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A hybrid model combining the detailed level accounting (DLA) and detailed relativistic conﬁguration
accounting (DCA) methods is developed to investigate the radiative opacity of gold plasmas with open 4d
and 4f shells. Due to the collapse of 4f shells, the conﬁgurations with multi-electron excited from 4d and
4f shells are bound and can form a huge number of ﬁne-structure levels and detailed transition lines. A
full DLA calculation is time-consuming and intractable and thus a hybrid DLA and DCA method is needed.
To obtain accurate radiative opacity, the transitions within the collapsed orbitals and transitions to the
relatively lowly excited orbitals are treated by a DLA method, while the transitions to the higher excited
orbitals are treated by a DCA method. As an illustrative example, the spectrally resolved, Rosseland and
Planck mean opacity of gold plasmas at 100 eV and 0.001 g/cm3 are calculated by using the hybrid model.
The present results are compared with those obtained by pure DCA and average atom models, where
large discrepancies in the line intensities and positions are found for the strongest 4de4f transitions due
to the collapse of 4f shells indicating the importance of detailed treatment to obtain the accurate opacity.
Ó 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Radiative opacity of gold plasmas is of great signiﬁcance in
research ﬁelds such as inertial conﬁnement fusion (ICF) [1e3]. In
indirectly driven ICF experiments, the inside wall of hohlraum is
usually made of gold material. It is irradiated by high power lasers
and the gold plasma produced emits strong X-ray radiation to drive
the capsule implosion. In order to understand the physics processes, such as energy transfer in the gold hohlraum cavity, and to
optimize the design of the hohlraum and target, knowledge of the
radiative opacity of gold plasmas is very important in ICF experiments. Dewald et al. [4] carried out the ﬁrst gold hohlraum
experiment on the National Ignition Facility (NIF) to test radiation
temperature limits imposed by plasma ﬁlling and showed that
radiative opacity plays a key role in the hydrodynamic simulations
used to analyze the experimental results.
It is a great challenge, however, to investigate the radiative
opacity of gold plasmas, both experimentally and theoretically.
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Experimentally, on one hand, it is difﬁcult to obtain a local thermodynamic equilibrium (LTE) plasma, and on the other hand, the
greatly increased re-emission of such high-Z plasmas makes accurate measurement difﬁcult. To our knowledge, there are only a
few experimental results on gold opacity reported in literature
[5,6]. Eidmann et al. [5] measured the opacity of a gold plasma at a
density of w0.01 g/cm3 and a relatively low temperature of w20 eV.
Recently, Zhang et al. [6] reported measurements of the opacity of a
gold plasma at a density of 0.02 g/cm3 and a higher temperature of
85 eV. Theoretically, it is very difﬁcult to calculate the radiative
opacity of gold plasmas due to the complicated electronic structure
of gold ions. Most theoretical research was carried out by using
various statistical models employing unresolved transition arrays
(UTA) [7], super-transition arrays (STA) [8] and the average atom
(AA) [9,10]. However, there are systematic discrepancies between
experimental and theoretical results obtained by statistical models
[5,6]. In order to explain the discrepancies, a more accurate method
such as detailed-level-accounting (DLA) model is needed. By using
a DLA model, we successfully reproduced the transmission spectra
of gold plasma measured by Eidmann et al. [5] and pointed out the
physical origin of discrepancies between experiment and theory for
the ﬁrst time [11,12]. The DLA method was also applied to study the
radiative opacity of gold plasmas at high temperatures (1000 eV)
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[13]. The detailed calculation for such high-Z plasmas is very timeconsuming and hybrid models were developed in the past decades
to balance the accuracy and computational time [14e16]. Yan et al.
[14] calculated the opacity of high-Z material and gold mixtures at
high temperatures by using a mixed detailed conﬁguration accounting (DCA) and UTA model. Porcherot et al. [15] used a mixed
DLA and STA method to calculate the opacities of mid-Z plasmas.
For non-LTE gold plasmas, large discrepancies were also found for
charge state distribution (CSD) and emission properties between
theoretical and experimental results (see the NLTE workshops [17e
21]). Our recent work, based on a detailed relativistic conﬁguration
approach, shows good agreement with the experiments [22].
In our full DLA calculations for the radiative opacity, the ions in
gold plasmas are either weakly ionized or very highly ionized, which
have either closed 4d and 4f shells [11,12] or no 4d and 4f shells [13]
in their ground conﬁgurations. With the development of large laser
facilities, it is possible to create gold plasmas at temperatures from
w100 eV [6] to w300 eV [23]. For such a temperature range, the ions
in gold plasmas tend to have open 4d or 4f shells. It is a challenge for
theorists to calculate the radiative opacity of gold plasmas when ion
stages with open 4d or 4f shells are involved. This is because the 4f
orbital of these gold ions normally collapses and therefore the multielectron excited conﬁgurations from 4d and 4f orbitals are still
bound. These bound conﬁgurations can split into a huge number of
ﬁne-structure levels and consequently a huge number of radiative
transitions between these levels are generated, which may make a
full DLA investigation intractable. Therefore, it is necessary to
develop a hybrid DLA and DCA model to calculate the radiative
opacity of gold plasmas. For the transitions within collapsed orbitals
and to relatively low excitation orbitals, the electronic correlation
effects are important. Therefore, a DCA description is not adequate
and we adopt a DLA formalism. For the transitions to highly excited
orbitals, a DCA description is usually sufﬁciently accurate. In this
work, we will demonstrate such a hybrid method to calculate the
radiative opacity of gold plasmas with open 4d or 4f shells. As an
illustrative example, the radiative opacities of a gold plasma at
100 eV and 0.001 g/cm3 are obtained by using our recently developed hybrid model and compared with the results obtained by AA
and a pure DCA methods. The large discrepancies in the strongest
4de4f transitions between the present hybrid and statistical models
(AA and DCA) indicate the importance of the detailed treatment for
the transitions within the collapsed orbitals.

