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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 higlZ 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. Itis 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.

Keywords: Hohlraum; Hydrodynamics; ICF; Mixture opacities; Radiation transport

1. INTRODUCTION sion from hohlraum walls and higher X-ray conversion ef-

ficiency is required. This requires the use of higmaterial
Most of the present day inertial confinement fusid@F) and gold has been the most widely used material so far for
experiments are based on the concept of indirect dtivedl,  the ICF hohlraum fabrication. Recently, it has been pro-
1998. Although some of the recent smoothening devicesposed to use a mixture of two highelementg Nishimura
like random phase platéRPP, smoothening by spectral et al, 1993; Orzechowsket al,, 1996; Wanget al.,, 1997;
dispersionSSD), induced spatial incoheren¢ksl), and so  Colombantet al, 1998. These studies have shown that it
forth (Nishiharaet al, 1994 have kept interest alive in is possible to obtain higher Rosseland mean opacity as
direct-drive targets, indirect-drive fusion schemes have @ompared to either of the two elements in the mixtures.
distinctive advantage because of uniform radiation insideThis in turn can lead to higher conversion efficiency of
The uniformity of the radiation inside the hohlraum is of laser light and reemission from the hohlraum wall and hence
great significance for the success of ICF experiments. Fohigher radiation temperatures. To humerically simulate an
example, it is shown by Ermolovicht al. (1998 that a indirect-drive ICF experiment, the two basic requirements
nonuniformity of 5% in the radiation temperature on theare the radiation hydrodynamics and the computations of
pellet surface can reduce the neutron yield by a factor ofhe frequency-dependent radiation opacities. Any model to
seven. The current high-pressure experiments are essetalculate opacities must include bound-bound transitions,
tially using the hohlraum as a source of soft X rays to driveas their absence can change the results by a factor of two
the shock wave in the material. To minimize the energy los§ Mayer, 1947. In this article, we very briefly describe the
in converting the laser or ion beam to X rays, high reemis-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-
Address correspondence and reprint requests to: N.K. Gupta, High.

ion our results on the enhancement of Rosseland mean due

Pressure Physics Division, Bhabha Atomic Research Centre, Tromba) -~ ; ; ;
Mumbai—400 085, India. E-mail: nkgupta@apsara.barc.ernet.in to mixing of two highZ elements. Section 3 contains the
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description of the radiation hydrodynamics model and nu-1964. We use Fermi-Dirac statistics to evaluate the avail-
merical simulation results for a cylindrical hohlraum. Al- ability factor Q as

though two-dimensional codes like LASNEXimmerman

& Kruer, 1979 are widely used for such simulations, the o.-1- 1 3
aim of the present studies is to look into the effects of ‘ 1+expla +€/T)

number of frequency groups and the wall mesh spacing on

radiation temperature inside the hohlraum. For this, we usedhe chemical potential is obtained by solving the equation
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 presentin this
section the main results of simulation of a radiation-driven
shock wave in a wedge-shaped aluminum foil. Ascaling lamwhereF, »(a) is the Fermi-Dirac integral of order. A is
is obtained for the radiation-driven shock-wave speed irthe atomic number and the average degree of ioniz&tjos
gold foil. Finally, we conclude the paper in Section 4. obtained as

Zop

Fl/z(a) = 2.795X% 1073 ATS/Z,

(4)

Zo=Z—2nPy. (5

2. MODEL FOR THE OPACITY

CALCULATIONS p andT denote the plasma density and temperature, respec-
tively. The occupation numbef, 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-vefitf90 and are there-
ore not repeated here. We use a nonuniform frequency mesh
with increasing mesh width as we move toward the higher
Shoton energiesGupta, 1999 A total of 5000 frequency

Following the work of Rickert and Meyer-ter-velib990,
we used the screened hydrogenic atom model of Ni382
including thel -splitting as proposed by Perr(t989. The
energy spectrum of partially ionized ions is calculated usin
the screened hydrogenic model including thsplitting.
The 10-by-10 matrix of the screening constants used is th

ogg_tprop?sl%d by Mtora;982). Thel —;plgtln%ngrod:cefhan points are used for all the results presented in this article. As
2 '('f’”"?‘ ;:ons r?nl's as (_t:1|vzn dyf er I 9. For ed ¢ a representative of mean opacities, we show in Figure 1 the
roadening of each 1in€, standard formulas are use %osseland and Planck mean opacities as a function of tem-

