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Theoretical study of opacity for a mixture of gold and gadolinium at a high temperature
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Using the detailed configuration accounting with the term structures treated by the unresolved transition
array model, we have presented a method to calculate the spectral-resolved opacity for high temperature and
density plasmas. Due to the fully relativistic treatment, incorporated with the quantum defect theory to handle
the huge number of transition arrays from configurations with high principal quantum number, we can calcu-
late the opacity of any medium- and highplasmas conveniently. In the present work, the frequency-
dependent opacity and the Rosseland mean opacity are calculated for a mixture of gold and gadolinium at a
high temperature, 250 eV, and three densities, 0.1 §/dn® g/cni, and 10.0 g/crh Agreement between our
theoretical results and experimental measurements and other theoretical simulations is obtained.
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[. INTRODUCTION to treat these configurations. In this method, the physical
quantities show smooth properties and can be treated in a

In the indirect approach to the inertial confinement fusionunified manner within channe[45]. Therefore, we can per-
(ICF) [1,2], the radiation that drives the implosion of the fuel form interpolations(rather than extrapolationgo reduce
capsule is generated by the interaction of intense beams wigpmputational efforts. With these features in our method, we
the interior wall of a highZ cavity, or a hohlraum. In order have developed a computational cddé-19 to calculate
to reduce the radiation energy lost to the walls of the hohlthe spectral-resolved opacity of plasmas. The method can
raum and increase the efficiency with which the radiationconveniently be used to calculate the opacity of any medium-
couples with the capsule, materials with high Rosselan@nd highZ plasma at high temperature and density. Good
mean opacity should be used. Hence for a given laser powé&greements were obtained between our theoretical simula-
(and x-ray conversion efficiengythe drive temperature in- tions of the transmission spectra and the corresponding
creases as does the coupling efficiency of the radiation to theenchmark experimental measurements in our previous work
fuel pellet. Typically, people use pure Au hohlraums heated16—18. In the present work, the frequency-dependent opac-
to a temperature of 250 eV. There are significant windows ity and the Rosseland mean opacity are calculated for a mix-
in the frequency-dependent opacity of Au, which dominategure of gold and gadolinium at a high temperature, 250 eV,
and reduces the Rosseland mean opacity. In order to improvand three densities, 0.1 g/ém1.0 g/cnf, and 10.0 g/cth
the Rosseland mean opacity, people try to use hohlraums dfgreement between our theoretical results and experimental
mixture materials, which can overlap the windows of measurements and other theoretical simulations is obtained.
frequency-dependent opacity by each other. Recently,

Orzechowski and co-workers measured the Rosseland mean

opacity of a mixture of Au and Gd at high temperatuigp Il. THEORETICAL METHOD

Theoretical simulation[3] was also carried out using the
XSN opacity mode(4] in their work.

Theoretical calculations of plasma opacity require a hug
number of atomic data. For lo&-plasmas, some work$,6]
have been presented with detailed calculations and a lar
amount of computational efforts. However, such detailed "’
analyses become impractical for highplasmas. People usu-

The Rosseland mean opacit§0] is used to describe ra-
diation transport in optically thick materials when the matter
%nd radiation are in thermodynamic equilibrium. It is defined
as a weighted harmonic mean of the energy dependent opac-

ally use various statistical methods, such as the average atom =
(AA) model[7]. Because of line overlapping and line broad- 1 f Kk, (dB,1dT)dv
ening of spectra from a huge number of transition arrays in =20 (1
various ionic stages, unresolved spectra are often observed in KR *
4 " (6B, 1oT)dv
laser-produced higl-plasmas. The unresolved transition ar- 0

ray (UTA) model [8] is an efficient approach to describe

such unresolved spectral structures. Based on the UTA, the

supertransition arraySTA) [9] method has been developed whereT is the material and radiation temperatuige, is the