The detailed theories of radiative opacity can be seen elsewhere
[12,24] and here we only give an outline. For an LTE plasma at
temperature T and mass density r, the total radiative opacity at
photon energy hn is given by



rk0 ðhnÞ ¼ mbb ðhnÞ þ mbf ðhnÞ þ mff ðhnÞ
þ mscatt ðhnÞ;

1  ehn=kT


(1)

where mbb, mbf, mff and mscatt are absorption coefﬁcients from
boundebound, boundefree, freeefree and scattering processes,
respectively. The prime on the opacity means that stimulated
emission has been taken into account.
The boundebound absorption coefﬁcient can be written by

mbb ðhnÞ ¼

XX
i

Nil sill0 ðhnÞ;

sill0 ðhnÞ ¼

phe2
me c

fill0 SðhnÞ;

(3)

where fill0 is the absorption oscillator strength, h is the Planck
constant, c is the speed of light in vacuum, e is the electron charge,
me is the mass of an electron, and S(hn) is the line shape function
which is taken to be the Voigt proﬁle with electron impact broadening and Doppler broadening included. Under the assumption of
LTE, the CSD is determined by SahaeBoltzmann equation [25]

Niþ1 Ne
Ze Ziþ1 ðfi Dfi Þ=kT
¼
e
;
Ni
Zi

(4)

where Ni and Ne are the density of ionization stage i and free
electrons, Zi and Ze are the partition function of ionization stage i
and free electrons, respectively, and fi and Dfi are the ionization
potential (IP) and ionization potential depression (IPD) of ionization stage i, respectively. The IPD is obtained by StewartePyatt (Se
P) model [26]. In this work, the atomic data such as energy levels
and oscillator strengths in the ﬁne-structure level and relativistic
conﬁguration approaches are obtained by using Flexible Atomic
Code (FAC) [27] where a fully relativistic approach based on the
Dirac equation is used throughout the entire package and the code
provides two modes of calculation based on detailed levels and
relativistic conﬁgurations.
In many practical applications, the mean opacities such as
Rosseland (KR) and Planck (KP) mean opacities are needed, which
are deﬁned by

1
¼
KR

ZN
0

WR ðuÞdu
;
k0 ðuÞ

(5)

and

KP ¼

ZN
ðk0 ðuÞ  kscatt ðuÞÞWP ðuÞdu;

(6)

0

where u ¼ hn/kT, WR and WP are Rosseland and Planck weighting
functions, respectively.