Lorentz and Doppler broadening. The fine structure an erature for aluminum at a density of 2.¥510"2 g/cc. A
stark broadening are calculated in hydrogenic approxima\-N ' )

tion. Th illator st thfor at ion bound stat ide variation of temperatures from 1 eV to 100 KeV is
lon. The oscifiator strength fora transition from bound sta epresented inthis figure. At higher temperatures, Planck mean
(n,1) occupied byP,, electron to a bound state with occupa-

. " approaches zero as no scattering is included in it. The Rosse-
tion numberFy,. is evaluated as land mean approaches a constant Thomson scattering value
as bound-bound, bound—free, and free—free contribution
IMax(Ll) _ AB o op (1_ P ) approaches zero at high temperatures. Also shown in this
3 20+1 186x10° "TNT 20+ 1)) figure is the maximum Rosseland meKg., as per the

maximum opacity theorerfArmstrong & Nicholls, 1972

fnl,n’l’ =

(€

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

Al (13)

dfoy . S 1003 = 2.15x10-3 glcc
G = 4827 10 %o (hy — 1)1 % :(;’3; Prosent Model "% g
Ta106 3 e SESAME
l+1 , 1 ) X 093
X Ples[m (Raker+1)? — 1 (Rai,ei-1) ], 5 1093
(é‘ 104 3 KMax
hv=1y, (2 31102:
X 4004
wherehr andl,, are, respectively, the photon and ioniza- 102 et ey S i
tion energies in kiloelectronvolt\E denotes the energy 183 0.01 0.1 1 10 100
difference between the levéh,|) and (n’,1’). e denotes Temperature (KeV)

the kinetic energy of the unbound state. The radial Inte'Fig. 1. Rosseland and Planck mean opacities as a function of temperature

grals Ry, n- and Ry +1 are evaluated using hydrogenic for aluminum at density = 2.15x 10-2 g/cc. The curve marketyax
wave function with appropriate effective charg@$éaqvi,  denotes the Rosseland mean as per the maximum opacity theorem.
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and the SESAME tabl€T-4 group, 1983data. The calcu-

lated mean opacities are seen to be in excellent agreement 104_: —— Au T=350eV
with the SESAME data. Also, th€y.« IS seen to be consis- ~ § = Sm p=0.01glcc
tently higher than the Rosseland mean throughout, as is :
expected. S 1034

~

5
2.1. Opacities of mixtures -

21024

e}

For the case of mixtures, the bound—bound and bound—freg/
contribution to opacities are obtained as weighted averages.
The weights for each element in the mixture are taken as the  1p1
respective number fraction. Free—free contribution to opac- ] ———————r —r—rr
ities of mixture is obtained using weighted average ioniza- 01 1 10
tion of the mixture. The average degree of ionization of the Energy (KeV)
m_IXture s obtqlned from the deVId_uaI element ionization Fig. 2. Bound-bound contribution to opacities for Au and Sm at a temper-
with their fraction density as the weightRose, 1992 ature of 350 eV and density of 0.0aE.

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. Warg al. (1997 used an

of valley and peak combinations. For example, Sm opacities

ved t i TA) model of i | clearly show peaks at about 300 eV, 1.08 KeV, and 1.8 KeV,
unresolved transition arraJ modet of opacity calc- \pije the Au curve shows valleys here. One can identify

lations and showed the Rosseland mean opacities of AU-SI| | .1 teatires at a number of other places from this fig-

and Au-Gd mixtures to be notably higher than that of pure -
Au. Orzechowskiet al. (1996 used a sophisticated code ure and thus we expect a mixture of Au and Sm should lead

- to higher Rosseland mean opacities. Figure 3 shows the
XSN, where bound—bound transitions play a central role, toDound—free contribution to opacities for these two elements.

