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Abstract Detailed term and level accounting (DTA and
DLA) schemes have been developed to calculate the spec-
trally resolved and Rosseland and Planck mean opacities of
plasmas in local thermodynamic equilibrium. Various physical
effects, such as configuration interaction effect (including
core-valence electron correlations effect and relativistic ef-
fect), detailed line width effect (including the line saturation
effect), etc., on the opacity of plasmas have been investigated
in detail. Some of these physical effects are less capable or
even impossible to be taken into account by statistical mod-
els such as unresolved transition arrays, super-transition-
array or average atom models. Our detailed model can ob-
tain accurate opacity of plasmas. Using this model, we have
systematically investigated the radiative opacities of low,
medium and high-Z plasmas under different conditions of
temperature and density. For example, for aluminum plasma,
in the X-ray region, we demonstrated the effects of autoioni-
zation resonance broadening on the opacity for the first time.
Furthermore, the relativistic effects play an important role
on the opacity as well. Our results are in good agreement
with other theoretical ones although better agreement can be
obtained after the effects of autoionization resonance
broadening and relativity have been considered. Our results
also show that the modelling of the opacity is very compli-
cated, since too many physical effects influence the accuracy
of opacity.

For medium and high-Z plasmas, however, there are sys-
tematic discrepancies unexplained so far between the theoretical
and experimental opacities. Here, the theoretical opacities
are mainly obtained by statistical models. To clarify the dis-
crepancies, efforts from both sides are needed. From the view-
point of theory, however, a DLA method, in which various
physical effects can be taken into account, should be useful
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in resolving the difference. Taking gold plasma as an exam-
ple, we studied in detail the effects of core-valence electron
correlation and line width on the opacity. Our DLA results
correctly explained, for the first time, the relative intensity
of the two strong absorption peaks located near the photon
energy of 70 and 80 eV, which was experimentally observed
by Eidmann et al. [Europhys. Lett., 1998, 44: 459].
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1 Introduction

The radiative opacity of high temperature plasmas have been
of great utility in the study of inertial confinement fusion
(ICF) [1, 2], stellar physics [3] and X-ray lasers. Experimental
and theoretical determinations of the radiative opacity have
long been of interest. This interest is mainly due to the ur-
gent need of the radiative opacity for practical applications,
fusion research and plasma diagnostics. Moreover, the
Rosseland opacity is a crucial parameter in the study of ra-
diative transfer of astrophysical and laboratory plasmas. On
the other hand, one can get important information on the
plasma properties, such as temperature, density and different
ionization stage distribution by combining the spectrally
resolved opacity with the simulation results of radiation-
hydrodynamics. In short, the radiative opacity plays important
roles in many research fields. The National Ignition Facility
(NIF), which will be completed in 2010, emphasizes the
importance of opacity measurement.

During the last two decades, great progress has been
made in experimental measurements of the radiative opacity
of high temperature plasmas. A detailed review of the ex-
perimental progresses is beyond this work. One can find
more details in a recent PhD thesis [5]. To have a peer view,



we take aluminum plasma as an example. In the past two
decades, aluminum plasmas have been of particular experi-
mental concern. Most of the experimental researches on Al
plasmas were done in the X-ray region where the spectral

range is at AV > 1 keV. Davidson et al. [6, 7] measured the

transmis-sion of X-rays from an external source of known
intensity through an aluminum plasma that was created by
indirect laser irradiation. Local thermodynamic equilibrium
(LTE) was obtained in their experiment and its X-ray ab-
sorption properties were measured. The experiments yielded
plasma of about 40 eV temperature and 0.005 of solid den-
sity with the aluminum ions having 4—8 bound electrons.
The measured transmission spectrum is in the photon energy
range of 1480— 1580 eV corresponding to the inner-shell
excitations from 1s to 2p orbital. Perry et al. [8] made a simi-
lar experiment, but the experimental condition was slightly
modified. AIXII through AIVIII had been made in a la-
ser-heated slab plasma at the measured temperature and

density of 58 +4 eV and 0.020+0.007 g - cm™. Perry et al.

[9] also made a radiation transfer experiment by using the
K-shell absorption spectra and Iglesias ez al. [10] had done
detailed analysis of the experiment. Besides the direct opac-
ity measurements of Al plasma, a lot of experiments (see, for
example, Refs. [11, 12]) had used the X-ray transmission spec-
trum of Al as temperature and density diagnostics. Compared

with the spectral range hv > 1 keV, fewer researches had

been carried out on Al plasmas covering the range Av < 1

keV. However, it is this spectral range which determines the
Rosseland and Planck mean opacities under present typical
plasma conditions (temperatures of a few tens of eV). To our
knowledge, only a few experimental studies [13, 14] were
carried out in this spectral range for Al plasmas. Winhart
et al. [13, 14] measured the spectrally resolved opacities
(through transmission) of aluminum in the energy range of
70 eV to 280 eV at a typical temperature and density of
about 20 eV and 0.01 g - cm>, respectively. LTE was obtained
in their experiment.

In spite of the fact that vast advances have been made in
the opacity measurements, they are still far away from sat-
isfying practical applications. The main role of experimental
investigations should be verifying the validity of theoretical
models. In practical applications, one usually needs Rosse-
land and Planck mean opacities. To obtain these mean
opacities, in principle, one needs to measure spectrally re-
solved opacities in the whole spectral range (from zero to
infinity for frequency or photon energy). At present, such an
experimental measure is hard to achieve. Therefore, in most
practical applications, the radiative opacity is obtained by
theoretical methods. Theoretical effort can be dated back to
1923, when Kramers [15] obtained the classic hydrogenic
free-free and bound-free absorption cross sections.

