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The Rosseland Mean Opacity of a Mixture of Gold and Gadolinium at High Temperatures
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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 opacityhigher 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

In the indirect drive approach [1] to inertial confinementusing a very simple average atom model [10] for Au at
fusion [2] the radiation that drives the implosion of the fuel 1.0 g/cm® and a temperature of 250 eV. There are signifi-
capsule is generated by the interaction of intense beamsant windows in the opacity at energies around the peak of
either lasers [3] or particles [4], with the interior walls of the blackbody spectrum. The gross structure of the opacity
a highZ cavity, or hohlraum. This radiation is typically shownin Fig. 1 is dominated by the bound-free (photoelec-
described by a blackbody spectrum with a temperature dfic) absorption coefficient: the sharp increases in opacity
about 250 eV. This high temperature radiation not onlycorrespond to the photoionization of the various atomic
drives the fuel pellet compression, but also heats and alshells(K, L, M,...). Also shown in Fig. 1 is the weight-
lates the hohlraum wall. The interaction of the radiationing functionaB, /dT for a 250-eV blackbody distribution.
with the hohlraum wall is characterized by multiple ab-As can be seen in the figure, the peak of the weighting func-
sorption and reemission of the x rays [5—7]. The ratio oftion is fairly broad, and the integrand of Eqg. (1) reaches its
the reemitted flux to the incident flux is referred to as themaximum at an energy corresponding to the minimum in
albedoa. The efficiency with which the radiation couples the opacity between thid- and O-band absorption edges.
to the capsule depends on the albedo; increasing the albettoorder to improve the efficiency of the hohlraum we need
improves the coupling efficiency. The incident flux is theto blend in materials whose high-opacity regions com-
sum of the reemitted flux plus the x-ray flux lost to the wall. pliment the low-opacity regions of the original material.
This flux lost to the wall propagates through the wall in Figure 1 also shows the calculated energy-dependent opac-
the form of a (diffusive) ablative heat wave [8]. The rateity for gadolinium, which was chosen because its regions of
of diffusion is (approximately) inversely proportional to high opacity occur around the same energies as the holes in
the square root of the Rosseland mean opacity. Increasinge Au opacity. For this model, the Rosseland mean opac-
the Rosseland mean opacity reduces the radiation energly for Au is 823 cn?/g, for gadolinium it is455 cn?/g,
lost to the walls and thus increases the albedo. Hence fand for a 5¢50 mixture of gold and gadolinium it is
a given laser power (and x-ray conversion efficiency) the
drive temperature increases as does the coupling efficiencv
of the radiation to the fuel pellet.

The Rosseland mean opacity [9] is used to describe re
diation transport in optically thick materials when the
matter and radiation are in thermodynamic equilibrium. <
It is defined as a weighted harmonic mean of the energ“E
dependent opacity: =

1 [ «, (8B, /dT) dv
— =" 1)
KR [o(0B,/dT)dv
HereT is the radiation and material temperatuBg,is the
blackbody spectrum, and, is the frequency-dependent
opacity. This mean opacity is dominated by the regions | \ . , -
of low opacity in the frequency-dependent opacity. 0.01 8.4 i i

Typically we use pure Au hohlraums, heated to a tem: PHOTON ENERGY (keV)

perature of~250 eV. An energy-dependent opacity for FIG. 1. Frequency dependent opacity of Au and Gd. Also

Au at a density and temperature relevant to these experéhown is the weighting functiondB/aT) corresponding to a
ments is shown in Fig. 1. This opacity was calculated250-eV Planckian distribution.
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1390 cn?/g. A more sophisticated opacity model (XSN) ian radiation distribution generated inside a standard Nova
[11], in which bound-bound transitions play a more centrahohlraum [16]. The hohlraum is driven with about 27 kJ
role in determining opacity, givesz = 1500 cn?/g for  of 351-nm radiation in a 1-ns long pulse. The experimen-
Au, 1300 cn?/g for Gd, and2500 cn?/g for the 5¢/50  tal arrangement is shown schematically in Fig. 2. The
Au/Gd mixture. time-dependent hohlraum temperature is monitored with
In order to determine the Rosseland mean opacity of an absolutely calibrated multiple-channel soft x-ray spec-
material, we measure the propagation time of a radiatiotrometer DANTE [17]. In Fig. 2 we show the temporal
heat wave (also referred to as a Marshak wave) through profile of the total laser power and the hohlraum tem-
well characterized sample of that material and compare thperature. The laser pulse rises rather shatply00 p9
measurement to analytic and numerical solutions [12—14Jand exhibits a small oscillatioft=5%) during the “flat-
The nonlinear diffusion equation that governs the Marshakop” region of the pulse. The corresponding hohlraum
wave behavior includes the specific energy density and theemperature rises more slowly, reaching a temperature of
Rosseland mean opacity of the material. Using the XSNabout 200 eV at 300 ps. Beyond this point the hohlraum
opacity model [11], the Rosseland mean opacity for Autemperature rises more slowly with tinfe-#'3) during
in the temperature range of 100 to 300 eV is found to behe nominal constant laser power. This is very close to
Kk = kop® BT, wherex is in units of cmt/g, andkg is  the time dependence of the temperature associated with
3500 wherp is ing/cn?, andTis in heV (1F eV). The Eq. (4). The test sample package covef®@ wm high,
specific energy density of the material is approximated a$200-um long slot that is cut in the hohlraum wall and
e =~ gyT'>. With these analytic models for ande, the is centered about the hohlraum midplane. Various test
self-similar solution for the diffusion equation gives the materials cover portions of this slot with one section left
energy lost to the wall and the position of the nonlinearuncovered to provide a fiducial signal at= 0 (the
Marshak wave front as a position of time [6]:

EW los T3.0t0462 K0—0.4’ (2)
pXM o T1‘7 tOSS K(;O.45 . (3)

These solutions were derived for a boundary temperatur
T that is constant in time. In a more general case the
boundary temperature itself can vary in time, thus changint
the temporal dependence Bfy and pX),. For example,

in the case of a constant x-ray flux on the wdll, =
constX (~¢%) and from Eq. (2) we would have the tem-
perature scaling a8 ~ ¢%!2. In this case the position of
the Marshak wave would scale #s®. This is the sort of
behavior one would expect for a constant laser power an
a constant x-ray conversion efficiency. In fact, the x-ray
conversion efficiency increases slowly in time: we will as-
sume thatycg ~ 1%2. (Measurements from Au disks [15]
using 3-ns long laser pulses indicate it could vary-a%*.
Simulations indicate a time dependence in a hohlraum ¢
abouts®!2. The%? dependence that we chose gives the
best match to the experimentally measured time deperi "
dence of the hohlraum temperature.) Using this temporz ;
behavior for the x-ray flux (and hence wall loss), we find &
the temperature to scale #s® and the Marshak wave po-
sition to scale almost linearly with time:

pXM o t0.9 KO—O.45 . (4)

This time dependence of the Marshak wave position is verjg neep
close to that observed experimentally [13] for Au foils of 2 :
varying thickness exposed to the same hohlraum drive useg2 *°f
in these experimentép X, « r). Also, as we shall see
below, the:*'® dependence of the hohlraum temperature T . e ;

is close to that observed experimentally. Hence, this TIME (ns)

model is probably the best representation of the experimer&th_ 2. Above: schematic of the hohlraum showing laser

described here. . entrance holes on each end and test-sample patch fixed to the
To measure the propagation of the heat wave through gohlraum side. Below: typical 1-ns “square” laser pulse used
given material, we expose the sample to the near Plancke drive the hohlraum and measured hohlraum temperature.
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beginning of the drive pulse). The radiation inside the
hohlraum drives the Marshak wave into the material. The
samples are usually on the order of 1 to a few microns
thick so that the radiation propagates through the sample
before the drive (i.e., the laser beams) turns off.

In the measurements described here, we investigate
the transport of the thermal wave through pure Au foils
and gold-gadolinium mixtures. In this experiment, the
Au/Gd samples are formed by depositing alternate layers
of the two elements on a substrate that is later removed ¢ g
to provide a freestanding sample. The areal density of . 3
each layer must be optically thin to the radiation so that
the radiation samples both elements simultaneously and
averages over the opacity of two elements. Two different
samples corresponding to different atomic fractions of Au
an_d Gd were fabricated. One_sample comprises 200 layer Au fiducial Au/Gd
pairs of Au and Gd. The thickness of each layer (Au foil foil
or Gd) is 75 A. This sample is 33% Gd and 67% Au ol
by atom. The overall thickness 222 um and the areal FIG. 3. Streaked image of test-sample patch monitored at
density of this sample & 15 mg/cmz. The second sample 225 e_\/. The_fiducial signal is in the center o_f the image, the
comprises 146 layer pairs, the thickness of each Au Iayerﬁd'at'?]n r?urAnlngdthrough the pure Al‘” .samplﬁ '5.0?] the left, and
is 35 A, and the thickness of each Gd layer is 116 A. Int rough the AyGd composite sample is on the right.
this case the sample is 67% Gd and 33% Au. The overall
thickness of this second sample3i®2 um, with an areal . .
mass 0f2.97 mg/cm?. In either of these samples, the through times squared and the ratio of the areal_ masses
individual thickness of each layer of either the Au or theOf the foils to the 2.2 power. While the latter ratio was
Gd is much less than the range of a photon (100—1000 e eggned to be one, t_he aC“!a' values were used' to deter-
in these materials. For example, the cold opacity of Au t ine the ratio of opacities. Figure 4 shows the ratio of the