EhOV\;th?tOp?;lt%/tofg.IS?—fSO mlxzureTc;]fAu-(le C?]n 'm%r?r\]/etlzor energies greater than 1 KeV, we again observe the de-
y afactor of 1.7 1o that of pureé Au. They aiso snowed thaly; o4 o atres'in the opacity curves. The steplike shape of

or i . . . 0
a50A)|ncrease|nthe hohlraum wall opacity resultsmalZ/?he curve in this figure corresponds to the opening up of
less energy requirement for the same hohlraum temperature

. . . various energy levels. In Figure 4, we show the variation of
Colombantet al. (1998 studied a variety of mixtures and Rosseland mean with temperature for géttashed ling

o o s e e oo e e MUt ine. and 2 50-50 e of A

tothe pure goldgThey also studied the mliaxturZs of moreﬁ)tha solid line) for the density of O'.Ol g:c..From this figure we

two elements to. optimize the enhancement in the opacity o ote that opacity of Au-Sm mixtures is more than Au or Sm
eparately at all the temperatures. In Figure 5 we show the

the mixture. . Rosseland mean for the mixture as a function of gold frac-
. \We may mention here that although aII.the above MeNton. The plasma density is 0.1/¢c and temperature is
tioned models predict an enhancement in the Rosselando

mean opacity of the mixtures, the exact increase in value

differs from model to model. For example, Nishimrtzal.

(1993 show a much higher increase in the opacity of mix- 1037
tures as compared to Wargg al. (1997). We study the 23
opacities of Au-Sm and Au-Gd mixtures using the average 10 1
atom model described previously. We note that the Planck 1014
mean of any mixture will always lie between the Planck 3
means of the elements in the mixture. It is only the Rosse-o 100%
land mean which can be higher than the Rosseland means ]
both the elements in the mixture. This happens when the2 10-13
peaks in the opacity versus frequency curve of one element & ]
coincide with the valleys of the other element. Clearly, these™ 10'2“3
are the bound—bound and bound-free transitions which play 10_3_:
the crucial role in enhancing the Rosseland mean of the
mixtures. In Figure 2, we show the bound—bound contribu- 104+~ . . S
tion of opacities for Au and Sm at a density of 0.0/tgand 1 10
a temperature of 350 eV. The solid line represents the gold Energy (KeV)

results while the dotted line represents the correspondingig. 3. Bound-free contribution to opacity for Au and Sm at a temperature
values of Sm. From this figure we note the desired featuresf 350 eV and density of 0.01/gc.

Au T =350eV
............ Sm p=0.01g/cc
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Fig. 4. Rosseland mean opacity for Au, Sm, and a 50-50 mixture of AuFig. 6. Rosseland mean opacity of gold, gadolinium, and a 50-50 mixture
and Sm as a function of temperature for the plasma density of L g of gold and gadolinium as a function of plasma temperature. The plasma
density is 0.1 gcc.

200 eV. The mean is normalized to the pure gold value.
Square marker points in this figure are the values taken fronopacities of Au-Sm and Au-Gd mixtures are more than that
the article of Wanget al. (1997). Our results slightly over-  of the individual materials in the mixture. We have restricted
predict the Rosseland mean of the mixture as compared tour attention to only two mixtures, namely Au-Sm and Au-
Wanget al. (1997). However, at higher temperatures, the Gd. There are certainly many more such mixtui@slom-
trend changes and our model underpredicts the mixturbantet al,, 1998.
means. We have also studied the mixture of gold and gado-
linium. In Flggre 6, we show th.e plot of enhancem.ent factor  MODEL FOR THE RADIATION
for Au-Gd mixture as a function of the Au fraction. The HYDRODYNAMICS
enhancement factor is defined as the ratio of the Rosseland
mean of the mixture to that of pure gold. This factor is thusThe hydrodynamics of the ICF target is treated by solving
a measure of benefit for mixing any element in the gold. Wethe standard three conservatignass, momentum, and in-
note that for a low temperatuf200 eV), an enhancementin ternal energyequations in one-dimensional Lagrangian ge-
Rosseland mean up to 55% is possible over gold. Also notemetry(Zel’dovich & Raizer, 1966 The shocks are treated
that at 100 eV, the Rosseland mean of gadolinium is moréy the Von-Neumann artificial viscous pressure procedure
than that of gold, while for higher temperatures, the latter(Richtmyer & Morton, 1967. The material pressure is re-
one increases. Thus we observe that the Rosseland mekated to the density and internal energy through a tabulated
equation of staté EQS. For a given density and internal
energy, the material temperature is again obtained from tab-
ulated EOS. The laser energy deposition is calculated via

