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Radiative ablation to low-Z matter
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Eight beams of 0.35-mm laser with pulse duration of about 1.0 ns and energy of 260 J per beam were
injected into a cylindrical cavity to generate intense x-ray radiation on the Shengguang II high power laser
facility. Plastic foils with a thickness in the range of about 3.0–45mm were attached on the diagnostic hole of
the cavity and ablated by the intense x-ray radiation. The radiative energy transport through plastic foils with
different thicknesses has been studied experimentally. The burn-through time of the plastic foils has been
obtained. For comparison, we also simulated the experimental results with Planckian and non-Planckian x-ray
spectrum source, respectively. It is shown that for thick plastic foil the simulation with non-Planckian x-ray
spectrum source is in good agreement with the experiment.
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I. INTRODUCTION

In the scheme of indirectly driven inertial confineme
fusion ~ICF!, the driven x-ray radiation is first generated in
cavity of high-Z matter. Then the intense radiation ablates
low-Z wall of a DT pellet, leading to its compression and
thermonuclear burn. As the radiation that drives the imp
sion of the fuel capsule also ablates the interior walls o
high-Z cavity to form radiation heat wave, the propagation
the radiation heat wave into the interior walls of the cav
loses some partition of radiation energy and changes the
pling efficiency of radiation energy to the fuel capsule. T
radiation heat waves@1–6# in the high-Z matter have been
observed theoretically and experimentally. In order to obt
the highest hydrodynamic efficiency in the radiation-driv
implosion of the capsule, it is also crucial to know the rad
tive energy transport and the propagating speed of the h
ing wave in the low-Z shell of the capsule. Therefore, a s
ries of investigations on reemission and the propagation
the heating wave for low-Z matter have been carried ou
@7–19#. In most experiments published previously, relative
thin low-Z foils ~thinner than 5mm! were used due to the
lower incident x-ray radiation source and the x-ray sou
spectrum was assumed to be Planckian. It was indicated@15#
that the goldO-, N-, and M-band emissions in the x-ra
source have no obvious effects on the simulations of
experiments. With the completion of upgraded Shenggu
II high power laser facility in China, the intense x-ray radi
tion source was obtained by injecting eight laser beams
cylindrical cavity from its two ends. The intense radiatio
was applied to ablate the low-Z matter with thickness of up
to 45mm. It is found that there exist intense goldO-, N-, and
M-band emissions in our x-ray source, and these band e
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sions should be taken into account in the simulation of
diation ablation to thicker low-Z matter.

II. EXPERIMENTAL ARRANGEMENT

The experiments were carried out with up to eight bea
of 0.35-mm laser on the Shengguang II laser facility
Shanghai. The scheme of the experiments is shown s
matically in Fig. 1. Two bundles of four laser beams enter
cylindrical cavity from its two ends to generate intense x-r
radiation. The laser energy per beam is about 260 J w
flat-top pulse duration of about 1.0 ns. The diameter of
cylindrical cavity is 800mm and its length 1400mm. Two
circular diagnostic holes with diameter of 280 and 300mm
were opened about the midplane. The diagnostic hole w
diameter of 300mm was left open or covered by a sing
layer of plastic foil with different thicknesses in differen
experimental shots, as shown in Fig. 1. The x-ray radiat
signals from the radiation source~when the hole was left
open! or the rear of the plastic foil were measured with a s
x-ray spectrometer~SXS!. The soft-x-ray spectrometer ha
seven energy channels that covers the x-ray energy rang
about 50–1500 eV. The grazing incident mirrors are used
the spectrometer to cut off higher energy x rays. As the s
x-ray spectrometer has a fiducial signal, the delay of x-
signals at seven energy channels from the rear of diffe
thickness plastic foil can be obtained by varying the thic
ness of plastic foil in different shots. In the measurement
laser parameters and the targets except for the sampl
tached on the hole were kept the same. The intense x
radiation that ablates the low-Z material was monitored by
another soft-x-ray spectrometer from the 280-mm circular di-
agnostic hole. A 2000l /mm transmission grating spectrom
eter was also used to measure the time-integrated x-ray s
trum from the laser-injected hole in the direction of 30° wi
respect to the axes of the cylindrical cavity. In the expe
ments, the plastic foils with thicknesses of 3.18, 4.17, 7.
15.0, and 45.0mm were used as test sample. The density
the plastic foil is about 1.0 g/cm3.
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FIG. 1. The schematic view of the experime
tal setup. SXS: soft-x-ray spectrometer. TG
transmission grating spectrometer.
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III. EXPERIMENTAL RESULTS AND DISCUSSIONS

The time-dependent hohlraum equivalent radiation te
perature was shown in Fig. 2. The temperature rises r
tively fast at first, reaching about 130 eV, then increa
slowly to the maximum temperature of 143 eV. The tim
integrated x-ray source spectrum measured with the tr
mission grating spectrometer was shown in Fig. 3. TheO-,
N-, and M-band emissions of the gold plasma were se
obviously.