2. Theoretical method



ionization stage i. In the calculation by DCA method, l and l0
represent the relativistic conﬁgurations. sill0 (hn) can be expressed in
terms of the absorption oscillator strength fill0 as

(2)

ll0

where Nil is the population density of level l of ionization stage i and
sill0 (hn) is the cross section of photoexcitation from level l to l0 of

3. Results and discussions
A complete DLA calculation of radiative opacity is complex
for gold plasmas with open 4f or 4d shells due to the collapse
of 4f orbitals. The ion stages with open 4f or 4d shells range
from Au20þ (ground conﬁguration ([Ni])4s24p64d104f13) to Au42þ
(ground conﬁguration ([Ni])4s24p64d), where [Ni] means 1s22s2
2p63s23p63d10. For these gold ions, the 4f orbital is collapsed. Fig. 1
shows the wave functions of 4s, 4p, 4d, and 4f orbitals for a few
representative gold ions of (a) Au20þ (with ground conﬁguration
4s24p64d104f13), (b) Au26þ (4s24p64d104f7), (c) Au32þ (4s24p64d104f),
(d) Au34þ (4s24p64d9), (e) Au38þ (4s24p64d5) and (f) Au42þ
(4s24p64d). It can be seen that the 4f orbital is pulled strongly inward toward the nucleus, which is an indication of orbital collapse.
Such an inward shift becomes stronger and stronger with the increase of ion stages. Although only representative examples are
given in Fig. 1, the effects of orbital collapse are a common phenomenon for all gold ions from Au20þ to Au42þ. Due to the orbital
collapse, the electronic correlation of the collapsed orbitals is
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Fig. 1. The radial wave functions of 4s, 4p, 4d, and 4f orbitals of the ground conﬁgurations of (a) Au20þ (4s24p64d104f13), (b) Au26þ (4s24p64d104f7), (c) Au32þ
(4s24p64d104f), (d) Au34þ (4s24p64d9), (e) Au38þ (4s24p64d5) and (f) Au42þ (4s24p64d).

usually strong and the detailed treatment taking this effect into
account is necessary to obtain the accurate atomic data [28e30].
A direct consequence of the orbital collapse is that multielectron excited states from 4d to 4f and/or from 4p to 4d are still
bound states, and thus one must include their contributions to the
opacity from numerous multiply excited states. As an illustrative
example, Fig. 2 shows the level energies of a few conﬁgurations of
Au28þ (ground conﬁguration 4s24p64d104f5). The number beside
each conﬁguration denotes the number of levels and the dashed
line represents the IP (967 eV) of Au28þ. To simplify the ﬁgure
description, only the range of the level energy for non-relativistic
conﬁgurations is shown as a rectangle box. For example, the level
energy ranges from 0 eV to 56 eV with a total number of 198 levels
for the ground conﬁguration of 4s24p64d104f5 of Au28þ, with the

