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Experimental observation of ionization and shock fronts
in foam targets driven by thermal radiation®
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The behaviours of ionization and shock propagation in radiatively heated material is crucial for the understanding

of indirect drive inertial confinement fusion as well as some astrophysics phenomena. In this work, radiation field with

a peak temperature of up to 155 eV was generated in a gold cavity heated by four laser beams on the SG-II laser

system and was used to irradiate a plastic foam cylinder at one end. The radiatively ablated foam cylinder was then

backlighted side-on by x-ray from a laser-irradiated Ti disk. By observing the transmission decrease due to the shock

compression of the foam cylinder, the trajectories of shock front were measured, and from the onset of the intense

thermal emission from the side of the cylinder, the propagations of the ionization front were also observed on the same

shot. The experimental measurements were compared to predictions of the radiation hydrodynamics code Multi-1D

and reasonable agreements were found.
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1. Introduction

Investigations of the interaction of intense radia-
tion with material are of great interest in the fields of
astrophysics and inertial confinement fusion studies.
In indirect-drive inertial confinement fusion, for ex-
ample, intense radiation has been used to ablate plas-
tic capsules containing DT fuel and drive the capsule
implosion,' = where a precise understanding of the
interaction of the x-rays with the outer ablator layer
of the fuel capsule is crucial for generating an efficient
implosion and subsequent ignition. In the astrophysi-
cal domain, radiative shocks have been observed when
intense radiation from hot stars interacts with inter-
stellar clouds. [

The interaction of intense radiation with mate-
rial is characterized by the behaviours of ionization
and shock propagation in the material.l’=1% When an
intense radiation is incident onto cold matter, it first
penetrates about a photon mean free path into the ma-
terial supersonically and creates an ionization front in
the matter under the influence of decreasing opacity
due to the heating of the matter. Then, if the veloc-
ity of the radiation flux is sufficiently high and the

material density sufficiently low, this early supersonic
period can be extended considerably. Otherwise, the
ionization front may propagate transonically or sub-
sonically, depending on both the radiation flux and
the material density. In the transonic regime, the ion-
ization front is closely tied to the shock, with the sep-
aration of the ionization and shock front less than one
radiation mean free path (m.f.p.). In the subsonic
regime, the ionization front is overtaken by a shock
and forms an ablative heat wave. Supersonic and tran-
sonic ionization waves have been observed by back-

gl11,12]

light technique and the temperature and den-

sity profiles were inferred from the transmission con-
trast between the shocked and unshocked matter.['?]
Subsonic heat waves were measured by detecting the
delay in the arrival of the burnthrough signal from var-
ious sample thicknesses. In this way, radiative burn-
through has been observed in gold foil,'*! Be foill*!
and plastic foil.'®! However, to our knowledge, the
propagations of ionization and shock front in these ex-
periments were either measured time-dependently on
separate shots, or time-averaged by radiative burn-
through signals, no experiment has ever been per-

formed to measure the ionization and shock front on
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the same shot. So that some of the information that is
crucial for the understanding of radiative ablation, for
example, the transition of supersonic ionization wave
to subsonic ablative wave, has been lost.

In this paper we report the direct measurements
of the propagations of radiatively driven ionization
and shock front in a plastic foam target on the same
shot. The measurements were performed with a time
resolved, one-dimensional x-ray radiographic imaging
technique, in which the radiation heating and the re-
sulting compression of material were measured both
on a shot. In addition, hydrodynamic simulations
were also conducted to evaluate the propagations of
shock wave and heat wave in the low-density foam
by the radiation hydrodynamics code Multi-1D.[7]
The calculated results were compared with that from
measurements. It should be noted here that plastic
foam instead of solid density plastic targets was cho-
sen mainly for two reasons: first, the radiation flux
available in this work is not strong and long enough
for the ionization wave to propagate in the solid plas-
tic a distance that can be viewed side-on by the x-ray
imaging system; second, the low density of foam makes
it possible for us to backlight the shock-compressed re-
gion with considerable transmission that can be used

for diagnostic purpose.

