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Abstract

In this article, we study the effect of various parameters on the estimation of radiation temperature inside an indirect
drive ICF hohlraum and also study the hydrodynamics of aluminum and gold foils driven by the hohlraum radiation. A
multigroup one-dimensional, radiation hydrodynamic code is used for this study. Opacities are calculated using a
screened hydrogenic average atom model. We also investigate the opacities of Au-Sm and Au-Gd mixtures. It is shown
that the mixing of two highZ materials can lead to an enhancement in the Rosseland means, which is of direct interest
in indirect-drive inertial confinement fusion. The radiation temperature inside a cylindrical hohlraum is seen to be
strongly dependent on the number of frequency groups used. One group radiation transport underpredicts the radiation
temperature. It is shown that erroneous results can be obtained if the space mesh in the hohlraum wall is not fine enough.
The spectrum of the radiation inside the hohlraum is seen to be different from Planck, especially in the high-energy
range. This may lead to preheating of the target. Hydrodynamics of an aluminum foil driven by the hohlraum radiation
is also presented in this article. A scaling law for the radiation-driven shock-wave speed in the gold foil is obtained.
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1. INTRODUCTION

Most of the present day inertial confinement fusion~ICF!
experiments are based on the concept of indirect drive~Lindl,
1998!. Although some of the recent smoothening devices
like random phase plate~RPP!, smoothening by spectral
dispersion~SSD!, induced spatial incoherence~ISI!, and so
forth ~Nishiharaet al., 1994! have kept interest alive in
direct-drive targets, indirect-drive fusion schemes have a
distinctive advantage because of uniform radiation inside.
The uniformity of the radiation inside the hohlraum is of
great significance for the success of ICF experiments. For
example, it is shown by Ermolovichet al. ~1998! that a
nonuniformity of 5% in the radiation temperature on the
pellet surface can reduce the neutron yield by a factor of
seven. The current high-pressure experiments are essen-
tially using the hohlraum as a source of soft X rays to drive
the shock wave in the material. To minimize the energy loss
in converting the laser or ion beam to X rays, high reemis-

sion from hohlraum walls and higher X-ray conversion ef-
ficiency is required. This requires the use of high-Z material
and gold has been the most widely used material so far for
the ICF hohlraum fabrication. Recently, it has been pro-
posed to use a mixture of two high-Z elements~Nishimura
et al., 1993; Orzechowskiet al., 1996; Wanget al., 1997;
Colombantet al., 1998!. These studies have shown that it
is possible to obtain higher Rosseland mean opacity as
compared to either of the two elements in the mixtures.
This in turn can lead to higher conversion efficiency of
laser light and reemission from the hohlraum wall and hence
higher radiation temperatures. To numerically simulate an
indirect-drive ICF experiment, the two basic requirements
are the radiation hydrodynamics and the computations of
the frequency-dependent radiation opacities. Any model to
calculate opacities must include bound–bound transitions,
as their absence can change the results by a factor of two
~Mayer, 1947!. In this article, we very briefly describe the
models of opacity and radiation hydrodynamics used. In
Section 2, we briefly describe the model used for computing
the opacities and its validation. We also present in this sec-
tion our results on the enhancement of Rosseland mean due
to mixing of two high-Z elements. Section 3 contains the
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description of the radiation hydrodynamics model and nu-
merical simulation results for a cylindrical hohlraum. Al-
though two-dimensional codes like LASNEX~Zimmerman
& Kruer, 1975! are widely used for such simulations, the
aim of the present studies is to look into the effects of
number of frequency groups and the wall mesh spacing on
radiation temperature inside the hohlraum. For this, we used
a simple and fast one-dimensional code to bring out the
sensitivities of these parameters on the estimation of radia-
tion temperature inside the hohlraum. We also present in this
section the main results of simulation of a radiation-driven
shock wave in a wedge-shaped aluminum foil.Ascaling law
is obtained for the radiation-driven shock-wave speed in
gold foil. Finally, we conclude the paper in Section 4.