1.50 inverse bremsstrahlung up to the critical density and a pre-
p=0.1glcc Au-Sm specified fraction of the remaining power is dumped at the
1254 T=200ev critical density point. Most of the thermal flux is carried by
£ the electrons and is calculated using the flux limited Spitiz-
14 , - . .
X er’s formula. Radiation transport is treated by multigroup
\'5 1.00 diffusion approximatior{fRamiset al., 1988 or by discrete
o direction § method (Gupta & Kumar, 1995 Tabulated
X 0.75- opacity data are used. The other details of the model are
’ similar to the code MULTI developed by Ranasal. (1988
and are therefore not described here.
0.50 T T T T T L T T
0.0 0.2 0.4 0.6 0.8 1.0 ) _ _ o
Fractional density of Au 3.1. Numerical simulation of cylindrical hohlraum

Fig. 5. Rosseland mean opacity for the Au and Sm mixture as a function ofln the experiments conducted at the Lawrence Livermore

gold fraction. The square points are the values taken from \draj. National Laboratory(LLNL, NOVA facility ), 3-mm-long
(1997 and 1.6-mm-diameter cylindrical gold hohlraum was driven
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by eight laser beam@emingtonet al,, 1995. The tempo- 200
rally shaped 3.3-ns laser beams of wavelength 0,361 180 |
having energies from 2.0 to 3.0 KJ delivered a total peak 4541
power of 16 TWcm? We have simulated this experiment =
using the model described in Sections 2 and 3. Rosselan
and Planck means were generated in 1, 100, and 150 grous
for a wide variation of density and temperatures. The multi-<= 100 ]
group boundaries are chosen to be equally spaced in Ieth‘s: 80
argy variable. This leads to a higher number of groups for@ o |f
lower energies. Twenty-one temperature points are used t§ 40
cover up to 5 KeV, while nine density points cover a rangeT
from 1.0 X 107 %p, to 10Qp, ( po being the solid densily
SESAME equation of statéBennetet al, 1978; Kerley, %0 1.0x10°  2.0x10°  3.0x10° 4.0x10°  5.0x10©
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 trang~ig. 8. The effect of mesh spacing on the radiation temperature inside the
port. These results are for a total laser energy of 16.5 KJohlraum. The parameteris as defined in the text.

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 ture is not seen at all. This is because of low remission from
the cylindrical hohlraum is seen to be strongly dependent ofthe large size innermost mesh in the hohlraum wall. In Fig-
the number of frequency groups used. Comparing these rere 9, we show the spectrum of the radiation inside the
sults with the 2-D calculations of LLNLRemingtoretal,  hohlraum. The curve marked “foot” in this figure represents
1999, we note that the one group treatment underpredictshe radiation spectrum at 1 ns and it corresponds to the
the radiation temperature. Foot as well as peak temperaturggateau at about 90 eV in Figure 7. The other curve repre-
agree well with the LLNL simulations for 150 groups case. sents the peak spectrum at 3 ns. We do observe the peaks in
In Figure 8, we show the effect of mesh spacing in theboth these curves at about 2.5 KeV. This non-Planckanian
hohlraum wall. In this figure, the curve marked= 1.0  nature of the spectrum can preheat the target unless care is
refers to uniform mesh grid with a total of 100 meshes. Fokaken in the target design to absorb them.

the other two curves, we used a nonuniform grid with the
mesh spacing increasing in a geometric series with the ratig
v as we go from inside to outside. This leads to fine meshe$§
in the crucial region facing the laser beams. From this fig-In this section we consider the experiment of Kauffman
ure we note that a coarse mesh can lead to a very strorgf al.(1994). A wedge-shaped aluminum foil was driven by
underestimation of remission from the walls. For the case o& hohlraum radiation and they reported a radiation-driven
uniform mesh grid, the main peak in the radiation temperashock speed of 4.88 cfs. The temperature of the radia-

140}
120

20

Time (sec.)

