propagation. Time profiles of Tr at 20° measured by the SXS from the
LEH are shown in Fig. 2. The black solid lines show time profiles of Tr
measured in different shots. The average Tr of these shots, shown by
the red solid line, is used as the radiation source in the following
simulations. The standard deviation of the peak Tr measured in
different shots is 0.7%. The systematic error in the flux measurement
is about 15% of the peak flux, corresponding to a systematic error of
3.5% in Tr. Thus, the total uncertainty in Tr is calculated from the two

kinds of errors as σ �
����������������
(0.7%)2 + (3.5%)2

√
� 3.6%.

Figure 3 shows a comparison of the radiation fluxes out of the
1000 μm [(a)–(c)] and 1500 μm [(d)–(f)] foam cylinders at 45°, 56°,
and 67° between the measurements from different shots (shown in
black) and simulated results derived from the original radiation
source and Au material parameters (shown in red). The gray regions
show themeasurement errors for the time and fluxes, which are about
100 ps and 15% of the peak flux, respectively.23 It is found that the
simulated results do not match the measurements very well. The
simulated Fmax is generally smaller than the experimental data. The

FIG. 2. Time profiles of Tr at 20° relative to the halfraum axis. The black solid lines
show time profiles of Tr measured with the SXS from different shots. The red solid
line shows the average Tr of these shots.

FIG. 3. Comparison of the radiation fluxes out of the 1000 μm [(a)–(c)] and 1500 μm [(d)–(f)] foam cylinders at (a) and (d) 45°, (b) and (e) 56°, and (c) and (f) 67° between the
measurements from different shots (shown in black) and simulated results derived from the original radiation source and Aumaterial parameters (shown in red). Themeasurement
errors of the time and fluxes are shown by the gray regions.
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simulated thalf at 45° and 67° for the 1000 μm foam is consistent with
experimental data, but the other simulated thalf is larger than the
measurements by about 120–160 ps.

Discrepancies between simulated and experimental results may
result from the not completely accurate CH material parameters, the
original CH foam density ρ0, the Au material parameters, and the
radiation source. In this work, the CH foam is treated as a uniform
plasma, because our theoretical estimation shows that the pores in the
CH foam close within 50 ps after it was heated by the radiation, and
this pore closure time is much shorter than the radiation source
duration of about 2 ns.

The sensitivity of the flux out of theCH foam to theCHproperties
is also assessed in this work. On comparing the current CHopacity and
EOS with the results from other models at typical CH densities, it is
found that the maximum difference between the current material
parameters and the results from other models is about 10% when the
temperature is below240 eV. Simulations show that a 10%difference in
the CH material parameters can lead to a 1% difference in Fmax and a
10 ps difference in thalf, which aremuch smaller than the measurement
errors. Therefore, the CHmaterial parameters used in our simulations
can be considered to be relatively accurate. Furthermore, the Au
material parametershave amore significant effect on thepropagationof
the heat wave within the foam sample. As shown in Fig. 4, the pro-
portion of the radiationfluxes emitted by theAuplasma in the totalflux
is evidently larger than that of the radiation flux emitted by the CH
plasma at 45°, 56°, and67°, which indicates that the emission behavior of
the Au plasma has a strong influence on the measured radiation flux.
Thus, the effect of the uncertainty in CH material parameters on the
radiation transport process is neglected in the following simulations.
Multipliers are introduced to scale ρ0, the Aumaterial parameters, and
the radiation source to better explain the measurements.

B. Obtaining the scaling factors and simulation
results using the scaled Au material parameters

The radiation drive temperature is scaled as

T ′
r(t) � ηsrcTr(t), (5)

where T ′
r(t) and Tr(t) are the scaled and original time-dependent

radiation drive temperatures, respectively, and ηsrc is the scaling factor
of the radiation source, which is independent of time. The density of
the CH foam is scaled as

ρ0
′ � ηρρ0, (6)

where ρ0
′ and ρ0 are the scaled and original foam densities, respec-

tively, and ηρ is the scaling factor of the foam density. In a way similar
to that presented in Ref. 17, the Au opacity is scaled by a uniform
constant ηop as

K ′
Au � ηopKAu, (7)

whereK ′
Au andKAu are the scaled and original Au opacities, respectively.