; % 10* osseland mean opacities of the /&d foil to that of Au
X rays between 100 and 1000 eV is betwéen>x 10" and for the two different concentrations of Gd. The errors as-

1.5 X 10* cn?/g. For solid density, then, the range of a '~ . "
photon is(kp) ' or about 1000 A—_much larger than the sociated with the measurement correspond to uncertainties

- ; m in the streak camera sweep spéed5 ps) and in errors in
gg:g:: Iszyn(:[rz)lt:[[ﬂi(gfrfgs(sgo‘:&}&fnd much less than the determining the precise thickness of the fdits250 A).

The thermal radiation corresponding to the hohlraum
drive is monitored with a streaked x-ray imager (SXI) as a
function of time as it burns through the different foils. The 77
SXI images the foil in one direction using28-um wide
slit. The image is dispersed with a transmission grating 1.6
oriented perpendicular to the imaging slit, and the energy
at which we monitor the burnthrough is determined with
an offset aperture located behind the transmission grating.
All of the data shown here correspond to 225 eV radiation.
The one-dimensional image is monitored with an x-ray
streak camera. A typical image of the burnthrough patch
is shown in Fig. 3. Inthisimage, the AGd foil is located
on the right and the pure Au foil is located on the left. The
fiducial (straight through) is located at the center of the [
test-sample patch and the foils are located on either side (9} PR SRR PRI PRI S P —
of the hohlraum midplane. The purpose of mounting the 0 0.2 0-4 0-6 0-8
foils symmetrically about the midplane (and the fiducial) FRACTION GADOLINIUM
is to mitigate any possible effects of hohlraum temperaturgG. 4. Rosseland mean opacity of composite normalized to
nonuniformity in the axial direction (i.e., higher hohlraum that of pure Au at a temperature of 250 eV and a density of
temperature closer to the laser spots). 1 g/cmz_. The open points correspond to the results of XSN

In order to determine the ratio of the Rosseland meaf@lculations, and the line is a quadratic fit to those points. The

. . solid points show the normalized opacity of the measurements
opacity of the mixture to that of Au we used the reSUItSas determined using Eq. (4). The datum at zero concentration

of self-similar solutions [Eq. (4)]. The ratio of the Rosse- of Gd corresponds to earlier work that verified the XSN opacity
land mean opacities then depends on the ratio of the burmodel.
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In addition, the measured concentration of Gd is precise tbe chosen so that the high-opacity regions of one element

about+5%. overlap with the low-opacity regions of the other. Because
The solid curve in Fig. 4 shows the calculated Rossethe composites have a higher reemission coefficient to the

land mean opacity of the AiGd mixture as a function incident radiation, less energy is lost to the wall. For ex-

of Gd concentration using the XSN opacity model [11]ample in the scale-1 hohlraums used in these experiments

and assuming a temperature of 250 eV and a density dhe wall losses account for about 75% of the total energy

1.0 g/c?. These calculations indicate the maximum im-lost (the remainder going out the laser entrance holes; there

provement in opacity corresponds to a/50 mixture of are no capsule losses in these empty hohlraums). The ob-

Au and Gd. The overall improvement in the opacity (overserved 50% increase in the wall opacity results in a 15% re-

that of pure Au at the same temperature and density) iduction in wall loss and results in 12% less energy required

a factor of 1.7. This curve is normalized to the Rosse+to achieve the same hohlraum temperature. Alternatively,

land mean opacity of Au at.0 g/cm’® and a temperature the same amount of laser energy leads to an increase in

of 250 eV [« (Au) = 1500 cn?/g]. The opacity of Gd temperature of about 8 eV (about 12% more flux available

at this temperature and density i800 cn?/g. An in-  to drive a capsule).

dependent series of experiments [13] measured Marshak This work was performed under the auspices of the U.S.

wave propagation through different thicknesses of Au foilDOE by the Lawrence Livermore National Laboratory

(1-3 wm) and monitored the radiation at two different en- under Contract No. W-7405-Eng-48.

ergies (225 and 550 eV). In these experiments the hohl-

raum temperatures were 250 to 265 eV and they validated

the XSN opacity model to within 20% for Au at these tem-

peratures. We indicate the results of those experiments *Present address: Sandia National Laboratory, P.O. Box

by the datum at the pure Au end of the curve (fraction 5800, Albuquerque, NM 87185.
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