The time-dependent equivalent radiation temperat
measured from the rear of the plastic foils with the soft-x-r
spectrometer was illuminated in Fig. 4. It can be seen that
maximum radiation temperature decreases as the thickne
the plastic foil increases, and the time delay of the tempe
ture increases as the thickness of the plastic foil does ex
for the 45-mm-thick plastic foil.

The typical time-integrated x-ray spectrum measured w
the transmission grating spectrometer from the rear of
15.0-mm-thick CH sample was shown in Fig. 5. The obvio
carbonK absorption edge has been seen.

The x-ray signals at photon energy of about 300 to 450
~correspond to Ti channel of the soft-x-ray spectrome!

FIG. 2. The radiation temperature of the cylindrical cavity ve
sus time measured with an absolutely calibrated multichannel s
x-ray spectrometer from the circular diagnostic hole with diame
of 280 mm.
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were shown in Fig. 6. The delay of the x-ray signals from t
radiation-ablated low-Z sample relative to the driving radia
tion was seen clearly. The delay increases as the thickne
the plastic foil does. For radiation ablation to low-Z plastic
foil, the radiation absorbed by low-Z matter results in in-
creased temperature and ionization of the plastic layer.
temperature rise shifts theK absorption edge of carbon;278
eV to the higher energy of about 400–500 eV, as shown
Fig. 7, in which the opacity of carbon at temperature of
and 100 eV has been calculated using an unresolved tra
tion array~UTA! model @22,23#. The opacity of the ionized
plastic layer behind the ablation surface decreases sharp
the x-ray energy range of 278–400 eV;500 eV. When burn
through of the radiation-ablated plastic foil occurs the x-r
signal in the energy range of 278–400 eV;500 eV will
increase immediately. Therefore, we define the breakout t
of the heating wave as the time at which the radiation
about 300–450 eV from the rear of the low-Z sample reaches
50% of its peak. Similarly, the beginning time of radiatio
ablation is defined as the time at which the x-ray sou
signal ~the diagnostic hole left open! reaches 10% of its
maximum intensity. In this experiment, the burn-throu
time of the low-Z sample as a function of its thickness w
obtained, as illustrated in Fig. 8. It is also clearly seen t
the burn-through time of the plastic foil is approximate
linearly proportional to its thickness. Therefore, the prop
gating velocity of the radiation heat wave in the plastic foil
constant in this experiment, and the mass ablation rate
about 1.483106 g/cm2 s is obtained by fitting linearly the
experimental data, shown in Fig. 6. Substituting the m
sured peak radiation temperature of about 140 eV, as sh
in Fig. 2, into the Eq.~52! of the Ref.@24#, the mass ablation
rate of about 8.233105 g/cm2 s is obtained and is smalle
than the measured one by 45%. The reason may be tha
intenseM-band emission in our x-ray source as shown
Fig. 3 could be transported into the CH sample more dee
and could preheat the CH sample.

For a detailed analysis, the experiments were also si
lated using a one-dimensional~1D! multigroup radiation
transport codeRDMG @20,21#. The x-ray source radiation in
the simulations was assumed to be a Planckian or n
Planckian spectrum with the measured equivalent radia
temperature, as shown in Fig. 2, and divided into 100 gro
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in the energy range of 50–5000 eV. In the case of n
Planckian spectrum, the x-ray spectrum measured with
transmission grating spectrometer, as shown in Fig. 3, is u
as incident x-ray source spectrum in the simulation. The
cident radiation flux is also assumed to be isotropic. Ions
electrons except for radiation in the plasma are though
reach equilibrium, respectively. But the assumption of co
plete thermodynamic equilibrium between radiation and m
ter is not required. Simulations of radiative ablation to t
plastic foil, which were used in the experiment, were carr
out.

Figure 9 presents the simulated radiation temperature
a function of time from the rear of plastic foils with differen
thicknesses in both cases of Planckian and non-Planc
spectrum sources. For 3.18- and 7.83-mm-thick CH plastic
foils, the simulated radiation temperatures in both cases
similar and in good agreement with the measured ones.
15.0- and 45.0-mm-thick CH plastic foils, the simulated ra
diation temperatures using non-Planckian spectrum so
are also consistent with the measured ones. But the simu
temperatures using Planckian spectrum source are appar
lower than the measured ones.

Figure 10 gives the simulated spectral intensity ver
time at four x-ray energies, i.e., 392, 542, 914, and 174

FIG. 3. Time-integrated x-ray spectrum from the laser-injec
hole of the cylindrical cavity, measured with transmission grat
spectrometer.

FIG. 4. The radiation temperature versus time from the rea
the radiation-ablated plastic foils with different thickness, measu
with the soft-x-ray spectrometer.
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from the rear of the plastic foils in the case of non-Planck
spectrum source. The spectral intensities at 392 and 542
from the rear of the plastic foil are delayed obviously co
pared with the spectral intensities at 914 and 174 eV. T
reason is that the opacity of the cold plastic foil at high
energy of 914 and 1741 eV is much lower than that at 3
and 542 eV. When the driving radiation is incident on t
plastic foil, the x ray at the higher energies shines throu
the foil immediately, but the x rays at 392 and 542 eV can
pass through the plastic foil until burn through of the plas
foil occurs.