2. MODEL FOR THE OPACITY
CALCULATIONS

Following the work of Rickert and Meyer-ter-vehn~1990!,
we used the screened hydrogenic atom model of More~1982!
including thel -splitting as proposed by Perrot~1989!. The
energy spectrum of partially ionized ions is calculated using
the screened hydrogenic model including thel -splitting.
The 10-by-10 matrix of the screening constants used is the
one proposed by More~1982!. Thel -splitting introduces an
additional 10 constants as given by Perrot~1989!. For the
broadening of each line, standard formulas are used for
Lorentz and Doppler broadening. The fine structure and
stark broadening are calculated in hydrogenic approxima-
tion. The oscillator strength for a transition from bound state
~n, l ! occupied byPnl electron to a bound state with occupa-
tion numberPn'l ' is evaluated as

fnl,n'l ' 5
1

3

Max~l, l ' !

2l 1 1

DE

13.63 1023 ~Rnl,n'l ' !
2PnlS12

Pn'l '

2~2l ' 1 1!
D.

~1!

For a bound-free transition, the oscillator strengths are writ-
ten as

dfnl

dhn
5 4.9273 1023hn~hn 2 Inl !

102

3 Pnl QeF l 1 1

2l 1 1
~Rnk,el11!2 2

1

2l 1 1
~Rnl,el21!2G,

hn $ Inl , ~2!

wherehn and Inl are, respectively, the photon and ioniza-
tion energies in kiloelectronvolts.DE denotes the energy
difference between the level~n, l ! and ~n', l '!. e denotes
the kinetic energy of the unbound state. The radial inte-
grals Rnl, n'l ' and Rnl,el61 are evaluated using hydrogenic
wave function with appropriate effective charges~Naqvi,

1964!. We use Fermi–Dirac statistics to evaluate the avail-
ability factor Q as

Qe 5 12
1

11 exp~a 1 e0T !
. ~3!

The chemical potentiala is obtained by solving the equation

F102~a! 5 2.7953 1023
Z0 r

AT302 , ~4!

whereF102~a! is the Fermi–Dirac integral of order12
_. A is

the atomic number and the average degree of ionizationZ0 is
obtained as

Z0 5 Z 2 Snl Pnl . ~5!

r andT denote the plasma density and temperature, respec-
tively. The occupation numbersPnl are evaluated in an iter-
ative manner taking into account the effect of pressure
ionization. The other details about the model are as de-
scribed by Rickert and Meyer-ter-vehn~1990! and are there-
fore not repeated here. We use a nonuniform frequency mesh
with increasing mesh width as we move toward the higher
photon energies~Gupta, 1999!. A total of 5000 frequency
points are used for all the results presented in this article. As
a representative of mean opacities, we show in Figure 1 the
Rosseland and Planck mean opacities as a function of tem-
perature for aluminum at a density of 2.153 1023 g0cc. A
wide variation of temperatures from 1 eV to 100 KeV is
presented in this figure.At higher temperatures, Planck mean
approaches zero as no scattering is included in it. The Rosse-
land mean approaches a constant Thomson scattering value
as bound–bound, bound–free, and free–free contribution
approaches zero at high temperatures. Also shown in this
figure is the maximum Rosseland meanKMax as per the
maximum opacity theorem~Armstrong & Nicholls, 1972!

Fig. 1. Rosseland and Planck mean opacities as a function of temperature
for aluminum at densityr 5 2.153 1023 g0cc. The curve markedKMax

denotes the Rosseland mean as per the maximum opacity theorem.
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and the SESAME table~T-4 group, 1983! data. The calcu-
lated mean opacities are seen to be in excellent agreement
with the SESAME data. Also, theKMax is seen to be consis-
tently higher than the Rosseland mean throughout, as is
expected.

2.1. Opacities of mixtures

For the case of mixtures, the bound–bound and bound–free
contribution to opacities are obtained as weighted averages.
The weights for each element in the mixture are taken as the
respective number fraction. Free–free contribution to opac-
ities of mixture is obtained using weighted average ioniza-
tion of the mixture. The average degree of ionization of the
mixture is obtained from the individual element ionization
with their fraction density as the weights~Rose, 1992!.

