
VOLUME 77, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 21 OCTOBER1996
The Rosseland Mean Opacity of a Mixture of Gold and Gadolinium at High Temperatures

T. J. Orzechowski, M. D. Rosen, H. N. Kornblum, J. L. Porter,* L. J. Suter,
A. R. Thiessen, and R. J. Wallace

Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, California 94550
(Received 26 February 1996)

Radiation transport through high-opacity materials can be described using the Rosseland mean opacity
of the medium, which is dominated by low-opacity regions in the frequency-dependent opacity. By
mixing gold and gadolinium, we can fill in low-opacity regions of one material with high-opacity
regions of another material, resulting in a material with a Rosseland mean opacity1.53 higher than
either of the constituents. For a given laser energy, this can raise the temperature of the laser heated
hohlraums, or for a given desired temperature, require less laser energy. [S0031-9007(96)01422-6]

PACS numbers: 52.25.Nr, 44.40.+a, 52.50.Jm, 52.58.Ns
at
ifi-

of
city
c-
ity
ic

nc-
its
in
.
ed

-
l.
pac-
of
s in
ac-

so
In the indirect drive approach [1] to inertial confinemen
fusion [2] the radiation that drives the implosion of the fu
capsule is generated by the interaction of intense bea
either lasers [3] or particles [4], with the interior walls o
a high-Z cavity, or hohlraum. This radiation is typically
described by a blackbody spectrum with a temperature
about 250 eV. This high temperature radiation not on
drives the fuel pellet compression, but also heats and
lates the hohlraum wall. The interaction of the radiatio
with the hohlraum wall is characterized by multiple ab
sorption and reemission of the x rays [5–7]. The ratio
the reemitted flux to the incident flux is referred to as th
albedoa. The efficiency with which the radiation couple
to the capsule depends on the albedo; increasing the alb
improves the coupling efficiency. The incident flux is th
sum of the reemitted flux plus the x-ray flux lost to the wa
This flux lost to the wall propagates through the wall
the form of a (diffusive) ablative heat wave [8]. The rat
of diffusion is (approximately) inversely proportional to
the square root of the Rosseland mean opacity. Increas
the Rosseland mean opacity reduces the radiation ene
lost to the walls and thus increases the albedo. Hence
a given laser power (and x-ray conversion efficiency) t
drive temperature increases as does the coupling efficie
of the radiation to the fuel pellet.

The Rosseland mean opacity [9] is used to describe
diation transport in optically thick materials when th
matter and radiation are in thermodynamic equilibrium
It is defined as a weighted harmonic mean of the ene
dependent opacity:

1
kR

;

R
`

0 k21
n s≠Bny≠T d dnR`

0 s≠Bny≠T d dn
. (1)

HereT is the radiation and material temperature,Bn is the
blackbody spectrum, andkn is the frequency-dependen
opacity. This mean opacity is dominated by the regio
of low opacity in the frequency-dependent opacity.

Typically we use pure Au hohlraums, heated to a tem
perature of,250 eV. An energy-dependent opacity fo
Au at a density and temperature relevant to these exp
ments is shown in Fig. 1. This opacity was calculate
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using a very simple average atom model [10] for Au
1.0 gycm3 and a temperature of 250 eV. There are sign
cant windows in the opacity at energies around the peak
the blackbody spectrum. The gross structure of the opa
shown in Fig. 1 is dominated by the bound-free (photoele
tric) absorption coefficient: the sharp increases in opac
correspond to the photoionization of the various atom
shellssK, L, M, . . .d. Also shown in Fig. 1 is the weight-
ing function≠Bny≠T for a 250-eV blackbody distribution.
As can be seen in the figure, the peak of the weighting fu
tion is fairly broad, and the integrand of Eq. (1) reaches
maximum at an energy corresponding to the minimum
the opacity between theN- andO-band absorption edges
In order to improve the efficiency of the hohlraum we ne
to blend in materials whose high-opacity regions com
pliment the low-opacity regions of the original materia
Figure 1 also shows the calculated energy-dependent o
ity for gadolinium, which was chosen because its regions
high opacity occur around the same energies as the hole
the Au opacity. For this model, the Rosseland mean op
ity for Au is 823 cm2yg, for gadolinium it is455 cm2yg,
and for a 50y50 mixture of gold and gadolinium it is