2. Experiment

The experiment was performed on the SG-II laser
facility with a half-hohlraum target of 700 pum long
and 800 pum in diameter, and a laser entrance hole
with a diameter of 380 pum. The hohlraum had an
opening at the rear side where a plastic foam sam-
ple was mounted. The sample was a plastic (CgHs)
cylinder of 0.2 mm in diameter and 0.3 mm in length,
with a density of (0.1640.016) g/cm®. The arrange-
ment of the experiment was illustrated in Fig. 1. Four
frequency-tripled beams of the SG-II laser system were
used to heat the hohlraum. Each beam carries nom-
inally 260 J of 0.353 pm light in a 1.0-ns duration
semi-square laser pulse. The intense x-ray radiation
generated in the hohlraum was then used to irradiate
the plastic foam cylinder from one end and drive an
ionization wave into it. Another two beams of the SG-
IT laser system, superposed to generated a 1.5-ns du-
ration laser pulse, were focused onto a Ti disk, with an
intensity of up to about 2x10* W/cm?, and formed
a ~ 0.4 mm diameter spot. The x-ray emission from
the laser-produced Ti plasma was used to backlight
the plastic sample at 1.25 ns after the start of the
radiative ablation. The delay time is selected under
two considerations: first, the x-ray emission imaging
of the sample has to be carried out before the back-
light beams turn on, when there is not any interference
from the backlight source; second, it needs time for the

ionization wave to form a shock front in the sample.
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Fig. 1. Schematic plot of the experiment.
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Shock compression of the sample increases the
areal density, and consequently the optical depth
through the sample in the viewing direction, result-
ing in a decrease in the transmitted backlighter x-
ray intensity. In this one-dimensional (1-D) imag-
ing measurement, the sample was viewed side-on by a
15x magnification pinhole imager coupled to an x-ray
streak camera. The temporal resolution of the streak
camera is about 20 ps. The pinholes are 15 pym in
diameter and thus provide about ~ 25-um spatial res-
olution. It is worth while noting here that compared
to the face-on arrangement, the side-on arrangement
provides us with an advantage of not only being able
to observe the time-dependent shock propagation, but
also to observe the heating wave by the reemission of

the heated sample.

3. Radiative hydrodynamic simu-

lation

One-dimensional simulations were performed us-
ing the radiation hydrodynamics code Multi-1D. The
hydrodynamics code includes multigroup diffusion ap-
proximation, flux limited thermal conduction with a
flux limiter of 0.03, multigroup opacities calculated
from the SNOP code, and tabulated equation of state
(EOS) data. The radiation temperature was inferred

by flux measurements from the x-ray diode array. The

l
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temporal evolution of hohlraum temperature is shown
in Fig. 2(a), which was measured by an x-ray diode ar-
ray and was input into the hydrodynamics code, and
the calculated profiles of density and temperature in
the foam are illustrated in Fig. 2(b). The simulations
show that the ionization wave is closely related to the
radiation temperature imposed on the ablation front,
and experiences transits from supersonic propagation
to transonic propagation and finally subsonic propaga-
tion. In the first phase, the ionization wave penetrated
into the material supersonically due to the small opti-
cal depth, with the shock front lag behind the ioniza-
tion front, as the case At = 250 ps shown in Fig. 2(b).
Then, with the increase in optical depth that ioniza-
tion wave penetrated into the foam cylinder, the prop-
agation of the ionization front slowed down and was
overtaken by the shock front, as the case At = 1000 ps
shown in Fig. 2(b).
surpassed by the shock front, as the case At = 1750 ps
shown in Fig. 2(b).

propagation it is, the ionization wave will eventually

Finally, the ionization front was

In fact, no matter what kind of

be surpassed by a shock wave and become ablative, ei-
ther due to the increase of optical depth or the fall of
radiation temperature. A higher radiation flux could
only extend the distance of the supersonic propaga-
tion. In addition, the transonic ionization wave is only
a transit phase and tends to decay to supersonic or
subsonic ionization by the radiation flux imposed on

the ionization front.
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Fig. 2. (a) Time-dependent radiation temperature inferred from the XRD array and (b) the calculated tem-

perature and density profiles in the foam target at three stages in the passage of the ionization front. The drive

is incident from the left.