and proved to be a powerful tool in calculation of opacity forblack body spectrum, ana, is the frequency-dependent
high-Z materials. The occurrence of high principal quantumopacity. This mean opacity is dominated by the low opacity
numbers in hot dense local thermodynamic equilibriumregions of the frequency-dependent opacity. In the configu-
(LTE) plasmas leads to a huge number of configurationstation average approximation, the frequency-dependent
Quantum defect theor§QDT) [10-14 is a powerful method opacity can be written g1]
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+Neo'f(hw), (2)  where the summation runs over all subshells of the configu-
ration.df,/de is the density of oscillator strength given by

wherep is the plasma densityindicates the ionic stagé|; . df om ~

is the number of ions of configuratianper unit volumeN, d—;= oy (| T||e)|?, (7)
b @

is the number of electrons per unit volunag,. ., (% w) is the

photoexcitation cross section from configurationto c’, where<a||T||?;> is the energy-normalized transition-matrix

o7 (o) is the total photo-ionization cross section from all glement from the initial bound orbital state to the con-
subshells of configuratiom, and o'' (% w) is the free-free tinuum orbital staté [22].

absorption cross section, which can be calculated by the According to QDT, the photoexcitation and photoioniza-

2;?5: ﬁ?g?eergso;‘otgglﬂi Vﬁ'é?,ceij%mefgé?,r{ ngiri?focr;cth tion processes can be treated in a unified manner. The infinite
rucial p . quency-aep pacity . “bound and adjacent continuum states with the same angular
tion is to obtain the population density and the cross section

of photoexcitation and photoionization processes. Momentum and parity can form a channel in which the quan-

The population density can be obtained by solving thetum defectsu vary smoothly{15,23 with the excitation en-

well-known Boltzmann-Saha equations for the LTE pIasmasergy' We can de_fmg the energy-normalized matrix elements
i ; ) : : for the photoexcitation as

The key point is to include important configurations as much

as possible in the opacity calculation. Here we use the self- = _

consistent-field energy levels database to investigate and pro- (al[TI8)=Ngal[TI|8). ®

duce important configurations. Therefore, the most importal 2_.3 ; ; - ;

confi urgtions are ingluded in solvin Boltzmann—Sahe[\)e ur\;\lhe-re'\-lﬁ_-Vﬁ/(Zi +1)is the density -Of the final gtaté,- 'S
9 9 AY3Hhe jonization degree, ands=n—pu, is the effective prin-

tions and in the calculations of properties of photoexcitationcipa| quantum number of the final state. This energy-

angll_r[])hotoui_nlzatlpn proces?_es. . . ormalized matrix element also varies smoothly across the
. he8_?_2|gurat|or_1-to-§:on8|ggura%(])n trrz]an5|t|on_'5 are treege onization threshold. Therefore, with several benchmark
in the approximation(8,9]. e photoexcitation an oints, the relevant transition matrix elements from an initial

photoionization cross sections are calculated from the on State to the final channel can be obtained conveniently by
e_'lectron properties. ”.1 the configurgtion average.apprOXima\hterpolation. Furthermore, the UTA parameters, i.e., the
tion, the photoexcitation cross section can be written as ;15 configuration average transition energy and UTA line-
width, depend only on the radial Slater integrals, which also

bb T have good channel behavior. Therefore, we can calculate not

Oj cor(hw)= Wfi,c,c'ﬁ(ﬁw)v ©) only photoionization and photoexcitation cross sections but
also UTA parameters with much less computational efforts.

wheref; . .. is the configuration average oscillator strength
and L(%w) is the line shape function. In general, the ob-
served spectral profile is a convolution of Gaussian and Based on the theoretical method described above, we
Lorentzian profiles. If the transition energy is assumed to bévave developed a computer code to provide opacity data for
approximately the same for all lines of the transition array,high temperature and density medium- and higptasmas.

the relation off; . ./ to the single-electron transition oscilla- As mentioned in the Introduction, in the indirect drive ap-
tor strengthf ,_, 5 is proach to ICF, increasing the Rosseland mean opacity cannot
only reduce the radiation energy loss to the walls of the
hohlraum, but also increase the coupling efficiency between