In the early stages, theoretical models for the calculations
of radiative opacity are based on the statistical methods. Green
[16] first published the paper of the self-consistent average
atom (AA) model to calculate the opacity. Bauche ef al. [17,18]
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proposed the model of unresolved transition arrays (UTA),
especially for the heavy atoms’ spectra and opacity. Bar-
Shalom et al. [19] noticed that lines of different transition
arrays are unresolved and therefore proposed a model of
Super-transition-array (STA). The AA, UTA and STA mod-
els are statistical ones because statistical treatment is required
to deal with the intensity distribution and line width.

The models of detailed term accounting (DTA) and de-
tailed level accounting (DLA) are most suitable for obtain-
ing detailed spectrally resolved opacity. Theoretical model-
ling for the radiative opacity of high temperature plasmas
requires a lot of information such as atomic data, state popula-
tions, spectral line shapes and plasma conditions. As for the
spectral line shapes, there are several broadening mecha-
nisms, such as natural width, autoionizing resonance and
collision broadening and Doppler broadening. In principle,
all these broadening mechanisms should be considered in a
complete treatment, while in practice only the main factors
are considered. Therefore, the modelling of DTA and DLA is
very complex, not only because one has to obtain a great
number of atomic data and to take many different physical
effects on the atomic data into account, but also because
there are many unpredictable factors to consider.

Up to now, DTA and DLA have achieved great success in
predicting the opacity of low-Z plasmas such as Al. Abdallah
and Clark [20] first carried out detailed calculation on the
1s— 2p opacity of aluminum plasmas using the DTA model.
Their calculations treated approximately the K-shell excited
states as discrete ones and used the Gaussian profile for the
spectral line shape with Doppler width being considered. A
configuration interaction (CI) calculation on the opacity of
Al plasmas was carried out by Iglesias et al. [21] with or-
bital wave functions computed using the Dirac-Hatree-Slater
(DHS) method. They used the Voigt profile including elec-
tron collision broadening and Doppler widths. Actually,
these K-shell excited states are well above the ionization
threshold and the photo-excitations of a 1s electron to the 2p
orbital are autoionization processes. We [22] carried out a
detailed calculation which treats the 1s—2p transitions as
autoionization processes using the R-matrix method [23].
Our results demonstrated that the autoionizing resonance
widths play an important role in determining the photoab-
sorption cross sections, and hence the radiative opacity.

Since DTA or DLA models can obtain accurate opacity
for light elements, such detailed methods can be applied to
temperature diagnostics. In many experimental investiga-
tions, Al is usually used to diagnose the temperature of the
experimental sample.

However, for the radiative opacity of mid- and high-Z
elements, there are unexplained systematic discrepancies
between the theory and experiment so far (for example, see
[24—26]). Perry et al. [24] experimentally measured the
inner-shell X-ray absorption by a germanium plasma. Dif-
ference is evident between the experiment and STA theory.
Later, Iglesias et al. [26] simulated the experimental spectra
by using a DTA model. However, the discrepancy is still not
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eliminated. Eidmann et al. [25] measured the opacity of a
Au plasma at a density of ~0.01 g- cm™ and temperature of
~ 20 eV in photon energy range of 50 to 300 eV. They also
used the STA model to interpret the experimental spectra,
yet the STA model predicted reversed intensity for the two
strongest absorption peaks. Are the discrepancies for the
opacity of mid- and high-Z elements caused by theoretical
approximations or experimental uncertainties ?

In this paper, we review some typical opacity progresses
by using the DTA and/or DLA methods, with the main
emphasis on possible reasons for the theoretical and experi-
mental discrepancies for mid- and high-Z plasmas. Theo-
retically, some physical effects that have been treated ap-
proximately or missed in theoretical models may affect the
accuracy of opacity. For example, some discrepancies are
supposed to be a consequence of line saturation effect [27],
which can better be reproduced by a DLA model rather than
statistical ones. DLA method usually predicts more accurate
opacity than statistical ones, however, such a conclusion
holds only if one takes main physical effects on the opacity
into account. We will show that accurate opacity can be ob-
tained by using the DLA method for mid- and high-Z plas-
mas, which are of great utility in many practical researches.

2 The formalism of the opacity model

The following processes contribute to opacities of plasmas:
(i) Bound-bound transitions,

A@)+hv — A(f) 1)
(i1) Bound-free transitions,

A+hv = A" +e )
(iii) Free-free transitions,

A+e+hv — A+e; 3)

(iv) Scattering processes. The most important is electron
scattering,

e+hv—e +hv @)
in which there is a change in the directions of the photon but
(at least for the case of Thomson scattering) no change in the
photon frequency. At low temperatures, Rayleigh scattering
can also contribute. In the above expressions, 4 v refers to
photon energy. Hence, the total opacity is given by:

() = Lty (V) + g (V) + 1 (Y](1 =™ 4T

+ Ugeqy (IV) Q)

The prime on the opacity denotes that the stimulated emis-
sion has been taken into account.

Different theoretical methods take a different treatment
on the above processes. For example, the UTA model [17, 18]
assumes transition arrays as spectroscopical objects in their
own right, characterized by their mean energy, spectral
widths, and other properties. This approximation is good and
useful if the array is unresolved. This model is connected
with the statistics of lines and line strength and therefore is

a statistical model. In the following, we only give detailed
description of DLA and AA models, which are most relevant
to the present work.