8

Ionization threshold

1000

energy of the ground level being taken to be reference value of 0 eV.
Due to the collapse of 4f orbital, three 4d electrons being excited to
4f orbital and two or three 4f electrons to 5s, 5p, and 5d orbitals
remain bound to the nucleus (which means their energies are lower
than the IP). Thus, the number of bound conﬁgurations which
contribute to the radiative opacity is large. As a descriptive
example, Fig. 2 shows one such Rydberg series of 4s24p64d84f6nl
(nl ¼ 4f, 5s, 5p, 5d and 5f). For this series, the energies of all these
two 4d electron excited conﬁgurations are lower than the IP except
that a small part of levels belonging to 4s24p64d84f65f are above the
IP. The level structures of this Rydberg series which is connected
with the calculation of opacity are very complicated and therefore
extraordinarily time-consuming. We take one conﬁguration of
4s24p64d84f65d as an example to show the complexity of the
problem. From this conﬁguration, there are many transition arrays
such as 4feng, 4fend, 4denf, 4denp, 4pend, 4pens, and 4senp. All
these transition arrays only take contributions from absorption of
4l (l ¼ s, p, d and f) electrons into account. To obtain a complete
spectrally resolved opacity, one must also include those contributions from 3d, 3p, 3s, 2p, 2s and 1s electrons. Consider one transition
array of 4s24p64d84f65de4s24p64d84f55dng (n ¼ 5e14), for which
the number of levels for the initial conﬁguration is 111,874, while
that of each ﬁnal conﬁguration is about 100 times more. Only
parallelized atomic structure codes can calculate the required
atomic data for opacity in order to take into account the intraconﬁguration interaction into account. Making a simple estimate,
the number of spectral lines for each of these transition array exceeds ten billions (1.0  1010). As a result, that DLA treatment for
these types of transition array is intractable and we need to resort
to a DCA formalism.
To better understand our DLA and DCA hybrid formalism, we
use the Au30þ (ground conﬁguration 4s24p64d104f3) as an example.
The present DCA calculations are based on the relativistic conﬁgurations. For this particular ion, the 4d orbital has the maximal
number of electrons, and hence it provides a dominant contribution to the opacity. Among the transition arrays from 4d orbital, the
strongest ones originate from 4denf (n ¼ 4e15) transitions. In this
work, the maximal principal quantum number n is taken to be 15 to
ensure the results convergent. Fig. 3 shows the radiative opacity
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Fig. 2. The energy scheme of some conﬁgurations of Au28þ. The rectangle boxes
represent the energy ranges of the conﬁgurations. The number beside each conﬁguration denotes their number of ﬁne-structure levels and the dashed line represents the
ionization potential (IP) of Au28þ.

Fig. 3. The opacities of the 4denf transitions from the ground conﬁguration of Au30þ at
100 eV and 0.001 g/cm3 obtained by DLA (black) and DCA (red dashed) methods. The
principle quantum number n ¼ 4, 5, 6, 8, 10 and 13 in panels (a)e(f). In panel (a), the
opacities obtained by DCA method are multiplied by a factor of 4 for more clearly
viewing. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)
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contributed by 4denf transition arrays, with n ¼ 4, 5, 6, 8, 10, and
13, respectively, for panels (a)e(f), from the ground conﬁguration
4s24p64d104f3 of Au30þ obtained by DLA and DCA methods for a
plasma condition of mass density of 0.001 g/cm3 and temperature
of 100 eV. In panel (a), the opacity of 4de4f transition array obtained by the DCA method is multiplied by a factor of 4 for a clearer
viewing. From the inspection of Fig. 3, it can easily be seen that
large discrepancies are found between the results of DLA and DCA
methods for the 4de4f transition array. Not only dose the DCA
method under-estimate the opacity, it predicts that the line positions are at more than 20 eV lower photon energy. The reason for
this discrepancy is that the DCA method neglects the intraconﬁguration interaction, while the DLA formalism includes the
electronic correlation effects within mixed levels of single conﬁguration. Such interactions are so strong that these must be taken
into account for the calculation of basic atomic data such as level
energy and oscillator strength. The collapse of 4f orbital is the main
physical origin of these differences. The large discrepancies between DCA and DLA results for the 4de4f transitions indicate that
the DLA calculation is necessary for such Dn ¼ 0 transition arrays.
For the spectra of 4denf (n > 4) transitions, it can be seen that there
are two strong absorption structures which are caused by the spinorbit splitting. In each panel from plot (b)e(f), the strongest
structure in the lower photon energy range originates from transitions of 4d5/2e4f7/2 and the relatively weaker structure in the
higher photon energy range originates from 4d3/2e4f5/2. The line
positions of 4denf (n > 4) predicted by DCA formalism are only
about 3 eV lower than those predicted by the DLA methods. With
the increase of the principle quantum number n, from panels (b) to
(f), it can be seen that the contribution to the opacities is becoming
smaller so that better agreement is found between the results
predicted by the DCA and DLA method. Therefore, we can use the
DCA formalism to calculate the opacity contributed by transition
arrays of higher principle quantum number n.
In Fig. 3, the detailed level structures are evident. With the increase of mass density, the agreement between the DLA and DCA
methods continuously improve and thus the DCA treatment becomes closer to the DLA (see Fig. 4). In Fig. 4, the population distribution is assumed the same as in Fig. 3, yet the temperature and
density is taken to be 100 eV and 0.1 g/cm3. It can be seen that the
opacity obtained by the DCA method is nearly equal to that by DLA