IIl. RESULTS AND DISCUSSION

ficor :qa( 1— %) furps (4)  the radiation and fuel capsule. This can raise the temperature

9p of the laser heated hohlraum for a given laser power, or for a

given desired driven temperature, less laser energy is re-
om quired. Since it is important in ICF, we carry out calculations
faﬁﬁzm m|(a||T||ﬂ>|2, (5)  of opacity for mixture materials and investigate the way to

improve the Rosseland mean opacity by blending in materi-

als. Recently, Orzechowski and co-workers presented their
wherefiw is the photon energyq,,qs are the occupation experimental measurements of the Rosseland mean opacity
numbers of orbitaky, 3, respectivelyk is the rank of electric  of a mixture of Au and Gd at high temperatures, as well as
multipoles, g, is the statistical weight for initial orbitak,  the theoretical results at a temperature of 250 eV and a den-
and(«||T||8) is the bound-bound reduced transition matrix sity of 1.0 g/cni. In the following, we will show our calcu-

element22]. lated opacity of the mixture of Au and Gd at the temperature
The photoionization cross section for configuratof 250 eV and three densities 0.1 g/tm1.0 g/cni, and
ionic stagei can be written as 10 g/cnt. In each calculation, about 200 000 or much more
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FIG. 1. Frequency-dependent
opacity of Au, Gd, and the 60/40
mixture of Au/Gd.
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configurations are included, which ensure the convergence of Figures 2a)—2(c) display our calculated Rosseland mean
the calculation. opacities of the Au/Gd mixture at a temperature 250 eV and
Figure 1 displays the calculated frequency-dependenthree densities of 0.1 g/cin1.0 g/cni, and 10.0 g/cr re-
opacity of Au, Gd and a 60/40 mixture of Au/Gd at a tem- spectively. These mean opacities have been normalized to
perature 250 eV and a total density 1.0 gfcrAs can be those of pure Au, i.e.xg=970 cnf/g of 0.1 g/cni, kg
seen from Fig. (a), the windows of the frequency-dependent =1700 cnf/g of 1.0 g/cni, and kg=2400 cni/g of
opacity of Au at about 160 eV, 400 eV, and 1000 10.0 g/cni. Experimental results of Orzechowséi al. are
—2500 eV are overlapped to some extents by the peaks aflso given for comparisofi3], as well as their predictions
Gd. Because the Rosseland mean opacity is dominated hysing the XSN opacity mod¢B] and the simulation of the
the low opacity region, such overlapping can increase th&TA method by Colombantet al. [24] at the density
Rosseland opacity: our calculation givag=1700 cni/g 1.0 g/cnt in Fig. 2(b). XSN simulation results are about
for Au, kg=1300 cnt/g for Gd, andkg=2200 cnt/g for ~ 10—12 % higher than the measurements. This discrepancy, as

the 60/40 mixture of Au/Gd in Fig. (b). pointed out in Ref[3], may come from the relative simple
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treatment of bound-bound transitions in the XSN calculation. Both STA and our methods calculate the transition arrays
In our theoretical method, the bound-bound transitions ardased on the UTA approximation: This determines that the
calculated carefully. In our previous work$6—18, good two methods are at a similar level and can reveal the internal
agreements were obtained between our theoretical simulgtructure of an array when it exists. In the STA method,
tions of the spectral-resolved opacity and corresponding exhough superconfiguration is used, through obtaining the
perimental benchmark measurements. This also suggesté@nvergence with increasing number of STA's and calculat-
the reliability of our treatments of bound-bound transitions.iNg With each superconfiguration’s own accurate parametric
In the present calculation, the bound-bound transitions fronPotential, the STA method can almost reproduce the UTA
1s,2s,2p_,2p, , ...,5f_,5f, initial orbitals to “all” fi- structure exactly. In the present work, we calculate the wave
nal orbitals .= 10) for each configuration are taken into functions, transition arrays, and UTA parameters of each
account. The present calculations give the maximum imTelativistic configuration based on [?lrac—SIater potentials. In
provements in the opaciticompared to that of pure Au in SCME cases, our method can provide better agreement with
the same conditionsa factor of 1.44(60/40 mixture of Au/  he spectra-resolved experimental meaiurem{alﬁ_s—_la.