The bound-bound opacity for radiation of energy /v can
be obtained by summing the required bound-bound radiative
transitions:

Uy, (hV) = Z(Z Nyoyp (hV)J
Iz

i

(6)

where 0 (hv) is the cross section for photoexcitation from

level / to/"and can be expressed in terms of the absorption
oscillator strength f;;; as:

2
oy (hv) = ”h—ec Sur S(hv) =109.71 £, S(hv')

m,

(7

where S is the line shape function with 4vin eV and 0y in

Mb. If only the Stark broadening is considered, the line
shape function has a Lorentzian profile. If only Doppler
broadening is considered, the line shape function has a
Gaussian profile. In general, the observed spectral profile is
neither simply Gaussian nor Lorentzian, but a convolution
of the two profiles, i.e., the Voigt profile

S(hv) = ﬁ[n? H(a,v)
d

where H(a, v) is the Voigt function:
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where 7 and 7] are the Doppler and Stark half width at half
maximum (HWHM), respectively. The Doppler HWHM is
related to the temperature 7" of the plasma and transition
energy h v, [30]:

I, =3.858x107° (kT / A)" (hv,) 9)

where 4 is atomic weight of the ion in gram and the units of
kT, hvy and I are eV. The Stark HWHM (in eV) can be ob-
tained by semiempirical method [28, 29]:
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where n; (I) and n; (Iy) are the effective principal (the orbital
angular momentum) quantum numbers of the lower and upper
energy levels of the transition, respectively. Other such type
of broadening mechanisms, such as autoionization resonance
broadening, should also be included in the expression of /;.
The contribution of bound-free absorption can be ob-



tained from the photoionization cross sections per ion:

i (V)= 3 N0, (hv) (11)
where o; (hv) is the photoionization cross section per ion i
and it can be calculated from the photoionization cross sec-
tions oy (hv) from term / in ion /:
—E, /kT
0i(hv) = Y B0y ()
I

i

(12)

where Z; is the partition function for ion i, which will be
defined later.
The free-free opacity is given by:

U (hv) = zNio'ff (hv) (13)
where oy (hV) is the Kramers cross section:
16n%e* h* Z3Nig
o (hv) = 1 (14)

33c2mm)*’? (kT)"? (hv)?

where z is the ionic charge, the free-free Gaunt factor, gy, is
taken as unity. The scattering contribution to the opacity
Mscar 1S approximated using Thomson scattering cross sec-
tion.

To obtain the opacity, one needs to know the populations
of relevant levels for different ionization stages. If the den-
sity of plasmas is high enough, then the plasmas will be in
LTE. If the density is low, the plasmas will be in coronal
equilibrium. Otherwise, the plasmas will be between the two
equilibriums. For an LTE plasma, the population distribu-
tions of different ionization stages are given by Saha equa-
tion [30]:

ZeZ i+l

]viJrlNe i

—f=-_¢ e
N; Z;

where N, is the total population density of ion i, N, is the
number of free electrons per unit volume, ¢; is the ionization
potential of ion i, A¢@, is the depression of ionization limit
caused by plasma environment restricting the number of
bound states available, Z;and Z, are the partition functions
for ion 7 and free electron, respectively. Z; is given by:

4-A4,
kT (15)

z; =Y gye M (16)
i
and Z, by
3/2
2mm kT
Z, = 2(—7”:281‘ j a7

where g;=2(J+ 1) is the statistical weight, £} is the energy
of level / of ion i above the ground state, k is the Boltzmann
constant, 7 is the temperature, m, is the electron mass and 4
is the Planck constant. The upper limit to the sum (16) is
given by the same ionization depression as for the Saha
equation. The population density N, for level / of ion stage i
is given by the Boltzmann distribution function:

Ny =gy (N;1Z)e "M (18)
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The Saha equation is solved with the constraint of particle
and charge conservation.

In solving the Saha equation, a calculation of the ioniza-
tion potential depression (IPD) is needed to give a finite
limit to the partition functions. There are a number of meth-
ods by which the IPD can be calculated (for example, see
[31]), such as the Debye-Huckel model, Stewart-Pyatt ap-
proximation and the ion-sphere model. It is well known that
the use of the IPD in this manner leads to discontinuous de-
rivatives of the free energy, but it is not important for inter-
preting experimental results. As the influence on the trans-
mission spectrum due to the three different models is small,
we choose the first one. For the Debye-Huckel model of the
plasma potential, the largest radius of an electron that can
still be bound is given by the Debye radius. As the principle
quantum number becomes larger, the ions behave more and
more hydrogenic. In this case the IPD is given by:

2 [ 2
ag=2C [N
4me, \ EokT

where z is the charge of the species of interest (z=1 for
neutral).

In practical applications, such as energy transfer through
hot dense matter, Rosseland and Planck mean opacities are
required. These two mean opacities are defined by:

(19)

L ey (u)du

%l e 20
and

Kp = [ | (')~ K (1)) Wp () (21)

where u=hv/kT, K(u) is the opacity contributed by
scattering, Wy and Wp are Rosseland and Planck weighting
functions, respectively, given by:

15 u'e™
Wpw)=—7F——"-
4n [l—e ]
and
Wy =130
? at1-e™

In experimental investigations, transmission is measured
to obtain the opacity. The fraction of radiation transmitted £
at energy & v with respect to some incident source of arbi-
trary intensity is given by:

F(hv) = e #“ML (22)

where L is the path length traversed by the light source
through the plasma. In order to compare with the experiment,
the theoretical transmission is integrated over a Gaussian
function, with the FWHM corresponding to the spectrometer
resolution transmission spectrum.

In the above, detailed description has been given on the
theoretical method of DLA formalism. In some cases, we
compared the DTA or DLA results with those of the AA
model [32, 33].
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3 Typical results and discussions

In this section, we present some typical results for the opaci-
ties of low-, mid- and high-Z plasmas. For low-Z plasmas,
we take Al as an example. For mid-Z plasmas, we consider
Fe and Br elements. Au plasma is typical high-Z material,
which is widely used in many practical research fields such
as ICF.

