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Supersonic radiative heat waves in low-density high-Z material
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The propagation of a radiation heat wave through lead-doped foam with a density of 80 mg/cm® was
experimentally investigated. The wave is driven by 100-150 eV Hohlraum radiation generated in 1-3
mm diam gold cavities heated by a 2.5 kJ, 0.8 ns laser pulse (wavelength 0.35 um). The propagation ve-
locity was obtained from the delayed onset of intense thermal emission from the rear side of the foam
sample. The results agree with theoretical predictions for a nonablative heat wave and with numerical
simulations, and indicate that the radiation heat wave propagates with a velocity that is larger than the

sound velocity in the heated foam.

PACS number(s): 52.50.Jm, 44.40.+a, 47.70.Mc

It has been recently demonstrated [1] that by deposit-
ing the energy of modern high-power lasers in small gold
cavities it is possible to establish thermal x-ray fluxes of
the order 10'* to 10'°> W/cm?. At these x-ray fluxes, plas-
ma at high temperatures is produced in which energy
transport occurs predominantly via radiative heat con-
duction. Marshak [2] was the first to study the diffusion
of such an intense thermal flux into the matter under the
condition of local thermodynamic equilibrium (LTE) be-
tween radiation and matter, and he found that it leads to
the formation of a radiation heat wave.

The behavior of radiatively heated matter driven by in-
tense energy fluxes is well described in the book by
Zel’dovich and Raizer [3]. First, a supersonic heat wave
is formed which propagates into the undisturbed materi-
al. In time, due to the increasing mass of heated materi-
al, it slows down and eventually is overtaken by a shock
wave, thus becoming of the ablative type. Normally, at
solid densities, the very early nonablative stage does not
play an important role since its duration is usually in the
picosecond range. However, by lowering the density of
the x-ray heated material, it is possible to extend consid-
erably this early nonablative period. It turns out that if
the material opacity exhibits a weak dependence on den-
sity, the total mass of heated material does not change
with density. This means that a decrease in density will
result in a higher heat wave velocity. In contrast, the
sound velocity, which depends only on the mean thermal
ion velocity, is not affected by a density variation. The
consequence of a higher heat wave velocity and a con-
stant sound velocity is a longer temporal window during
which the heat wave remains nonablative and supersonic.
In the experiments described here, by lowering the densi-
ty of the radiatively heated material by more than two or-
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ders of magnitude relative to solid state density, it was
possible to extend this pure nonablative period into the
nanosecond range and observe the radiatively driven su-
personic heat wave. It should be noted here that the
propagation of supersonic heat waves has been observed
previously only in xenon gas [4].

This gives rise to very interesting prospects in connec-
tion with experiments where the heating of material at
high temperatures without hydrodynamic motion offers
ideal conditions. For example, in x-ray spectroscopy and
opacity measurements [5—8] one would like to perform
experiments with a plasma free of density and tempera-
ture gradients. Furthermore, low-density material, usual-
ly called foam, has come to play an important role as an
efficient converter with minimum hydro-losses in the con-
cept of heavy ion inertial fusion [9]. A number of appli-
cations, the most notable of which is the laser driven
inertial confinement fusion, require very uniform irradia-
tion conditions (1-2 %) [10-12]. Low-density high-Z
doped material can be used to smooth out irradiation
nonuniformities in the soft x-ray range since it decouples
the hydromotion from the diffusive energy transport via
radiation [13].

We present here results from experiments with high-Z
doped foam obtained through polymerization of the or-
ganometallic monomer p-Trimethylleadstyrene [14]. The
objective was to measure the speed with which the heat
wave propagates in this low-density high-Z material. The
most suited method for this purpose was judged to be the
radiative burnthrough of various foam thicknesses. This
type of measurement has been successfully applied to
solid density gold foils where the delay in the arrival of
the burnthrough signal was detected [15,16]. The main
difference between solid density and foam burnthrough is
the speed with which the heat wave propagates through
the material.