formalism except for the w3 eV energy shift toward higher photon
energy for DCA results. We also investigated other transition arrays
such as 4feng/nd, 4pens/nd, 4denp and 4senp by using DLA and
DCA methods and similar conclusions can be drawn. Systematic
comparisons between the results obtained by DLA and DCA
methods indicate that our formalism for the hybrid DLA and DCA
model is reasonable and adequate to investigate the radiative
opacity of gold plasmas with open 4f and 4d shells.
In what follows, Au30þ is taken as an example to illustrate the
detailed method of calculation in the hybrid DLA and DCA model.
According to detailed calculations, we ﬁrst determined the bound
conﬁgurations of Au30þ, which are:
4s24p64d104f3, 4s24p64d104f2nl (n  15, l  n  1), 4s24p64d94f4,
2
4s 4p64d94f3nl (n  6, l  n  1), 4s24p54d104f4, 4s24p54d104f3nl
(n  6, l  n  1), 4s4p64d104f4, 4s24p64d104f5lnl0 (l  3, n  6,
l0  n  1), 4s24p64d84f5, 4s24p64d84f4nl (n  6, l  n  1),
4s24p64d74f6, 4s24p64d94f25lnl0 (l  3, n  6, l0  n  1),
4s24p64d105s2nl (n  6, l  n  1), 4s24p64d105s5pnl (n  6, l  n  1)
and 4s24p64d105p2nl (n  6, l  n  1).
As a second step, all possible transition arrays are constructed
for the bound conﬁgurations given above according to the dipole
selection rules, which leads to a large number of transition arrays.
For transition arrays of nl  n0 l0 with Dn ¼ n0  n  4, we adopted a
DLA method to calculate the required atomic data, while those with
higher principal quantum numbers up to n ¼ 15 are treated by a
DCA method. The contributions of the transitions from highly
excited Rydberg conﬁgurations (4s24p64d104f2nl (10  n  15,
l  n  1)) are relatively small compared with the lower excited
conﬁgurations, so we chose the DCA method to calculate the relevant atomic data. The photoionization cross sections are obtained
in the approximation of detailed relativistic conﬁgurations.
It should be noted that the conﬁguration interaction (CI) is
important to obtain accurate atomic data for such gold ions [31,32].
However, a large-scale CI calculation for such complicated ion
stages with open 4d and 4f shells is time-consuming, to the point of
intractability within the context of current computers. Therefore,
only CI within one conﬁguration is considered to partly take the
electronic correlations into account. Table 1 presents a comparison
of the transition energies and oscillator strengths of some transitions of Au32þ (ground conﬁguration 4s24p64d104f), together with
the results obtained by several other approaches: 1) relativistic
HartreeeFock (RHF), 2) relativistic many-body perturbation theory
(RMBPT), and 3) relativistic perturbation theory with a zeroapproximation model potential (RPTMP) from Ref. [33]. It can

Table 1
Transition energies DE and absorption oscillator strengths f of transitions of ([Ni])
4s24p64d10nle4s24p64d10n0 l0 of Au32þ. The closed shells are omitted in the ﬁrst
column. Results obtained by the approaches of relativistic HartreeeFock (RHF),
relativistic many-body perturbation theory (RMBPT), and relativistic perturbation
theory with a zero-approximation model potential (RPTMP) are from Ref. [33].
Transitions

Fig. 4. Same to Fig. 3, but the electron impact broadenings are obtained at 100 eV and
0.1 g/cm3.