3.1 Radiative opacity of Al plasmas

3.1.1 X-ray transmission of Al plasmas

Under the prototype experiment carried out by Davidson et al.
[6], the FWHM of Doppler broadening is approximately
0.14 eV for an aluminum plasma at k7 = 40 eV and a photon
energy of 1500 eV. The effect of electron collision broaden-
ing was estimated [34] to be a factor of 5 less than the Dop-
pler width for the plasma conditions and the photon energy
range of interest. Most theoretical work had taken Doppler
broadening into account. However, our research [22] showed
that the autoionizing width is usually larger than the Doppler
width and becomes the major broadening mechanism.

The effect of autoionizing resonance broadening on the
transmission can be seen clearly from Fig. 1, where the cal-
culated transmission has been convolved with the spec-
trometer resolution 0.7 eV, which is the same with that used
by Abdallah and Clark [20]. To simulate the experiment, the
path length L is chosen to be 0.004 cm. The results presented
in Fig. 1 are obtained by assuming two different line profiles,
Voigt and Gaussian. The width of the Voigt profile was de-
termined by a convolution of a Lorentzian profile and a
Gaussian profile. The width of the Lorentzian profile is
taken approximately to be the autoionizing width and the
width of the Gaussian profile is taken to be the Doppler
width. The solid line refers to the final transmission spec-
trum obtained by using the Voigt profile, the dashed one to
the transmission spectrum by Gaussian profile, and the dot-
ted one to the experimentally observed spectrum. Therefore,
the result of solid line has included the Doppler and autoion-
izing broadening. The labels at the top of the Figure indicate
the dominant i charge states of aluminum in each energy
region.

It can be seen from Fig. 1 that the agreement between the
calculated spectrum using the Voigt profile (solid lines) and
the experimental spectrum is good both for the spectral in-
tensity and position, but a large difference exists by using
the Gaussian profile, especially for the lower ionization
stages such as AI’*, AI°" and Al”". This is because these ions
have relatively large autoionizing resonance widths. According
to our calculation, the typical autoionizing resonance widths
are approximately 0.29, 0.24, 0.20, 0.11, and 0.08 eV from
A" to AI”", respectively. From the comparison of the two
calculated spectra with the experimental result, one can con-
clude that the theoretical calculations with only taking ac-

count of the Doppler broadening would result in a too slow
convergence to the observed spectra. For the K-shell transi-
tions from the low-lying states, autoionizing resonance
broadening, an actually existing physical effect, is the major
broadening mechanism and should be taken into account in
calculating the spectral resolved transmission.

A15+ Alb+ Al7+ Al8+ A19+
1~ =
0.8
g 0.6
£
g
=
s 041
&
02F
0 1 1 ¥ 1 1
1480 1500 1520 1540 1560 1580
Photon energy/eV

Fig. 1 Transmission calculated as a function of photon energy in eV by
using CIV3 code with the instrumental broadening have been considered.
The temperature and density are 40 eV and 0.0135 g+ cm™, respectively.
The solid and dashed lines refer to the theoretical results with Voigt and
Gaussian line shape functions, respectively. The dotted line refers to the
experimental spectrum. The labels at the top of the Figure indicate the
dominant ion charge states of aluminum in each energy region.

The lines in the X-ray energy region are contributed by the
1s—2p transitions. The upper states are inner-shell autoionized
excited ones, thus a better choice should be treating the 1s—2p
transitions as photoionization processes, which are naturally
fulfilled by the R-matrix method [23]. The transmission
spectrum obtained by using the R-matrix photoabsorption
cross sections is given in Fig. 2. Figure 2 (a) shows the trans-
mission that does not include instrumental broadening.
This spectrum is highly resolved and shows that many 1s—2p
lines are contributing to the transmission. Figure 2 (b) shows a
solid line derived by convolving the curve shown in Fig. 2 (a)
with spectrometer resolution. The dotted line shows the ex-
perimental spectrum. The calculated spectrum is in satisfac-
torily good agreement with the experiment. Not only are all
the major structures present, but also the intensities agree
well. Except for the Al™", the positions of the spectrum of
other ionization stages have a little shift compared to the
experimental spectrum. AI*" and AI°* shift toward the lower
photon energy, while Al and AI°" shift a little toward the
higher photon energy. This may be due to the fact that dif-
ferent ions have different electrons and thus different corre-
lation energies. For comparison, we also give the theoretical
spectrum of Abdallah and Clark [20] shown as a dashed line.
They obtained the results by carrying out a much larger-sized
calculation than ours. In their treatment, oscillator strengths
were computed for all possible bound-bound transitions among
all possible excited electron orbitals with n <11 and /<5.



Good agreement was also obtained by Iglesias et al. [21]
with a limit of » < 8 and / <n. What we can conclude is that
their calculations converge with the electron orbitals slower
than the present case due to the neglect of the autoionization
resonance broadening.

+5 +6 +7 +8 +9

Transmission

0.8

0.6F
(©
0.4
0.2}
0 . N .
1480 1500 1520 1540 1560 1580
Photon energy/eV

Fig. 2 Transmission calculated as a function of photon energy in eV by using
R-matrix method. The temperature and density are 40 eV and 0.0135 g+ cm™,
respectively. In (a), the solid and dashed lines refer to the length and veloc-
ity forms by using the Voigt profile. The agreement between the two forms
are so good that they cannot be distinguished. In (b), the solid line are ob-
tained by integrating curve (a) using the reported spectrometer resolution,
and the dashed one is the result of Abdallah and Clark [20]. In (c), the solid
line refers to the result obtained by combining the R-matrix and CIV3 CI
method to include more satellite lines. In (b) and (c), the dotted line refers
to the experimental spectrum carried out by Davidson et al.