Nishimuraet al. ~1993! proposed the use of Au-Sm and
Au-Tb mixtures and they showed the conversion efficiency
of the mixtures containing;20% gold to be higher than
those of the pure materials. Wanget al. ~1997! used an
unresolved transition array~UTA! model of opacity calcu-
lations and showed the Rosseland mean opacities of Au-Sm
and Au-Gd mixtures to be notably higher than that of pure
Au. Orzechowskiet al. ~1996! used a sophisticated code
XSN, where bound–bound transitions play a central role, to
show that opacity of a 50–50 mixture ofAu-Gd can improve
by a factor of 1.7 to that of pure Au. They also showed that
a 50% increase in the hohlraum wall opacity results in a 12%
less energy requirement for the same hohlraum temperature.
Colombantet al. ~1998! studied a variety of mixtures and
showed that almost any mixture of gold with another mate-
rial will have higher Rosseland mean opacity as compared
to the pure gold. They also studied the mixtures of more than
two elements to optimize the enhancement in the opacity of
the mixture.

We may mention here that although all the above men-
tioned models predict an enhancement in the Rosseland
mean opacity of the mixtures, the exact increase in value
differs from model to model. For example, Nishimuraet al.
~1993! show a much higher increase in the opacity of mix-
tures as compared to Wanget al. ~1997!. We study the
opacities of Au-Sm and Au-Gd mixtures using the average
atom model described previously. We note that the Planck
mean of any mixture will always lie between the Planck
means of the elements in the mixture. It is only the Rosse-
land mean which can be higher than the Rosseland means of
both the elements in the mixture. This happens when the
peaks in the opacity versus frequency curve of one element
coincide with the valleys of the other element. Clearly, these
are the bound–bound and bound–free transitions which play
the crucial role in enhancing the Rosseland mean of the
mixtures. In Figure 2, we show the bound–bound contribu-
tion of opacities for Au and Sm at a density of 0.01 g0cc and
a temperature of 350 eV. The solid line represents the gold
results while the dotted line represents the corresponding
values of Sm. From this figure we note the desired features

of valley and peak combinations. For example, Sm opacities
clearly show peaks at about 300 eV, 1.08 KeV, and 1.8 KeV,
while the Au curve shows valleys here. One can identify
such features at a number of other places from this fig-
ure and thus we expect a mixture of Au and Sm should lead
to higher Rosseland mean opacities. Figure 3 shows the
bound–free contribution to opacities for these two elements.
For energies greater than 1 KeV, we again observe the de-
sired features in the opacity curves. The steplike shape of
the curve in this figure corresponds to the opening up of
various energy levels. In Figure 4, we show the variation of
Rosseland mean with temperature for gold~dashed line!,
Samarium~dotted line!, and a 50–50 mixture of Au-Sm
~solid line! for the density of 0.01 g0cc. From this figure we
note that opacity of Au-Sm mixtures is more than Au or Sm
separately at all the temperatures. In Figure 5 we show the
Rosseland mean for the mixture as a function of gold frac-
tion. The plasma density is 0.1 g0cc and temperature is

Fig. 2. Bound–bound contribution to opacities for Au and Sm at a temper-
ature of 350 eV and density of 0.01 g0cc.

Fig. 3. Bound–free contribution to opacity for Au and Sm at a temperature
of 350 eV and density of 0.01 g0cc.
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200 eV. The mean is normalized to the pure gold value.
Square marker points in this figure are the values taken from
the article of Wanget al. ~1997!. Our results slightly over-
predict the Rosseland mean of the mixture as compared to
Wanget al. ~1997!. However, at higher temperatures, the
trend changes and our model underpredicts the mixture
means. We have also studied the mixture of gold and gado-
linium. In Figure 6, we show the plot of enhancement factor
for Au-Gd mixture as a function of the Au fraction. The
enhancement factor is defined as the ratio of the Rosseland
mean of the mixture to that of pure gold. This factor is thus
a measure of benefit for mixing any element in the gold. We
note that for a low temperature~100 eV!, an enhancement in
Rosseland mean up to 55% is possible over gold. Also note
that at 100 eV, the Rosseland mean of gadolinium is more
than that of gold, while for higher temperatures, the latter
one increases. Thus we observe that the Rosseland mean

opacities of Au-Sm and Au-Gd mixtures are more than that
of the individual materials in the mixture. We have restricted
our attention to only two mixtures, namely Au-Sm and Au-
Gd. There are certainly many more such mixtures~Colom-
bantet al., 1998!.