The nonablative heat wave propagation is described by
the nonlinear radiative heat conduction equation [3]. In
order to obtain an analytical expression for the propaga-
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tion of the heat wave front we assume a power law depen-
dence on temperature and density for the Rosseland
mean opacity kg = AT5p® and similarly for the internal
energy e=aT*™! of the heated material. The general
case where the specific heat is temperature dependent
(k#0) can be treated if one writes (as suggested in Ref. 3)
the nonlinear heat conduction equation in terms of the
specific energy E =pe instead of temperature, i.e.,

9E _ V-(E"VE), (1)
at

where n'=(n —k)/(k+1) and

a’=%aA ——1[1/(k +1)]a—(n +1)/(k+1)

Xp-(n+l)/(k +1)—(R+1) .

For nonlinear radiative heat conduction n =3—S and o
is the Stefan-Boltzmann constant. The scaling law for
the heat wave front position x, is obtained from Eq. (1)
by replacing the derivatives by their corresponding ra-
tios, i.e., the energy conservation gives E /t ~S,/x, and
the heat flux diffusion Sy~a’E™*1/x,. As boundary
condition here we assume a given constant source
flux S, externally supplied to the heated material.
By combining the two relations one arrives at the follow-
ing  scalin, law for the heat wave front:
x, ~t W HD/EADGR /2 1/' D) We specialize now
this scaling law for the lead-carbon mixture in the foam
material employed in the experiments. We estimate the
Rosseland mean opacity of the mixture by adding the fre-
quency dependent opacities for carbon and lead, taking
into account the mass fraction of the components (35%
lead, 65% styrene). The individual frequency dependent
opacities for the components are calculated in the aver-
age ion approximation [17]. By integrating over frequen-
cy the appropriately weighted sum of the components,
the Rosseland mean opacity of the mixture is found to be
kg =4.4X108T 1501 In this expression kg is in
cm?/g, T'in eV, and p in g/cm®. In an analogous manner,
we estimate the internal energy of the foam mixture by
addition of the mass weighted internal energy of the com-
ponents, which we take from the SESAME tables [18].
This procedure gives the following approximate scaling
law for the internal energy: [€ (erg/g)]=4.05X10''T'2,
For these special values for the Rosseland mean opacity
and internal energy one obtains n'=3.64 and
a’=Bp~>™, with B=1.43X10"*., The scaling law for
the heat wave front position (with the density dependence
explicitly included) is then x,=ct%825365p0.18,71.02
where c is a proportionality factor of the order of 1, x;, in
cm, tin s, and S, in erg/(cm2 s). It is seen that the heat
wave velocity ¢, =dx, /dt scales as ~t 018§0.65,71.02)
i.e., the heat wave front propagates faster in lower densi-
ties and for higher fluxes while it slows down slightly
with time. To obtain quantitative results for the nonabla-
tive heat wave burnthrough one has to determine the pro-
portionality factor c. This was accomplished by numeri-
cally solving the energy relation in Eq. (1). The boundary
condition employed in the numerical solution was a given

net heat flux input, S,, into the material, i.e.,
So=S;—oT* Here, S; is the externally supplied in-
cident flux and o T* represents the radiation losses due to
the boundary temperature 7. The numerical solution
confirms the scaling relation obtained analytically and
gives a value for the proportionality factor ¢ ~0.8. To
assess the effects of the hydrodynamic motion, we have
performed simulations using our hydrodynamics comput-
er code MULTI [19]. In addition to seeing the effect of the
hydrodynamic motion on the heat wave propagation at
the low density of the foam, such simulations can deal
with the real pulse shape, provide a more detailed
description of radiative transport (multigroup diffusion
approximation), and include the process of laser-light
conversion to x rays. In the one-dimensional (spherical)
simulations a laser-irradiated gold sphere is located in the
center of the cavity. Its surface area corresponds to the
laser irradiated wall area in the experiment to warrant
the correct laser intensity, which determines the conver-
sion efficiency and the source spectrum. The thickness
and density of the cavity wall were chosen equal to our
foam samples. Because of the lack of frequency depen-
dent opacity tables for lead we have performed our simu-
lations with a fictitious gold foam. Our average ion cal-
culations [17] have shown that replacing the lead content
in the mixture by gold leaves the Rosseland mean opacity
practically unchanged. For the internal energy of the
foam material we interpolated the SESAME tables’ values
for the components, gold and carbon, taking into account
their mass fraction. The radiation losses through holes
are included by an appropriate boundary condition at the
innermost Lagrangian cell of the wall [20].