In order to make the R-matrix calculations manageable,
we only include orbitals up to n=3. The contributions of
some satellite lines from highly excited states are not included
in the calculations. In order to access the convergence of the
present R-matrix calculation, we have included more satel-
lite lines by using the CIV3 code. In this calculation, in ad-
dition to the transitions treated by the R-matrix scheme, we
have considered more satellite lines with the initial states
above the highest term treated by the R-matrix method.
These additional satellite lines are restricted to the excited
states of having one electron in the orbitals of 3<n'<8

and /'< 4.Because the autoionizing width of these satellite
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lines are much smaller than the Doppler width, their inclu-
sion by using the CIV3 code does not reduce the generality
of this method. The result is shown in Fig. 2 (¢). It can be
easily seen that our R-matrix calculation is basically con-
verged. The inclusion of the contributions of more satellite
lines can improve the final spectrum slightly.

Next, let us turn to the experiment done by Perry et al. [8].
In this experiment, the main ionization stages ranged from
AIVIII through AIXII and the typical Doppler FWHM of s
to 2p transitions is approximately 0.18 eV. Because of dif-
ferent experimental conditions, higher ionization stages had
been created than in the experiment by Davidson et al. As
have been shown above, the autoionizing resonance widths
of the K-shell excited states of the ions present in the ex-
periment of Perry et al. [8] are less than the Doppler broaden-
ing and the Doppler broadening becomes the main broaden-
ing mechanism. For this case, the inclusion of the autoion-
izing resonance broadening will not change the convergence
behavior as much as in the above calculation, and the relativis-
tic effect may have large influence on the transmission spec-
trum. Figure 3 shows the results obtained by multi-configura-
tion Hartree-Fock (MCHF) [35] calculations with both the LS
nonrelativistic and the Breit-Pauli LSJ relativistic formalisms.
The solid line refers to the relativistic calculation and the
dashed one to the nonrelativistic result. The dotted line refer
to experimental spectrum. In performing the MCHF calcula-
tion, the maximum principal and angular momentum quan-
tum numbers of the orbitals are considered up to »n'=8 and
["=5 (h orbitals). One can easily see that rather good agree-
ment is obtained between the calculated and experimental
spectra after taking account of the relativistic splitting.

1

0.8

~—

0.6
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0 L
1520 1540

Fig.3 Transmission calculated as a function of photon energy in eV under
the experimental condition of Perry et al. [8] with temperature 7 = 58 eV
and density p=0.02 g - cm™ by using MCHF LS nonrelativistic (dashed line)
and LSJ relativistic formalism (solid line) compared with the experiment
(dotted line).

3.1.2  Opacity and transmission at 20 eV and 0.01 g- cm™

We [33] have calculated the radiative opacity under the ex-
perimental condition of Winhart et al. [13, 14] with the
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temperature of 20 eV and density of 0.01 g - cm™. In their
experiment, the aluminum sample layer was 107.5 nm
(0L=30 pg -cm™) and thus the path length L was deter
mined to be 0.003 cm. The time resolution was 20 ps and the
wavelength resolution 0.1 nm.

Figure 4 shows the opacity contributed by bound-bound
absorption. It can easily be seen that the bound-bound absorp-
tion consists of two main distinct structures. The 0—70 eV
energy range consists of 2s—2p transitions and 70 —215 eV
energy range the 2p—uns and 2p—nd transitions. For exam-
ples, the three strongest lines located at 41, 46 and 52 eV are
attributed to the 2s—2p bound-bound transitions from Al V
and Al VI ions. The prominent line absorptions near 77, 97
and 116 eV are from the 2p—3s transitions contributed by
AITV, A1V and Al VI ions, respectively. As we will demon-
strate later, these 2p—3s absorption lines constitute the most
striking structures in the experimental transmission spectrum
The absorptions near 140 and 165 eV are caused by the 2p—3d
transitions of Al V and Al VI ions. Above 240 eV, there are
no true bound-bound transitions. The widths of the lines are
large enough to fill the gaps between the discrete spectral
lines. In the photon energy range shown in the plot, the Stark
width is much more larger than the Doppler width, thus the
Stark broadening is the major broadening mechanism. As we
have demonstrated in a recent paper [37], the Planck mean
opacities are nearly equal with and without considering the
Stark width, but the Rosseland mean opacities differ consid
erably depending on whether or not the Stark broadening is
taken into account. The Rosseland mean opacities are sensi-
tive to the detailed profile and corresponding width.

108 T T T T T T T T T T
AlVI2s—2p  AlV2p-3s
107E A1V 25-2p

Al'VI2p-3s
—|—| ALV 2p-3s| AlV2p3d
]0(\
‘ Al VI2p-3d

T I

T 10%g E
o ; 3
NE 104 E
2
\f 103 3
102 E
10! bound-bound _
100 ; : ; ; ;
0 50 100 150 200 250

Photon energy/eV

Fig. 4 The radiative opacity contributed by bound-bound absorption for
Al plasma at a temperature of 20 eV and a density of 0.01 g+ cm™.