The Au EOS is adjusted in the same way as adopted in our previous
work.12 Only pe and ϵe are adjusted, while pi and ϵi are kept unchanged.
The electron pressure and specific internal energy are given by

FIG. 4. Time profiles of the radiation fluxes emitted by the Au plasma (green solid
line), CH plasma (red solid line), and the entire foam cylinder (blue solid line) at (a)
45°, (b) 56°, and (c) 67° for a 1000 μm foam cylinder.

TABLE I. Fitting coefficients for the peak radiation flux Fmax and the breakout time of the heat wave thalf of the 1000 and 1500 μm foam cylinders at 45°, 56°, and 67°.

Length (μm) Angle (deg)

Fmax thalf

α β γ δ χ2 α β γ δ χ2

45 5.981 −0.130 −0.480 −0.262 4.0 3 10−3 −1.860 0.053 0.087 0.472 4.1 3 10−5

1000 56 6.028 −0.089 −0.508 −0.278 3.9 3 10−3 −1.804 0.050 0.089 0.464 5.3 3 10−5

67 6.038 −0.050 −0.518 −0.306 4.7 3 10−3 −1.777 0.047 0.091 0.457 5.9 3 10−5

45 10.908 −0.206 −0.910 −1.624 3.1 3 10−3 −2.110 0.054 0.113 0.643 1.6 3 10−4

1500 56 10.299 −0.113 −0.882 −1.071 8.7 3 10−3 −2.389 0.071 0.140 0.815 7.2 3 10−4

67 9.950 −0.047 −0.866 −0.893 1.3 3 10−2 −2.553 0.080 0.157 0.880 8.5 3 10−4
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pe � 1
λ

z lnUe

zV
, (8)

ϵe � −
z lnUe

zλ
, (9)

where Ue is the electron partition function, λ � (kTe)−1, and k is
Boltzmann’s constant. In our EOS scaling method, Ue is adjusted as

U ′
e � Uηeos

e , (10)

whereU ′
e is the adjusted partition function and ηeos is the EOS scaling

factor. In a nearly independent system, this treatment is equivalent to
adjusting the particle number of the system. With Eq. (10), pe and ϵe
become

p ′
e � ηeospe, (11)

ϵ ′e � ηeosϵe, (12)

where p ′
e and ϵ ′e are the scaled quantities.

Owing to limited computational resources, a series of simula-
tions are performed corresponding to certain values of ηsrc, ηop, ηeos,
and ηρ, and then Fmax and thalf are fitted to the following function of
these scaling factors:

F � F0η
α
srcη

β
opη

γ
eosη

δ
ρ , (13)

where F represents the characteristic quantity Fmax or thalf, F0 represents
the value of the corresponding characteristic quantity obtained using
LARED-R fromtheoriginalAumaterial parameters and radiation source
(with all the scaling factors equal to 1), and α, β, γ, and δ are fitting
coefficients. Based on Eq. (13), in the ranges ηsrc ∈ [0.964, 1.036], ηop
∈ [0.5, 1.5], ηeos ∈ [0.5, 1.5], and ηρ ∈ [0.969, 1.031], we obtain the fitting
coefficients for Fmax and thalf of the 1000 and 1500 μm foam cylinders at
45°, 56°, and 67° as listed in Table I. The fitting data include 39 simulated
results from different scaling factors. To check our fitting, two testing
simulations are performed for the 1000 and 1500 μm foam cylinders,
respectively, the results of which are not included in the fitting data. In all
the simulations, the scaling factors are randomly selected in the ranges
given above. With the superscripts “simu” and “fit” indicating results
derived fromnumerical simulations and fromEq. (13), respectively, Fig. 5

displays (a) Fsimu
max vs Ffit

max and (b) t
simu
half vs tfithalf at 45°, 56°, and 67° for the

1000 μm (blue solid triangles) and 1500 μm (black solid squares) foam
cylinders. The function y � x that represents a perfect fit is shown in red.
In Fig. 5, almost all thefitting data points are located on the associated red
solid line, suggesting that Eq. (13) describes the dependence of Fmax, and
thalf on the scaling factorsηsrc,ηop,ηeos, and ηρ verywell.Data points from
the two testing simulations (green and cyan solid circles for the 1000 and
1500 μm foam cylinders, respectively) are also located on the red lines,
which means that Eq. (13) can predict the radiation transport processes
without simulations.