The experiments were carried out with one bundle of
five frequency tripled (A=0.35 um) beams of the
GEKKO XII Nd-glass-laser facility. The maximum en-
ergy of 2.5 kJ was delivered in a pulse of 0.8—-0.9 ns dura-
tion. The experiments were performed with flattened
Hohlraum targets (see Fig. 1) optimized to avoid direct
and specularly reflected laser light irradiation of the foam
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FIG. 1. Schematic diagram showing a cross-sectional view of
the special type of flattened cavities made out of gold and their
heating method. The cover plate attached to the rear side of the
cavity and the viewing direction of the two diagnostics are also
indicated. Inset: a scanning electron microscope photograph of
a cover plate hole filled with foam.
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samples and to minimize the total wall area. They had an
opening at the rear side where the cover plates were
mounted. The cover plates were circular gold plates with
two diagnostic holes, a larger one filled :with foam and a
smaller one for the time fiducial. The diameter of each
diagnostic hole was appropriately dimensioned to take
into account the expected difference in intensity. To
avoid the observation of hard radiation coming from the
gold edges or direct radiation passing through some gaps
between the foam and the gold wall, the foam holes were
covered by a plastic mask with a hole 100 um smaller in
diameter than the foam hole itself. The thickness of the
plates determined the thickness of the foam samples. The
experiments were carried out with three cavity sizes
equivalent to a 1, 2, and 3 mm diameter sphere total wall
area. For each target type we measured a mean bright-
ness temperature of 150, 120, and 100 eV respectively,
with an accuracy of +5 eV. Foam plate thicknesses of
50, 75, 100, 150, 200, and 300 um were used. The foam
density reached was ~80 mg/cm®. Chemical analysis us-
ing UV-spectroscopy of a foam sample yielded a mass
fraction for lead of about 35%+5%. This value was used
in our estimates. To our knowledge, this is the only foam
material available that meets the experimental require-
ments of high-Z doping, density less than 100 mg/cm?,
and inhomogeneities in the range of a few micrometers,
i.e., small compared with the extent of the heat wave. A
scanning electron microscope photograph of a foam sam-
ple is presented in the inset of Fig. 1, where the extent of
the foam planarity and granularity can be seen.

The temporal evolution of the radiation from the hole
filled with foam and from the open reference hole was
measured simultaneously at a fixed wavelength using a
soft x-ray streak camera (XRSC). The experimental ar-
rangement was similar to the one used in the observation
of the heat wave burnthrough in solid density foils [16].
The olonservation wavelength was 60 A, the bandwidth
~15 A, and the temporal resolution =30 ps. Time-
integrated, space-resolved spectra from both holes were
obtained in the range 5~100 A with the help of a pinhole
transmission-grating spectrometer (PTGS), which used
absolute calibrated x-ray film as a detector. The bright-
ness temperature of the cavity radiation was measured
with a second diagnostic set at an angle of 90° to our
main set, consisting of an XRSC in combination with a
slit transmission grating, recording the time-resolved
spectra and a PTGS for absolute calibration.