Figure 5 shows the opacity contributed by the bound-free
absorption, with Fig. 5 (a) referring to the result of only
taking account of autoionization resonance width and Fig. 5 (b)
to the result of including both the autoionization resonance
width and the Stark width. The opacity shown in Fig. 5 (a) is
obtained directly from our R-matrix photoionization cross
sections. From the inspection of Fig. 5 (a), one can see that

the autoionization resonance width is not large enough to fill
the gaps between the resonances. In fact, under the experi-
mental condition considered, the Stark full width is the largest
among all the broadening mechanisms and therefore be-
comes the major factor to be considered. In order to take
account of the Stark broadening, we convolute the curve
shown in Fig. 5 (a) with a Lorentzian profile function, with
the full width corresponding to the Stark width. From the
estimation of the Stark full width, we take it to be 0.4 eV.
The final result after the Stark broadening has been included
is shown in Fig. 5 (b). In this case, the resonance structures
coalesces to fill the gaps between them. Many resonance
structures are greatly smoothed and some smaller ones can
no longer be seen after the convolution. The values of the
resonances in the opacity spectrum have also been greatly
reduced. The maximum opacity in Fig. 5 (a) is more than 2x
10°cm® - ¢!, whereas in Fig. 5 (b) less than 4x10° cm?- g™'.
These results show that the autoionization widths of the va-
lence-shell excited states are in generally by far smaller than
the Stark widths.

107 T T T T T T T T T T T T

10°
T 108
on
5
< 10t
3

103

Bound-free
102 1 1 1
0 100 200 300 400
Photon energy/eV
(a)

106 T T T T T T T T T T T T
~ 10°F
"
5
< 10%F

10°F

Bound-free
102 . N L 1 N N N 1 N L L 1 L N
0 100 200 300 400
Photon energy/eV
(b)

Fig. 5 The radiative opacity contributed by bound-free absorption for Al
plasma at a temperature of 20 eV and a density of 0.01 g+ cm™: (a) with
only the autoionization resonance width being taken account of and (b)
with both the autoionization resonance width and Stark width (0.4 eV)
being considered.



Figure 6 shows a solid line representing the total opacity
with the bound-free absorption shown in Fig. 5 (b). One can
see that below 200 eV, the major absorption structures in the
total opacity are caused by bound-bound transitions; above
200 eV, the structures are mainly caused by the autoioniza-
tion resonances. It seems that some of these autoionization
resonances were not fully included in the opacity models
[38 —42] mentioned above. This can be illustrated later by
comparing the theoretical transmission obtained by OPAL
[38] with the experimental one. The Rosseland and Planck
mean opacities obtained according to Egs. (20) and (21) are
4184 and 24 891 cm’- g™, respectively. In order to have a
comparison with the opacity obtained by the average atom
(AA) model, we have also carried out calculations using the
AA model. The result is shown in Fig. 6 with a dashed line.
One can see that all the structures are smoothed into a few
broad peaks in the AA model. The opacities for the DTA and
AA models above 220 eV are nearly equal except for those
at the energies of the resonance structures. Below 220 eV,
however, a large difference exists between the two models.
The opacity obtained by the AA model is considerably larger
than that by the DTA model for photon energy from 20 eV to
120 eV. This difference will, of course, cause a large differ-
ence between the two models for the Rosseland and Planck
mean opacities not only because the opacities obtained from
the two models differ considerably, but also because the
maxima of the Rosseland and Planck weighting functions
are located in this photon energy range (The Rosseland and
Planck weighting functions reach their maxima at approxi-
mate 77.6 and 56.8 eV, respectively, at the temperature of
20 eV). The Rosseland and Planck mean opacities are

22520 and 30 402 cm®- g', respectively, for the AA model.

The Rosseland mean opacity by the AA model is more than
4 times larger than that by the DTA model. The Planck mean
opacity, on the other hand, does not have such large differ-
ence between the two models. The value obtained by the AA
model is larger than that by the DTA model by only 22 %.
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Fig. 6 The total radiative opacity for Al plasma at a temperature of 20 eV and
a density of 0.01 g- cm™: the solid line refers to the DTA calculation

and the dashed line to the AA model. For DTA model, Kz = 4184 cm®- g™,
Kp=24891cn?® - g'; For AAmodel, Kg=22 520 cm’ - g™, Kp=30402cm? - g™\,
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In order to testify the correctness and accuracy of our
calculations, we have derived the transmission from the cal-
culated opacity shown in Fig. 6 to compare with the experi-
mental spectrum. Figure 7 (a) shows the transmission in the
energy range from 70 eV to 250 eV, which corresponds to
the range measured by the experiments [13, 14]. In this plot,
the instrumental broadening has not been included. Figure 7 (b)
shows a solid line obtained by convoluting the curve shown
in Fig. 7 (a) with the spectrometer resolution, which varies
with the photon energy. The dashed line in Fig. 7 (b) refers to the
experimental spectrum. From the comparisons of Figs. 7 (a) and
7 (b), one can easily see that the spectrum shown in Fig. 7 (a) is
more highly resolved than that in Fig. 7 (b). The detailed features
shown in Fig. 7 (a) should be observable in high-resolution
measurements. Generally good agreement is found between
our DTA result and the experiment. In Figs. 7 (a) and 7 (b), the
most striking structures near 75, 95 and 114 eV are caused by
the 2p—3s bound-bound transitions of A1 1V, A1V and Al VI
ions, respectively. The structures around 140 eV and 165 eV
are caused by the 2p—3d transitions of Al V and Al VI ions,

respectively. The structures caused by 2p—3d transitions are
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Fig. 7 Transmission calculated as a function of photon energy in eV using
DTA approximation: (a) The instrumental broadening having not been
considered and (b) integrating curve (a) using the reported spectrometer
resolution (solid lines). Note that the spectrometer resolution are varied
with photon energies. The dashed line is the experimentally observed spec-
trum [13].
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made less striking by the stronger bound-free background ab-
sorption. In fact, the 2p—3d lines are stronger than those of
2p—3s ones. At higher photon energies (above 160 eV), how-
ever, many structures shown in 7 (a) are greatly smoothed
after taking account of the instrumental effects. The big dif-
ferences shown in Figs. 7 (a) and 7 (b) (the solid line) are,
undoubtedly, caused by the instrumental broadening. As re-
ported in the experiment [13, 14], the wavelength resolution
was 0.1 nm. According to this wavelength resolution, the
energy resolution varies considerably in the energy range
from 70 eV to 250 eV, since the energy resolution is in pro-
portion to the square of the photon energy. For example, the
energy resolution is 0.82 eV at 100 eV, while it is increased
to 1.84, 3.2 and 5.1 eV at 150, 200 and 250 eV, respectively.
Because of the low energy resolution at the higher photon
energies in the experiment, the structures are smoothed more
greatly near the higher energy edge.