As shown in Table I, the values of α, β, γ, and δ for the 1500 μm
foam are larger than those for the 1000 μm foam, indicating that the
radiation fluxes of the 1500 μm foam are more sensitive to the ra-
diation source,material properties, and foamdensity than those of the
1000 μm foam. Therefore, the fluctuations of experimental data for

FIG. 5. Plots of (a)Fsimu
max vsF

fit
max and (b) t

simu
half vs t

fit
half at 45°, 56°, and 67° for the 1000 μm (blue solid triangles) and 1500 μm (black solid squares) foam cylinders. The function y� x

that represents a perfect fit is shown in red. The green and cyan solid circles correspond to the testing simulations for the 1000 and 1500 μm foam cylinders, respectively.

FIG. 6. Ranges of Au opacity and EOS scaling factors ηop and ηeos fixed by different
experiments. The red band denotes the range of (ηop, ηeos) determined by Fmax, the
green band denotes the range of (ηop, ηeos) determined by thalf, the yellow band
shows the range of (ηop, ηeos) fixed by our previous foam-confined plasma
expansion experiment,12 and the blue band shows the range of (ηop, ηeos) fixed
by an Au foil burnthrough experiment.21 The region of overlap of the four bands is
marked by the white oval.
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the 1500 μm foam are obviously larger than those for the 1000 μm
foam, as shown in Fig. 3.

With the fitting coefficients α, β, γ, and δ in Eq. (13) fixed, an
experimental value of Fmax or thalf can determine a relationship be-
tween ηsrc, ηop, ηeos, and ηρ. For given radiation source, foam density,
and experimental values, the relationship between ηsrc, ηop, ηeos, and
ηρ is reduced to a relationship between ηop and ηeos, which corre-
sponds to a curve in ηop–ηeos space. Since uncertainties of 3.6%, 3.1%,
100 ps, and 15% exist in the measured Tr, ρ0, thalf, and Fmax, re-
spectively, the relationship between ηop and ηeos corresponds to a
band in ηop–ηeos space. Next, we give a detailed description of our
method for determining this band. With θ representing one of the
angles 45°, 56°, and 67°, andGθ representing the characteristic quantity
Fmax or thalf at θ, we can use available experimental data to define the
range of Gθ as [Gθ

2, G
θ
1], where

Gθ
1 � �Gθ + ΔGθ , (14)

Gθ
2 � �Gθ −ΔGθ, (15)

with

ΔGθ �
��������������
σ2GM + σ2GF − σ2GR

√
,

(16)

σGF � Gθ
max −Gθ

min

C
. (17)

Here, �Gθ,Gθ
max, andG

θ
min are the arithmetic mean, the maximum, and

the minimum of Gθ, respectively, from available experimental shots.
σGM is the standard deviation ofGθmeasured in each shot (∼15%Fmax

forFmax and∼100 ps for thalf), containing both randomand systematic
flux measurement errors. σGF is the standard deviation of Gθ mea-
sured in different shots, including the random error due to laser and
target variations and to random flux measurement error. σGF is
obtained from the range of Gθ by the range approach29 via Eq. (17),
where the range coefficient C equals 1.13, 1.64, and 2.06 for the cases
with two, three, and four different measured results, respectively. σGR
is the random error of the measuredGθ(∼2%Fmax for Fmax and ∼10 ps
for thalf), which is double-counted in σGM and σGF and so is subtracted

in Eq. (16). ΔGθ describes the total uncertainty of G, including un-
certainties inmeasurements and fluctuations in different shots. Then,
with the uncertainties in the measured Tr and ρ0 fixed at 3.6% and
3.1%, respectively, four curves g1, g2, g3, and g4 in ηop–ηeos space are
determined by using four groups of (Gθ, ηsrc, ηρ): (Gθ

1, 0.964, 1.031),(Gθ
1, 1.036, 0.969), (Gθ

2, 0.964, 1.031), and (Gθ
2, 1.036, 0.969). With

the regions encompassed by (g1, g2) and (g3, g4) denoted by the setsA
θ

and Bθ, their union Cθ � Aθ ∪ Bθ describes the range of (ηop, ηeos)
determined byGθ. Finally, the intersectionC 45°∩C56°∩C 67° describes
the range of (ηop, ηeos) determined by the characteristic quantity G,
corresponding to the aforementioned band in ηop–ηeos space.