Gd), a factor of 1.27(60/40 mixturg, and a factor of 1.21 While for some cases, especially fém=0 transitions,
(50/50 mixturé for three densities of 0.1 g/én1.0 g/cr, where configuration interactiofCl) effects are important,
and 10.0 g/cry respectively. In Fig. @), our calculated the STA method can obtain better results because the CI
Rosseland mean opacities are lower than both experimentff€Cts were taken into account more recer{B6]. The
measurements and XSN simulations, and agrees very wepresent wprk has not taken.lnto aqcount the CI effects yet.
with STA resuilts; it is more lower than measurements for the\nother different treatment is that in the STA method, the
case of density 10.0 g/chin Fig. 2(c); while for the case of frequency-dependent opacities of each element are calculated
density 0.1 g/criy as can be seen in,Fig(aa the agreement with the same temperature and effective densities via the
between our theoretical results and experimental measuré®Mme fh?m'%al potenr;ua}ls, and then thg opacity of mixtures
ments is very good. Because the experiment samples a ran f¢ calculate ui'n%t e pggtpro?eﬁse _progman{24].| Inl d
of densities and temperatures in reality, our theoretical simul'€ Present work, the opacities of the mixture are calculate
lations suggest, if only judged by the improvement of thedlrect!y. These two treatments, as our study, should affect
Rosseland mean opacity, that plasma at densities lower tha¢'Y little the opacities of mixture. Anyway, the present the-

1.0 g/cn? may play a more important role in the measure—oretical simulation are rather simple for assuming one spe-
rﬁents of the Rosseland mean opacity by Orzechoesi cific density and temperature when studying the complicated
[3] " experimental process like the measurement of the heat wave

[3]. Detailed theoretical studies with more sophisticated

lated using the AA model25] were also given. For the AA physical considerations, like Orzechowski and co-workers

model, the calculated Rosseland mean opacity of Au i§"d using _the rad-hydro COO!EASNEX 3], are still needed in
823 cnf/g and 1390 crig for a 50/50 mixture of Au and order to simulate the experiment more accurately.

Gd. Compared with the experimental measurement, obvil- Finally, we yvoulltj I|lee 1o conclude as fOHOV‘éS: with muchd
ously the AA model is quite simple and the results, not only ess computational efforts, our computer code can provide

the feature of frequency-dependent opacity, but also the Ro pectral-resolved LTE opacity data with adequate accuracy.
seland mean opacity of pure Au and that of the increase du he frequency-dependent opacity and the Rosselan_d_mean
to blending with Gd, are not very satisfactory. Therefore,OpaC'ty are calculated for a mixture of gold and gadolinium. _
more sophisticated opacity models, such as XSN, STA, deg;ood agreements between our theoreucaj resu_lts ant_j experi-
tailed configuration accountin@dCA) with UTA treatment men_tal measurements and other theoretical simulations are
as the present method, and even more sophisticated metho%&%tamed'
of DCA and detailed line accountinDLA) models, are

needed for these kinds of problems. Since no detailed de-
scriptions of the XSN model are given in the work of We thank Professor Yun-Sheng Li and Professor Jia-
Orzechowsket al.[3], and no calculations based on DCA or Ming Li for helpful discussions. This work is supported by
DLA models are reporte@maybe owing to the large amount the National Science Foundation of Chin&rant No.

of computational efforjs we here would like to discuss 10074062, and it is also partially supported by National
more about the STA method and our DCA/UTA method inHigh-Tech ICF committee of China, Science and Technol-

In the work of Orzechowsket al. [3], the results calcu-
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