The calculated burn-through time of the test sample w
obtained from the simulations, with the same definitions
breakout time and beginning time of driving radiation
those in the above experimental results. Comparison of
theoretical burn-through time with the experimental on
was shown in Fig. 11. There exists little difference for t
calculated burn-through time of the 3.18-, 4.17, and 7.
mm-thick plastic foils in both cases. But for 15-mm-thick
plastic foil, the simulated burn-through time using Plancki
spectrum source is much larger than that using n
Planckian spectrum source. For simulation using n

d

f
d

FIG. 5. The time-integrated x-ray spectrum from the rear of
15.0-mm-thick CH sample, measured with a transmission grat
spectrometer.

FIG. 6. The x-ray signals at photon energy of about 300–450
vs time from the rear of the plastic foils with different thicknes
measured with SXS.
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Planckian spectrum source the calculated burn-through
is also approximately linearly proportional to the CH thic
ness, which is similar as the experiment, and the estim
theoretical mass ablation rate of the plastic foil is ab
1.853106 g/cm2 s by fitting the calculated data linearly. Th
result is only larger than the experimental one by 25%. B
for simulation using Planckian spectrum source no linear
lation between the burn-through time and CH thickness e
for plastic foils with thickness of 3.18–15.0mm. There also
exit a deviation that the simulated absolute burn-throu
times in both cases are larger than the measured ones
deviation may come from the following aspects.

FIG. 7. The calculated opacity of carbon at temperature of
and 100 eV, the density of carbon was assumed to be 0.01 g/c23.
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~1! The measured x-ray source signal that was used
determine the beginning time of the driving radiation is t
reemission radiation of the gold walls. However, the reem
sion radiation is time delayed with respect to the real driv
radiation. Therefore, the measured burn-through time
smaller than the real one.

~2! The measured radiation temperature of the driv
source, which was used as x-ray source in the simulation
also the reemission radiation temperature of the inner wa
Since the reemission efficiency of the inner walls is low
than 1, especially during the beginning time of the drivi
source, the driving radiation in the simulations is less inte
sive than the real one during the beginning time, which m
results in larger burn-through time in the simulation.

0

FIG. 8. The experimental results of the burn-through time vs
thickness for the plastic foils.
-
f

-

FIG. 9. Comparison of the
simulated time-dependent radia
tion temperatures from the rear o
plastic foils with different thick-
nesses with the experimental re
sults. ~a! CH thickness: 3.18mm,
~b! CH thickness: 7.83mm, ~c!
CH thickness: 15mm, and~d! CH
thickness: 45mm.
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FIG. 10. The simulated time-
dependent x-ray signals at fou
photon energies from the rear o
the radiation-ablated plastic foils
using the RDMG code. ~a! CH
thickness: 3.18mm, ~b! CH thick-
ness: 7.83mm, and~c! CH thick-
ness: 15mm.
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~3! Other reasons, for example, higher opacity was u
in the simulation. However, further investigations need to
carried out to definitely explain the derivations.

IV. CONCLUSIONS

Intense x-ray radiation source with peak temperature u
143 eV was generated on the newly upgraded Shenggua
laser facility. It is shown by the measurements that this
diation source has intense goldO-, N-, and M-band emis-
sions. Using this intense x-ray radiation source, the radia
ablation to low-Z plastic foils has been experimentally stu

FIG. 11. Comparison of the simulated burn-through times
both cases~Planckian and non-Planckian spectrum source! for the
plastic foils with the experimental ones.
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ied. The experimental results show that the maximum rad
tion temperature from the rear of the plastic foils decrea
as the thickness of the plastic foil increases. The time de
of the temperature increases as the thickness of the pl
foil does except for the 45-mm-thick plastic foil. The burn-
through time of the plastic foil is approximately linearly pro
portional to its thickness, and the mass ablation rate of
plastic foil is about 1.483106 g/cm2 s. For an analysis of the
experimental results, a one-dimensional multigroup radiat
transport codeRDMG was used to simulate the experimen
In the simulations two types of x-ray spectra, i.e., Planck
and non-Planckian spectrum~with and without the inclusion
of the gold O-, N-, and M-band emissions!, were used as
incident x-ray source spectrum. It is shown, by comparis
of the simulations with the experiments, that for thinner pla
tic foils the simulations in both cases of Planckian and n
Planckian source spectrum generate nearly the same re
as indicated by Edwards, Barrow, and Willi@15#. But for
thicker plastic foils, such as 15-mm-thick plastic foil in this
experiment, significant influence of the goldO-, N-, and
M-band emissions on the overall predicted results were s
in the simulations. Moreover, the simulation with the incl
sion of the goldO-, N-, andM-band emissions in the x-ra
source spectrum can reproduce the experiments in gene
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