A typical data set of our burnthrough diagnostic, the
XRSC traces that represent the spatially and temporally
resolved emission from the diagnostic holes, is given in
Fig. 2. As can be clearly seen there is a typical delay be-
tween the signal of the reference hole and the foam sig-
nal. It is interpreted as the so-called burnthrough time,
i.e., the transit time required by the radiation heat wave
to propagate through the foam. Comparing the
burnthrough signals of foam with that from solid foils
[15,16], we see that the onset of the radiation intensity of
the foam is not as steep as it is for a foil. This can be at-
tributed to the special spectral features of the carbon-lead
mixture of which the foam consists and which become
apparent in spectrally resolved foam burnthrough mea-
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FIG. 2. Raw data of the XRSC records showing the delay in
arrival of the heat wave (right trace) traveling through the indi-
cated thickness of foam material with respect to the radiation
emanating from the open hole (left trace). The foam was irradi-
ated with an x-ray flux having a radiation temperature of
Tg ~100 eV (3 mm targets).
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FIG. 3. The burnthrough time as a function of the foam sam-
ple thickness for the (a) 3 mm, (b) 2 mm, and (c) 1 mm in diame-
ter Hohlraum targets. The experimentally measured radiation
temperature Ty for each case is given. The experimental points
are represented by full symbols, while the open symbols
represent the simulation results. The solid line depicts the nu-
merical solution of the diffusion equation for the nonablative
heat wave [Eq. (1)]. The mean heat wave velocity ¢, and the
corresponding sound velocity ¢, as obtained from the simula-
tions for the three cases are also given.
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surements. These data we obtained from another experi-
ment, where an x-ray driven foam foil was observed by
the temperature diagnostic set, which records the time
resolved burnthrough spectra. Unlike solid density gold,
the foam exhibits a transmission window for wavelengths
shorter than 20 A, where the radiation is transmitted
through the foam nearly instantaneously. This transmis-
sion window in the harder x-ray range leads to a non-
negligible preheating of the foam, which results in the ob-
served smoothing of the burnthrough front. But it also
contributes to a reduction of the foam granularity by
homogenizing it before the arrival of the heat wave.

For the interpretation of our burnthrough results we
present in Fig. 3 a comparison of the experimental data
with the numerical solution of Eq. (1) and the simulations
using the computer code MULTI. Within the experimen-
tal scatter of the data, there is a very good agreement for
the burnthrough time as a function of the foam thickness
between experimental points and numerical scaling, as
well as simulation points. Furthermore, it is seen that the
simulation results reproduce the numerical solution of
Eq. (1), indicating that the hydromotion of the radiatively
heated foam is negligible and does not play an important
role at these densities.
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The sound and the heat wave velocities from the simu-
lation results are given in Fig. 3 for the three different
size targets. The heat wave appears to be supersonic in
all three cases. Whereas in the 3 mm cavities heated to a
lower temperature the supersonic character of the heat
wave is marginal, for the higher temperatures prevailing
in the 1 mm cavities the heat wave becomes almost twice
as fast as the compression wave.

In conclusion, it could be shown that with the laser en-
ergies and foam densities available today the nonablative
range in which a radiatively driven heat wave propagates
in an undistributed material is achievable. The results
demonstrate the possibility of investigating pure radia-
tion diffusion (free of hydromotion) in the high tempera-
tures range (100-200 eV). Such studies are of interest for
obtaining a basic insight into the state of matter at very
high temperatures and have potential applications for
inertial fusion and for opacity measurements.
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FIG. 1. Schematic diagram showing a cross-sectional view of
the special type of flattened cavities made out of gold and their
heating method. The cover plate attached to the rear side of the
cavity and the viewing direction of the two diagnostics are also
indicated. Inset: a scanning electron microscope photograph of
a cover plate hole filled with foam.
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FIG. 2. Raw data of the XRSC records showing the delay in
arrival of the heat wave (right trace) traveling through the indi-
cated thickness of foam material with respect to the radiation
emanating from the open hole (left trace). The foam was irradi-
ated with an x-ray flux having a radiation temperature of
Tr ~100 eV (3 mm targets).