5s1/2e5p1/2
5s1/2e5p3/2
5p1/2e5d3/2
5p3/2e5d5/2
5p3/2e5d3/2
5d3/2e5f5/2
5d5/2e5f7/2
5d5/2e5f5/2
4f5/2e5d3/2
4f7/2e5d5/2
4f5/2e5d5/2

DE (eV)

f

This
work

RHF

RMBPT

RPTMP

This
work

RHF

RPTMP

51.67
93.84
124.72
91.14
82.55
105.55
99.04
96.95
389.86
392.62
398.45

52.39
94.42
124.80
91.36

51.70
93.89
124.95
91.65

51.50
91.70
128.03
96.03

0.210
0.778
1.067
0.764
0.076
0.901
0.819
0.040
0.058
0.058
0.004

0.212
0.779
1.067
0.764

0.195
0.751
1.057
0.379

0.998
0.918

0.442
0.267

0.055
0.055

0.042
0.025

105.67
99.18
391.13
393.99

103.39
97.69
389.84
392.92

379.41
381.04
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easily be seen that the transition energies and oscillator strengths
predicted by the present work and the RHF method are in excellent
agreement. The transition energies predicted by the RMBPT
method generally agree with those predicted by the present and
RHF methods. However, large discrepancies can be found between
the results predicted by the present method and the RPTMP
method. For example, the transition energy of 4f7/2e5d5/2 predicted
by the RPTMP method is w10 eV lower than that predicted by the
present and RHF methods. The oscillator strengths of 5p3/2e5d5/2,
5d3/2e5f5/2, and 4f7/2e5d5/2 predicted by the RPTMP method are
about 50% smaller than those predicted by the present and RHF
methods. For the transition of 5d5/2e5f7/2, the oscillator strength
predicted by the RPTMP method is smaller than those predicted by
the present and RHF methods by a factor of about 3. The RPTMP
method uses a zero-approximation model potential and it may be
not adequate for such a complex atomic system, where there is a
large amount of atomic data for the ion stages with open 4d and 4f
shells. Unfortunately, as far as we know, there are few atomic data
in the literature to which comparisons can be made. However, the
excellent agreement between the results obtained by the present,
RHF and RMBPT results shown in Table 1 indicates that the present
atomic data are reliable.
After all atomic data such as energy levels, oscillator strengths
and photoionization cross section are obtained in the ﬁne-structure
level and relativistic conﬁguration approaches, the radiative opacity can be obtained. As an illustrative example, the radiative opacity
of a gold plasma at 100 eV and 0.001 g/cm3 obtained by using the
hybrid model are shown in Fig. 5. At this condition, the dominant
ion stages in the gold plasma are Au27þeAu32þ accounting for
2.81%, 12.07%, 27.23%, 32.84%, 18.99% and 4.90%, of the population,
respectively, which have open 4f shells in the ground conﬁgurations of 4s24p64d104fm (m ¼ 6e1). The radiative opacity obtained by
a pure DCA and AA models are shown in panels (a) and (b),
respectively. In the calculation by the pure DCA model, the selected
conﬁgurations are the same as those used in the hybrid model.
From the inspection of Fig. 5, one can see that the spectral proﬁle
predicted by the DCA model is in generally good agreement with
that predicted by the hybrid model. AA model predicts a similar
proﬁle as DCA model does in the photon energy range of 0e400 eV
and a very gross proﬁle in 400e1300 eV. Both DCA and AA models
can not predict the detailed absorption structure as the hybrid
model does. For the strongest 4de4f transition lines in the photon
energy range of 250e300 eV, the hybrid model predicts very
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complicated absorption structures where the detailed lines merge
together. Yet, the DCA and AA models only predict a simple proﬁle
for these detailed absorption lines.
In order to show the discrepancies between the three models
more clearly, the spectra in the photon energy range of 200e370 eV
are redrawn in Fig. 6. It can be seen that both DCA and AA models
predict three main absorption features which originate from the
transitions of 4pe4d and 4de4f and the line positions predicted by
AA model are systematically about 10 eV lower than predicted by
DCA model. The positions of 4de4f predicted by DCA model is
about 20 eV lower than those predicted by the hybrid model. The
hybrid model predicts a broad absorption band in the photon energy range of 250e300 eV and the DCA and AA models predict a