FIG. 1. Frequency dependent opacity of Au and Gd. Al
shown is the weighting functions≠By≠Td corresponding to a
250-eV Planckian distribution.
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1390 cm2yg. A more sophisticated opacity model (XSN
[11], in which bound-bound transitions play a more centr
role in determining opacity, giveskR ­ 1500 cm2yg for
Au, 1300 cm2yg for Gd, and2500 cm2yg for the 50y50
AuyGd mixture.

In order to determine the Rosseland mean opacity o
material, we measure the propagation time of a radiati
heat wave (also referred to as a Marshak wave) throug
well characterized sample of that material and compare t
measurement to analytic and numerical solutions [12–1
The nonlinear diffusion equation that governs the Marsh
wave behavior includes the specific energy density and t
Rosseland mean opacity of the material. Using the XS
opacity model [11], the Rosseland mean opacity for A
in the temperature range of 100 to 300 eV is found to b
k ­ k0r0.33T 21, wherek is in units of cm2yg, andk0 is
3500 whenr is in gycm3, andT is in heV (102 eV). The
specific energy density of the material is approximated
´ ø ´0T1.5. With these analytic models fork and´, the
self-similar solution for the diffusion equation gives the
energy lost to the wall and the position of the nonlinea
Marshak wave front as a position of time [6]:

EW ~ T 3.0t0.62k20.4
0 , (2)

rXM ~ T1.7t0.55k20.45
0 . (3)

These solutions were derived for a boundary temperatu
T that is constant in time. In a more general case t
boundary temperature itself can vary in time, thus changi
the temporal dependence ofEW andrXM . For example,
in the case of a constant x-ray flux on the wall,ÙEW ­
const3 s,t0d and from Eq. (2) we would have the tem
perature scaling asT , t0.12. In this case the position of
the Marshak wave would scale ast0.78. This is the sort of
behavior one would expect for a constant laser power a
a constant x-ray conversion efficiency. In fact, the x-ra
conversion efficiency increases slowly in time: we will as
sume thathCE , t0.2. (Measurements from Au disks [15]
using 3-ns long laser pulses indicate it could vary as,t0.4.
Simulations indicate a time dependence in a hohlraum
aboutt0.12. The t0.2 dependence that we chose gives th
best match to the experimentally measured time depe
dence of the hohlraum temperature.) Using this tempo
behavior for the x-ray flux (and hence wall loss), we fin
the temperature to scale ast0.18 and the Marshak wave po-
sition to scale almost linearly with time:

rXM ~ t0.9k20.45
0 . (4)

This time dependence of the Marshak wave position is ve
close to that observed experimentally [13] for Au foils o
varying thickness exposed to the same hohlraum drive us
in these experimentssrXM ~ td. Also, as we shall see
below, thet0.18 dependence of the hohlraum temperatu
is close to that observed experimentally. Hence, th
model is probably the best representation of the experime
described here.

To measure the propagation of the heat wave through
given material, we expose the sample to the near Plan
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ian radiation distribution generated inside a standard Nov
hohlraum [16]. The hohlraum is driven with about 27 kJ
of 351-nm radiation in a 1-ns long pulse. The experimen
tal arrangement is shown schematically in Fig. 2. The
time-dependent hohlraum temperature is monitored with
an absolutely calibrated multiple-channel soft x-ray spec
trometer DANTE [17]. In Fig. 2 we show the temporal
profile of the total laser power and the hohlraum tem-
perature. The laser pulse rises rather sharplys,100 psd
and exhibits a small oscillations65%d during the “flat-
top” region of the pulse. The corresponding hohlraum
temperature rises more slowly, reaching a temperature o
about 200 eV at 300 ps. Beyond this point the hohlraum
temperature rises more slowly with times,t0.15d during
the nominal constant laser power. This is very close to
the time dependence of the temperature associated wi
Eq. (4). The test sample package covers a600-mm high,
1200-mm long slot that is cut in the hohlraum wall and
is centered about the hohlraum midplane. Various tes
materials cover portions of this slot with one section left
uncovered to provide a fiducial signal att ­ 0 (the