.2. Aluminum foil drive by hohlraum radiation

200
180 1E18 ¢
~ 160 1E17
L 10 i Foot (1 ns
S 120 1E16
5 2
= @ 4E15
c
E 80f. 5 ]
8 / =
= 60 =
= 1E14
T 4 i
20 1E13
0 1 1 1 1 1 E
0.0 -9 -9 -9 -9 -9 1E12 . N
1.0x10 2.0x10. 3.0x10° 4.0x10° 5.0x10 2 5 e
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Fig. 7. Calculated radiation temperature inside the hohlraum. Various curvegig. 9. The calculated frequency dependent spectrum of the radiation in-
represent the number of frequency groups used in the radiation transporide the hohlraum.
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Fig. 10. Radiation-driven shock-wave penetration depth versus time for,:ig. 11. Radiation-driven shock-wave penetration depth in gold foil for
an aluminum foil. Solid and dashed curves correspond to a time-constanfarious incident temperatures.

incident flux while the dotted curve represents the results for a time-
varying incident temperature as described in the text.

o ) ) ] . 5.5 cnyus. A best fit of the shock speed to the radiation
tionin the cavity was estimated in two different ways. Usingtemperature gives a scaling law

the scaling laws of shock speed versus radiation temperature

for Al, they estimated a radiation temperature of 207 eV. On U, (cm/s) = 3.301x 10° T (eV)103L
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-4. CONCLUSIONS

ics in aluminum foil are shown in Figure 10. The dashed line hi il h died the eff fvari
in this figure represents the penetration of the shock front Hn this article, we have studied the effect of various param-

the slab for 100 groups of radiation. This gives a shocke'(e_rS on Fhe estimation of radiation temperature inside
speed of 4.93 cpfus as compared to the experimental Valuemdwec?-dnve IC_F ho_hlraum and also studied the_hydro-
of 4.88 cnyus, showing a good agreement. The solid Iinedyn"’?mICS of f0||s_ d”"e!" by the. hthraum radiation. .A

represents results for the case of one group simulation. R’“'“gfoup' one-dimensional, cylindrical geometry, radia-

gives ashock speed of 4.01 ¢ps. For both these cases, the tion hydrodynamip code is used for this st_udy. Opacities
foil was driven by a time-constant incident flux of 207 eV. are calculated using a screened hydrogenic average atom

For the case of a time-varying incident flux, as given in model. It is shown that the Rosseland mean opacity of

Figure 4 of Kauffmaret al. (1994, the results are shown in ~u-Sm and ';“UGS mixtures fare h|gzer than that fOf any
this figure with a dotted curve. From this dotted curve wePure material in the mixture for a wide variation of tem-

note that there is a change of slope at about a time of 1.6 pgeratures. This is ess_enti_ally becaus_e_ of the bound—bo_und
The initial slope gives a shock speed of 2.55/gra while and bound—free contribution to opacities. The low opacity
the second one gives a speed of 4.75 ps The first slope frgquency .region Of. one e!ement In the mixture coincides
corresponds to a plateau of 135 eV while the second slop\@"th the high opacity region of the other element. The

represents the second plateau at about 200 eV in the incideftdiation temperature inside a cylindrical hohlraum is seen

radiation plot. Scaling laws for shock speed are based on the bg storongly depen((dj(.arlt. on :he num?er c:jffrequg_nizy ?hroups
assumption of time-independent constant incident flux and!>¢9- ~N€ group radiation transport underpredicts ihe ra-
are therefore not valid in this case. However. if we use théiation temperature. It is also seen that erroneous results
scaling law for aluminum, it gives speeds, of 2.49 andc@n be obtained if the space mesh in the hohlraum wall is

4.61 cnyus for incident radiation temperatures of 135 and"ot flne_ enough. The spectrum of the ra_d|at|on IS also seen

199 eV, respectively to be different from Planck, especially in the high-energy
We also simulated the radiation-driven shocks in a golorange. This may lead to preheating of the target.

foil. In Figure 11 we show the penetration depth of shock as

a function of time for the radiation flux corresponding to ACKNOWLEDGMENTS

black body incident temperatures of 200 eV, 500 eV, 1.0 KeVirhe authors are thankful to Dr. S.K. Sikka and Dr. R. Chidam-

and 1.5 KeV. The shock speeds for these temperatures angaram for many useful discussions and for their keen interest in
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hereT denotes the incident blackbody temperature.
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