One of the most accurate opacity models among those
mentioned above is the OPAL [38]. It obtained better agree-
ment with the experiment [13, 14] than did other models
[39—42], therefore, we only compare our DTA transmission
spectrum with that of the OPAL [38]. The result is shown in
Fig. 8 (a), with the solid line referring to our DTA transmis-
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Fig. 8 Comparisons between our DTA simulation and other theoretical
models: (a) OPAL [35] and (b) AA.

sion, the long dashed line to the transmission obtained by the
OPAL and the dashed line to the experimental spectrum.
One can see that at lower photon energies (less than about
150 eV), both theoretical calculations exhibit similar struc-
tures to the experiment. At these lower photon energies, the
autoionization resonances do not have large effects on the
opacity or transmission. This is because the opacities caused
by the autoionization resonances are by far smaller than those
by bound-bound absorption. This conclusion can easily be
seen from the comparison of the opacities contributed by the
bound-bound and bound-free absorptions, which are shown in
Fig. 4 and Fig. 5 (b). The maximal opacity caused by bound-
bound absorption is more than 10° cm’-g™", while that by bound-
free is about 4x10*cm’- g”'. Moreover, the back- ground of the
bound-free absorption is relatively large because this photon
energy range is very close to the ionization threshold.

At the higher photon energies, however, our DTA trans-
mission exhibits more structures than that of the OPAL [38].
OPAL [38] did not reproduce some structures at the higher
photon energies, while these structures are indeed verified in
the experiment [13, 14]. We attribute the structures at the
higher photon energies to the more detailed treatment of the
photoionization process in our calculations. However, both
two models deviate from the experimental spectrum at the
higher photon energies. The deviation becomes larger and
larger as the photon energy becomes higher and higher until
it reaches 250 eV. The deviation of both models from the
experiment may be caused by the noise, but, generally, the
noise cannot cause the structures. In order to demonstrate
the existence of the structures at the higher photon energy
range, we have traced out their origins. We maintain that the
structures observed by the experiment [13, 14] at the higher
photon energies should be real, not just noise.

The transmission obtained by the AA model is also com-
pared with our DTA and the experimental spectra, which is
shown in Fig. 8 (b). At lower energies, the transmission ob-
tained by the AA model differs greatly from that of the DTA
and of the experiment. Near the higher energy edge, on the
other hand, the transmission obtained by the AA and DTA
models are nearly equal in average, except that the AA
model cannot reproduce the resonance structures above the
threshold.

3.1.3  Opacities of the 40 eV isothermal sequence

The differences between the spectrally resolved and mean
opacities under the above typical experimental condition
[13, 14] obtained by the DTA and AA models are due to two
main sources. The first one is the energy shift of the absorption
peaks of the AA model relative to the true positions. The
second one is the smoothness of the fine line structures
made artificially in the AA model. As defined in the theo-
retical method, the Planck mean opacity is a linear weighted
average, while the Rosseland mean opacity is a harmonic
weighted average. Therefore, the nonphysical energy shift of
the absorption peaks of the AA model induces errors in both



the Rosseland and Planck means, while the smoothness over
the detailed lines in the AA model changes mainly the Rosse-
land mean opacity. The question is when both of, one of, or
even none of these two factors are significant to cause un-
acceptable errors. To have an overall view on the question,
we [37] have made a systematic study on the spectrally re-
solved and Rosseland and Planck mean opacities under dif-
ferent plasma conditions for three sequences: a 40 eV isother-
mal one, a 0.01 g-cm™ isodense one and an average ioniza-
Tion degree Z * ~ 7.13 one. In this part, we discuss the first one.

Figures 9 (a)—(d) show the spectrally resolved radiative
opacities at the density of 0.0001, 0.001, 0.01 and 0.1 g- cm ™,
respectively. The solid lines refer to the DTA opacities and the
grey lines to the AA opacities. One can see from Figs. 9 (a)—(b)
that at the densities of 0.0001 and 0.001 g- cm™, the widths
of the spectral lines are too small to coalesce to fill in the
gaps between the discrete lines. As a matter of fact, the Stark
and Doppler widths are indeed small and they compete with
each other for different transitions for plasmas at the density
0f 0.001 g-cm™.