narrow absorption proﬁle in the lower photon energy range of
250e275 eV. The discrepancies between the spectrally resolved
opacity result in discrepancies between associated mean opacities.
The Planck mean opacities predicted by the DCA and AA models are
5742 and 5615 cm2/g, respectively, which are w15% smaller than
that (6444 cm2/g) predicted by the hybrid model. At the temperature of 100 eV, the Planck weighting function reaches the
maximum around photon energy of 290 eV where the spectra
predicted by AA and DCA models are in good agreement except that
the spectra of AA model are systematically 10 eV lower than those
of DCA model. Thus, the Planck mean opacity predicted by DCA and
AA models are very close. Yet the hybrid model predicts complicated absorption structures that are much larger than those predicted by DCA and AA models and therefore the Planck mean
opacity of the hybrid model is larger than those of DCA and AA
models. At the temperature of 100 eV, the Rosseland weighting
function reaches the maximum around photon energy of 380 eV
where the DCA model predicts detailed absorption structures, as
dose the hybrid model and therefore the Rosseland mean opacity
predicted by the two models are similar, i.e., they are 679 and
718 cm2/g, respectively. The agreement of Rosseland mean opacity
predicted by the hybrid and DCA models does not mean that the
detailed treatment for the transitions is unnecessary. Based on the
large discrepancies of spectrally resolved opacity of the hybrid and
DCA models in the photon energy range of 280e300 eV, large
discrepancies between Rosseland mean opacities should be expected at temperatures of 70e80 eV where the maximum value of
the Rosseland weighting function is located. The Rosseland mean
predicted by the AA model is 1785 cm2/g which is nearly 150%
larger than that predicted by the hybrid model because AA model
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Fig. 5. The spectrally resolved opacities of the gold plasma at 100 eV and 0.001 g/cm3
in the photon energy range of 0e1600 eV obtained by the hybrid, pure DCA and AA
models.
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Fig. 6. Same to Fig. 5, but in the photon energy range of 200e370 eV.
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does not predict the detailed absorption structures that are predicted by the hybrid model in the photon energy range of 350e
400 eV. These large discrepancies indicate that the accurate
calculation for the strong transitions is important.
4. Conclusion
In conclusion, a hybrid DLA and DCA method has been developed to calculate the opacities of gold plasmas with open 4f and 4d
shells. To calculate the atomic data as accurately as possible, the
DLA method is used for the transitions to lower excited states,
saving computational cost, the DCA method is used for the transitions to highly excited states. As an application, the spectrally
resolved opacity of gold plasmas at 100 eV and 0.001 g/cm3 are
calculated by using the hybrid model and comparing it with the
spectra obtained by pure DCA and AA models. The pure DCA
method predicts absorption proﬁles that are similar to those found
using the hybrid method. However, for the DCA and hybrid models
the strongest 4de4f transitions are not in agreement. That is, the
positions of 4de4f transitions predicted by the DCA method are
about 20 eV lower and the peak line intensities are smaller by a
factor of about 2 than the counterparts predicted by the hybrid
method. The AA model predicts a similar frequency-dependent
structure for the 4de4f transitions when compared to the pure
DCA method, while the positions are about 10 eV lower. The largest
discrepancies mainly originate from the effects of collapse of 4f
orbitals. Due to the orbital collapse, the electronic correlations are
important which are not considered in the DCA and AA model,
while the DLA method takes the effects into account by considering
the state mixing in each particular conﬁguration. The large discrepancies indicate that the detailed treatment for the collapsed
orbitals is necessary. The present hybrid model can be used to
investigate the radiative opacities of other high-Z plasmas with
complex structures.
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