The ranges of theAu opacity and EOS scaling factors ηop and ηeos
fixed by this experiment are displayed in Fig. 6. The red band denotes
the range of (ηop, ηeos) determined by Fmax, and the green band
denotes the range of (ηop, ηeos) determined by thalf. We also plot the
ranges of ηop and ηeos fixed in our previous work,12 where the yellow
band shows the range fixed by a foam-confined plasma expansion
experiment.12,19 The blue band shows the range fixed by an Au foil
burnthrough experiment.21 It should be noted that the four bands
partially overlap, which suggests that the key physical factors in this
experiment have been included, as well as providing a further
demonstration of the theoretical approach proposed in our previous
work.12

The center of the region of overlap is located at approximately
(ηop � 0.95, ηeos � 0.65). Employing the scaled Au opacity and EOS
parameters corresponding to (ηop � 0.95, ηeos � 0.65), we perform
numerical simulations again. Figure 7 shows comparisons of the
angular dependence of the peak fluxes out of the 1000 and 1500 μm
foams between experiment (black solid squares) and simulations. The
red dashed and solid lines show the simulated results calculated using
the original and scaled Aumaterial parameters, respectively. It can be
seen that the results calculated using the scaled Au material
parameters agree better with the experimental data. In Fig. 8, we
present a comparison of the radiation fluxes out of the 1000 μm
[(a)–(c)] and 1500 μm [(d)–(f)] foam cylinders at 45°, 56°, and 67°

between the simulated results with scaled (shown in green) and
original (shown in red) Aumaterial parameters and the experimental
measurements (shown in black). From this figure, we can also see that
the simulated fluxes drop faster than the experimental data, which
suggests that the simulated cooling process of the foam and Au sleeve

FIG. 7. Comparisons of the angular dependence of the peak fluxes out of the 1000 μm (a) and 1500 μm (b) foams between experiment (black solid squares) and simulations. The
red dashed and solid lines show the simulated results calculated using the original and scaled Au material parameters, respectively.
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is faster than the experimental process. This phenomenon will be
studied in our future work.

IV. CONCLUSIONS

In summary, the radiation fluxes out of CH foam cylinders at
different angles have been analyzed theoretically to explain mea-
surements in radiation transport experiments. Owing to the diffi-
culty in validating the Au material parameters and to uncertainties
in Tr and ρ0, multipliers have been introduced to scale the Au
material parameters,Tr, and ρ0 in our simulations. The dependences
of Fmax and thalf on ηsrc, ηop, ηeos, and ηρ have been explored via a
combination of numerical simulations and fitting. Then, with the
uncertainties in the measured Tr and ρ0 fixed at 3.6% and 3.1%,
respectively, the ranges of ηop and ηeos have been determined by
using experimental data as fiducial values. It is found that the ranges
of ηop and ηeos fixed by this experiment overlap partially with those
in Ref. 12, which suggests that the key physical factors in this ex-
periment have been included, as well as providing a further dem-
onstration of our theoretical approach proposed previously in Ref.
12. Based on the scaled opacity and EOS parameters, Fmax and thalf
obtained via numerical simulations are in good agreement with the
measurements, and their maximum errors are smaller than the
measurement uncertainties. These opacity and EOS scaling factors
can be used in radiation hydrodynamic simulations within the
appropriate drive temperature regions.

ACKNOWLEDGMENTS

This work was supported by the National Key R&D Program of
China under Grant No. 2017YFA0403200.

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts of interest to disclose.

DATA AVAILABILITY

The authors confirm that some data used in Fig. 6 of this study
are reproduced from Physics of Plasmas 20, 092704 (2013), with the
permission of AIP Publishing.

REFERENCES
1N. B. Meezan, M. J. Edwards, O. A. Hurricane, P. K. Patel, D. A. Callahan, W. W.
Hsing, R. P. J. Town, F. Albert, P. A. Amendt, L. F. BerzakHopkins, D.K. Bradley, D.
T. Casey, D. S. Clark, E. L. Dewald, T. R. Dittrich, L. Divol, T. Döppner, J. E. Field, S.
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