FIG. 2. Above: schematic of the hohlraum showing laser
entrance holes on each end and test-sample patch fixed to t
hohlraum side. Below: typical 1-ns “square” laser pulse used
to drive the hohlraum and measured hohlraum temperature.
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beginning of the drive pulse). The radiation inside t
hohlraum drives the Marshak wave into the material. T
samples are usually on the order of 1 to a few micro
thick so that the radiation propagates through the sam
before the drive (i.e., the laser beams) turns off.

In the measurements described here, we investig
the transport of the thermal wave through pure Au fo
and gold-gadolinium mixtures. In this experiment, th
AuyGd samples are formed by depositing alternate lay
of the two elements on a substrate that is later remo
to provide a freestanding sample. The areal density
each layer must be optically thin to the radiation so th
the radiation samples both elements simultaneously
averages over the opacity of two elements. Two differ
samples corresponding to different atomic fractions of
and Gd were fabricated. One sample comprises 200 la
pairs of Au and Gd. The thickness of each layer (A
or Gd) is 75 Å. This sample is 33% Gd and 67% A
by atom. The overall thickness is2.22 mm and the areal
density of this sample is3.15 mgycm2. The second sample
comprises 146 layer pairs, the thickness of each Au la
is 35 Å, and the thickness of each Gd layer is 116 Å.
this case the sample is 67% Gd and 33% Au. The ove
thickness of this second sample is3.02 mm, with an areal
mass of2.97 mgycm2. In either of these samples, th
individual thickness of each layer of either the Au or th
Gd is much less than the range of a photon (100–1000
in these materials. For example, the cold opacity of Au
x rays between 100 and 1000 eV is between0.5 3 104 and
1.5 3 104 cm2yg. For solid density, then, the range of
photon isskrd21 or about 1000 Å—much larger than th
typical layer thicknesss,102 Åd and much less than the
typical sample thicknesss,104 Åd.

The thermal radiation corresponding to the hohlrau
drive is monitored with a streaked x-ray imager (SXI) as
function of time as it burns through the different foils. Th
SXI images the foil in one direction using a20-mm wide
slit. The image is dispersed with a transmission grat
oriented perpendicular to the imaging slit, and the ene
at which we monitor the burnthrough is determined w
an offset aperture located behind the transmission grat
All of the data shown here correspond to 225 eV radiati
The one-dimensional image is monitored with an x-r
streak camera. A typical image of the burnthrough pa
is shown in Fig. 3. In this image, the AuyGd foil is located
on the right and the pure Au foil is located on the left. T
fiducial (straight through) is located at the center of t
test-sample patch and the foils are located on either s
of the hohlraum midplane. The purpose of mounting t
foils symmetrically about the midplane (and the fiducia
is to mitigate any possible effects of hohlraum temperat
nonuniformity in the axial direction (i.e., higher hohlrau
temperature closer to the laser spots).

In order to determine the ratio of the Rosseland me
opacity of the mixture to that of Au we used the resu
of self-similar solutions [Eq. (4)]. The ratio of the Ross
land mean opacities then depends on the ratio of the b
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FIG. 3. Streaked image of test-sample patch monitored a
225 eV. The fiducial signal is in the center of the image, the
radiation burning through the pure Au sample is on the left, an
through the AuyGd composite sample is on the right.

through times squared and the ratio of the areal mass
of the foils to the 2.2 power. While the latter ratio was
designed to be one, the actual values were used to det
mine the ratio of opacities. Figure 4 shows the ratio of th
Rosseland mean opacities of the AuyGd foil to that of Au
for the two different concentrations of Gd. The errors as
sociated with the measurement correspond to uncertainti
in the streak camera sweep speeds615 psd and in errors in
determining the precise thickness of the foilss6250 Åd.