3. MODEL FOR THE RADIATION
HYDRODYNAMICS

The hydrodynamics of the ICF target is treated by solving
the standard three conservation~mass, momentum, and in-
ternal energy! equations in one-dimensional Lagrangian ge-
ometry~Zel’dovich & Raizer, 1966!. The shocks are treated
by the Von-Neumann artificial viscous pressure procedure
~Richtmyer & Morton, 1967!. The material pressure is re-
lated to the density and internal energy through a tabulated
equation of state~EOS!. For a given density and internal
energy, the material temperature is again obtained from tab-
ulated EOS. The laser energy deposition is calculated via
inverse bremsstrahlung up to the critical density and a pre-
specified fraction of the remaining power is dumped at the
critical density point. Most of the thermal flux is carried by
the electrons and is calculated using the flux limited Spitiz-
er’s formula. Radiation transport is treated by multigroup
diffusion approximation~Ramiset al., 1988! or by discrete
direction Sn method ~Gupta & Kumar, 1995!. Tabulated
opacity data are used. The other details of the model are
similar to the code MULTI developed by Ramiset al.~1988!
and are therefore not described here.

3.1. Numerical simulation of cylindrical hohlraum

In the experiments conducted at the Lawrence Livermore
National Laboratory~LLNL, NOVA facility !, 3-mm-long
and 1.6-mm-diameter cylindrical gold hohlraum was driven

Fig. 4. Rosseland mean opacity for Au, Sm, and a 50–50 mixture of Au
and Sm as a function of temperature for the plasma density of 0.01 g0cc.

Fig. 5. Rosseland mean opacity for the Au and Sm mixture as a function of
gold fraction. The square points are the values taken from Wanget al.
~1997!.

Fig. 6. Rosseland mean opacity of gold, gadolinium, and a 50–50 mixture
of gold and gadolinium as a function of plasma temperature. The plasma
density is 0.1 g0cc.
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by eight laser beams~Remingtonet al., 1995!. The tempo-
rally shaped 3.3-ns laser beams of wavelength 0.351mm
having energies from 2.0 to 3.0 KJ delivered a total peak
power of 16 TW0cm2. We have simulated this experiment
using the model described in Sections 2 and 3. Rosseland
and Planck means were generated in 1, 100, and 150 groups
for a wide variation of density and temperatures. The multi-
group boundaries are chosen to be equally spaced in leth-
argy variable. This leads to a higher number of groups for
lower energies. Twenty-one temperature points are used to
cover up to 5 KeV, while nine density points cover a range
from 1.03 1026r0 to 100r0 ~ r0 being the solid density!.
SESAME equation of state~Bennetet al., 1978; Kerley,
1981! is used for these studies. In Figure 7, we show the
time-dependent radiation temperature as calculated by the
present model using 1, 100, and 150 groups’ radiation trans-
port. These results are for a total laser energy of 16.5 KJ
incident on the inner surface of the cylindrical hohlraum.
The temporal shape of the incident laser beam is as given by
Remingtonet al. ~1995!. The radiation temperature inside
the cylindrical hohlraum is seen to be strongly dependent on
the number of frequency groups used. Comparing these re-
sults with the 2-D calculations of LLNL~Remingtonet al.,
1995!, we note that the one group treatment underpredicts
the radiation temperature. Foot as well as peak temperatures
agree well with the LLNL simulations for 150 groups case.
In Figure 8, we show the effect of mesh spacing in the
hohlraum wall. In this figure, the curve markedn 5 1.0
refers to uniform mesh grid with a total of 100 meshes. For
the other two curves, we used a nonuniform grid with the
mesh spacing increasing in a geometric series with the ratio
n as we go from inside to outside. This leads to fine meshes
in the crucial region facing the laser beams. From this fig-
ure we note that a coarse mesh can lead to a very strong
underestimation of remission from the walls. For the case of
uniform mesh grid, the main peak in the radiation tempera-

ture is not seen at all. This is because of low remission from
the large size innermost mesh in the hohlraum wall. In Fig-
ure 9, we show the spectrum of the radiation inside the
hohlraum. The curve marked “foot” in this figure represents
the radiation spectrum at 1 ns and it corresponds to the
plateau at about 90 eV in Figure 7. The other curve repre-
sents the peak spectrum at 3 ns. We do observe the peaks in
both these curves at about 2.5 KeV. This non-Planckanian
nature of the spectrum can preheat the target unless care is
taken in the target design to absorb them.