4. Result and discussion

Tllustrated in Fig. 3 are the experimentally measured one-dimensional time resolved image of the radiatively

heated plastic sample and the simulated trajectory of the target. In Fig. 3(a), a shadow that demonstrates the

shock trajectory is clearly seen, and the propagation of ionization front by the sample emission is also observed.
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The shock and ionization propagations are qualitatively predicted by the hydrodynamic simulations shown in

Fig. 3(b).
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Fig. 3. (a) Shock and ionization front by 1-D radiograph of a shock plastic cylinder of 0.2 mm in diameter and

0.3 mm in length. A streaked 1-D radiographic image of the ablated sample is taken after 1.25 ns after the start
of the drive. (b) Calculated trajectories of the foam cylinder by 1-D hydrodynamic code Multi-1D.

In order to compare the results between measure-
ments and the simulations quantitatively, the shock
and ionization fronts, were measured experimentally
at 50% transmission points and 50% peak-emissivity
points, taken from the streak image respectively. The
results are compared to predictions of the radiation
hydrodynamics code Multi-1D, which is illustrated in
Fig. 4. It can be seen from the figure that the mea-
sured shock front is consistent with the calculations
very well, except some points corresponding to the
early phase of the backlight pulse, which we have
ascribed to the limited spatial resolution of the 1-
D imaging system and the non-uniform backlighter
sources at the early phase. However, the measured
ionization front does not agree so well with the theo-
retical calculations since the measured ionization wave
is a little slower than the one theoretically predicted.
The two-dimensional effects, that is, the transverse ra-
diation leak from the foam cylinder, may be ascribed
to the discrepancy from the 1-D radiative hydrody-
namic simulations. The uncertainty from experimen-
tal measurement is not considered to be an important
factor causing the discrepancy. This can be seen in
Fig. 5, in which it is shown that the repetivity of the
experimental data, i.e. the velocities obtained by fit-
ting linearly the measured ionization fronts from two

separate shots, is very good.

Of cause, there may exist other factors that cause
this discrepancy, for example, the method used in this
work to take the ionization front from the experimen-
tal image and the uncertainty from the measurements
of the foam densities. Moreover, the uncertainties in
opacity and equation of state data may also contribute
to the discrepancies. In fact, in some early studies,
the opacity data have been adjusted artificially to get
a better agreement with the experimental data.
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Fig. 4. Comparisons of the observed and calculated prop-
agation characteristics of the ionization wave in the radia-
tive driven foam cylinder. The shock and ionization front
are determined by the experimentally observed 50% trans-
mission points. Errors of 10% are added to the experimen-
tal data points. Radiative hydrodynamic simulations are
conducted using the 1-D code Multi-1D. Radiative tem-
perature used in the simulations is inferred from XRD
array detector.

In Fig. 4, errors of 10% have been added to the
experimental data points for both the shock and ion-
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ization front. These errors may arise mainly from four
different sources: 1) spatial resolution of the imaging
system, ~ 25 pm, which corresponds to an relative
error of 6%; 2) measurement of shock front and read-
ing error, contributing no more than 5% to the total
error; 3) calibration of the streak camera sweep, con-
tributing no more than 5% to the total error; 4) streak
camera temporal resolution (20 ps), contributing no
more than 4% to the total error.

150
o shot: 138

1 = shot: 134
130+

V=142.1km/s

Position/um
=
[
@

T

70 T T T
200 400 600 800
Time/ps

Fig. 5. The trajectories of ionization fronts from two ex-
perimental shots.

5. Summary

In conclusion, we have used a 1-D time resolved x-
ray radiography to measure the ionization and shock

propagation driven by x-ray ablation of low density
plastic samples. The trajectories of the ionization and
shock front have been observed successfully on the
same shot. The experimental data have been com-
pared with theoretical calculations by the hydrody-
namic code Multi-1D and reasonable agreements be-
tween them have been found.

It should be noted here that the present work
gives only the velocities of the ionization and shock
fronts. However, to get more information about
the radiative ablation of materials, experimental data
such as shock compression also has to be measured.
New experimental observation using a multispectral
monochromatic imaging system has been planned to

perform in the future.
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