FIG. 4. Rosseland mean opacity of composite normalized t
that of pure Au at a temperature of 250 eV and a density o
1 gycm2. The open points correspond to the results of XSN
calculations, and the line is a quadratic fit to those points. Th
solid points show the normalized opacity of the measuremen
as determined using Eq. (4). The datum at zero concentratio
of Gd corresponds to earlier work that verified the XSN opacity
model.
3547
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In addition, the measured concentration of Gd is precise
about65%.

The solid curve in Fig. 4 shows the calculated Ross
land mean opacity of the AuyGd mixture as a function
of Gd concentration using the XSN opacity model [11
and assuming a temperature of 250 eV and a density
1.0 gycm2. These calculations indicate the maximum im
provement in opacity corresponds to a 50y50 mixture of
Au and Gd. The overall improvement in the opacity (ove
that of pure Au at the same temperature and density)
a factor of 1.7. This curve is normalized to the Ross
land mean opacity of Au at1.0 gycm3 and a temperature
of 250 eV fkRsAud ­ 1500 cm2ygg. The opacity of Gd
at this temperature and density is1300 cm2yg. An in-
dependent series of experiments [13] measured Mars
wave propagation through different thicknesses of Au fo
s1 3 mmd and monitored the radiation at two different en
ergies (225 and 550 eV). In these experiments the ho
raum temperatures were 250 to 265 eV and they valida
the XSN opacity model to within 20% for Au at these tem
peratures. We indicate the results of those experime
by the datum at the pure Au end of the curve (fractio
Gd ­ 0).

The opacity calculation shown in Fig. 4 represents o
specific density and temperature; in reality, the experime
samples a range of densities and temperatures. In view
the relative simplicity of the model to the actual compl
cated time-dependent phenomenon, the model is rema
ably accurate in that the measurements as interpreted by
model are only about 10% to 12% lower than the XSN ca
culation. Perhaps an even more sophisticated treatmen
bound-bound transitions than XSN employs would accou
for the discrepancy. The most accurate way to determ
the opacity of the composite is to simulate the experime
with a rad-hydro code such asLASNEX. We are using this
code to study the transport of radiation through materia
with the same composition as that used in the experime
A frequency dependent radiation source corresponding
a 250-eV radiation temperature is applied to the vario
samples. We then “observe” the breakout of the radiati
on the back side of the sample, just as in the experime
These calculations give a ratio of 1.3 for the burnthroug
times in a 250-eV channel for a 2:1 AuyGd mixture, as
opposed to the measured 1.2, and a ratio of 1.25 for a
AuyGd mixture compared with a measured value of 1.
Thus, the burnthrough times are in reasonable agreem
with the experiment. More detailed calculations are ong
ing. In addition, we are investigating different concentra
tions of AuyGd to determine more precisely the effect o
the Gd on the Au opacity.

We have demonstrated that by combining the approp
ate elements we can produce a composite whose Rosse
mean opacity is higher than that of either of the constituen
at a given temperature and density. The elements m
3548
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be chosen so that the high-opacity regions of one eleme
overlap with the low-opacity regions of the other. Becaus
the composites have a higher reemission coefficient to t
incident radiation, less energy is lost to the wall. For ex
ample in the scale-1 hohlraums used in these experime
the wall losses account for about 75% of the total energ
lost (the remainder going out the laser entrance holes; th
are no capsule losses in these empty hohlraums). The
served 50% increase in the wall opacity results in a 15% r
duction in wall loss and results in 12% less energy require
to achieve the same hohlraum temperature. Alternative
the same amount of laser energy leads to an increase
temperature of about 8 eV (about 12% more flux availab
to drive a capsule).

This work was performed under the auspices of the U.
DOE by the Lawrence Livermore National Laboratory
under Contract No. W-7405-Eng-48.
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