3.2. Aluminum foil drive by hohlraum radiation

In this section we consider the experiment of Kauffman
et al.~1994!. A wedge-shaped aluminum foil was driven by
a hohlraum radiation and they reported a radiation-driven
shock speed of 4.88 cm0ms. The temperature of the radia-

Fig. 7. Calculated radiation temperature inside the hohlraum.Various curves
represent the number of frequency groups used in the radiation transport.

Fig. 8. The effect of mesh spacing on the radiation temperature inside the
hohlraum. The parametern is as defined in the text.

Fig. 9. The calculated frequency dependent spectrum of the radiation in-
side the hohlraum.
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tion in the cavity was estimated in two different ways. Using
the scaling laws of shock speed versus radiation temperature
for Al, they estimated a radiation temperature of 207 eV. On
the other hand, reemission from the X-ray-heated wall is
used to estimate time-dependent radiation brightness tem-
perature. It gives an initial temperature of about 135 eV and
reaches a peak of 200 eV in about 2.1 ns. Results of our
numerical simulation of this radiation-driven hydrodynam-
ics in aluminum foil are shown in Figure 10. The dashed line
in this figure represents the penetration of the shock front in
the slab for 100 groups of radiation. This gives a shock
speed of 4.93 cm0ms as compared to the experimental value
of 4.88 cm0ms, showing a good agreement. The solid line
represents results for the case of one group simulation. It
gives a shock speed of 4.01 cm0ms. For both these cases, the
foil was driven by a time-constant incident flux of 207 eV.
For the case of a time-varying incident flux, as given in
Figure 4 of Kauffmanet al.~1994!, the results are shown in
this figure with a dotted curve. From this dotted curve we
note that there is a change of slope at about a time of 1.6 ns.
The initial slope gives a shock speed of 2.55 cm0ms while
the second one gives a speed of 4.75 cm0ms. The first slope
corresponds to a plateau of 135 eV while the second slope
represents the second plateau at about 200 eV in the incident
radiation plot. Scaling laws for shock speed are based on the
assumption of time-independent constant incident flux and
are therefore not valid in this case. However, if we use the
scaling law for aluminum, it gives speeds of 2.49 and
4.61 cm0ms for incident radiation temperatures of 135 and
199 eV, respectively.

We also simulated the radiation-driven shocks in a gold
foil. In Figure 11 we show the penetration depth of shock as
a function of time for the radiation flux corresponding to
black body incident temperatures of 200 eV, 500 eV, 1.0 KeV,
and 1.5 KeV. The shock speeds for these temperatures are,
respectively, 0.713 cm0ms, 2.28 cm0ms, 4.41 cm0ms, and

5.5 cm0ms. A best fit of the shock speed to the radiation
temperature gives a scaling law

Us ~cm0s! 5 3.3013 103 T ~eV!1.031,

whereT denotes the incident blackbody temperature.

4. CONCLUSIONS

In this article, we have studied the effect of various param-
eters on the estimation of radiation temperature inside
indirect-drive ICF hohlraum and also studied the hydro-
dynamics of foils driven by the hohlraum radiation. A
multigroup, one-dimensional, cylindrical geometry, radia-
tion hydrodynamic code is used for this study. Opacities
are calculated using a screened hydrogenic average atom
model. It is shown that the Rosseland mean opacity of
Au-Sm and Au-Gd mixtures are higher than that of any
pure material in the mixture for a wide variation of tem-
peratures. This is essentially because of the bound–bound
and bound–free contribution to opacities. The low opacity
frequency region of one element in the mixture coincides
with the high opacity region of the other element. The
radiation temperature inside a cylindrical hohlraum is seen
to be strongly dependent on the number of frequency groups
used. One group radiation transport underpredicts the ra-
diation temperature. It is also seen that erroneous results
can be obtained if the space mesh in the hohlraum wall is
not fine enough. The spectrum of the radiation is also seen
to be different from Planck, especially in the high-energy
range. This may lead to preheating of the target.
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Fig. 10. Radiation-driven shock-wave penetration depth versus time for
an aluminum foil. Solid and dashed curves correspond to a time-constant
incident flux while the dotted curve represents the results for a time-
varying incident temperature as described in the text.

Fig. 11. Radiation-driven shock-wave penetration depth in gold foil for
various incident temperatures.
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