To have a quantitative understanding, we turn to the line
widths caused by the two kinds of broadening mechanisms.
For aluminum plasma at a temperature of 40 eV and a den-
sity of 0.001 g-cm™, Al X ions are the most abundant, rep-
resenting 42 % of the total particle population, according to
our calculation. For a transition of 2p—3d from the ground
state of Al X, the Stark width can be calculated to be 2 meV
from Eq. (4) and the Doppler width is 10 meV. The Doppler
width is 4 times larger than Stark width. While for a transi-
tion of 2s—2p from the ground state of Al X, the Stark
width is 1 meV and the Doppler width is 0.8 meV. In this
case, the Doppler width is a little smaller than the Stark
width. One can imagine that the Doppler broadening will
dominate gradually as the density of the plasma decreases.
When the density is decreased by 10 times, i.e., 0.0001 g-cm™,
the Doppler broadening is the main broadening mechanism.
On the other hand, when the density is increased by 10 times,
i.e., 0.01 g-cm™, the Doppler widths are basically the same
as those of 0.001 g- cm™ density, but the Stark widths have
been increased greatly because the electron density has been
increased considerably. From the inspection of Fig. 9 (c), one
can see that although there are still non-overlapping between
some lines, some other lines begin to coalesce to fill the
gaps. When the density is increased further to 0.1 g-cm™,
the Stark width becomes so large that all the absorption
lines overlap greatly. They have merged into a much more
smoother curve. At this density, the Stark broadening domi-
nates over Doppler broadening. The spectrally resolved
opacities obtained by our DTA model becomes more and
more closer to those obtained by AA model with the increase
of the density. From these analyses, one can conclude that
the differences between the Rosseland mean opacities ob-
tained by the two models become larger and larger as the
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mass densities get lower and lower. On the contrary, with the
increase of the density, the agreements between the Rosse-
land and Planck mean opacities by the two models will be-
come closer and closer. The final results are indeed so and
such a conclusion can easily be seen from Fig. 10, which
shows the variations of the Rosseland and Planck mean
opacities as a function of the density.
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Fig. 9 The spectrally resolved radiative opacities for aluminum plasmas at
a temperature of 40 eV and densities of: (a) 0.0001, (b) 0.001, (¢) 0.01 g+ cm™
and (d) 0.1 g- cm™. The solid lines refer to the DTA results and the grey
lines to the AA results.

From the inspection of Fig. 10, one can see that the agree-
ments between the Planck mean opacities obtained by the
DTA and AA models are better than those of the Rosseland
mean opacities. The relative difference between the DTA
and AA Planck mean opacities is less than 14 %. It is 13.6 %
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at the density of 0.0001 g - cm™ and decreases to 1.5 %, 3.6 %
and 0.34 % at the densities of 0.001, 0.01 and 0.1 g- cm™,
respectively. From Fig. 10, one can see that the agreements
between the Rosseland mean opacities obtained by our DTA
and AA models become better and better as the density increases.
For the densities above 0.01 g - cm™, the differ ence between
the DTA and AA Rosseland mean opacities is no more than
40 percent. This conclusion is also temperature dependent.
Both the Rosseland and Planck mean opacities increase mono-
tonically with density over the 0.0001 —0.64 g- cm™ range,
for either DTA or AA models.
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Fig. 10 The Rosseland and Planck mean opacities for aluminum plasmas
as a function of density at a temperature of 40 eV.

3.1.4 Opacities of the 0.01 g - cm™ isodense sequence

Below, we turn to the opacities at a density of 0.01 g- cm™
and temperatures from 15 to 60 eV. Figures 11(a)—(d) show
the spectrally resolved opacities at a temperature of 20, 30,
50, and 60 eV, respectively. From the inspection of Fig. 11,
one can find that the spectral line shapes and widths do not
differ considerably at different temperatures, but the maxi-
mal value of the opacities shifts toward a higher photon en-
ergy as the temperature increases. The latter conclusion can
be easily understood because the average ionization degree
of the plasma increases as the plasma temperature increases.
The increase of the average ionization degree means that the
most abundant ions in the plasma shift to the higher ioniza-
tion stage. For the same type of transitions from different
ionization stages, for example, 2p— 3s, the transition energies
of the higher ionization stages are usually larger than those
of lower ionization stages. Therefore, the maximal value of
the opacities shifts toward higher photon energy as the tem-
perature increases. The former conclusion cannot be seen as
directly as the latter one. The semiempirical expression of
the Stark width shows that the Stark width increases with
electron density, while it decreases with ionic charge. With
the increase of temperature and density unchanged, the av-

erage ionization degree will increase. As a result, the elec-
tron density and ionic charge of the most populated species
will increase with higher temperature. The competition be-
tween the two factors results in the closeness of the line
widths for isodense sequence. The positions of the main
absorption peaks around 200 eV predicted by the DTA and
AA models coincide generally well at the temperatures
above 30 eV. As expected, the Planck mean opacities of the
two models for these temperatures do not differ quite much.
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Fig. 11 The spectrally resolved radiative opacities for aluminum plasmas
at a density of 0.01 g+ cm™ and temperatures of: (a) 20 eV, (b) 30 eV, (¢)
50 eV and (d) 60 eV.

Figure 12 shows the variations of the two means with the
temperature. From Fig. 12, one can see that the variation of
the two mean opacities with the temperature is more com-
plicated than with the density. The Planck mean opacities
obtained by our DTA and AA models have larger differences



at temperatures below 30 eV (the maximum of which is
23.6 % at 22 eV) than at temperatures above 30 eV (the
maximum is 8.7 % at 55 eV). Both our DTA and AA models
show a shoulder at the temperature of about 25 eV. At about
45 eV, the Planck mean opacities from the DTA and AA models
are equal to each other. For the Rosseland mean opacities,
both models predict a similar trend in the temperature range
of 15—60 eV. They increase with temperature at first and
then decrease, but the temperature of the turning point is
different. The DTA model predicts a maximum Rosseland
mean at about 35 eV, while the corresponding AA at about
20 eV. The difference of the Rosseland mean between the
two models is caused by the different treatment of the
bound-bound and bound-free absorption processes. At the
temperature of 20 eV, the AA Rosseland mean is 4.38 times
larger than the corresponding DTA value. With the increase
of temperature, the differences begin to decrease. At the
temperature of 35 eV, the AA Rosseland mean is only 66 %
larger than the corresponding DTA value. At above 35 eV,
the differences become even smaller. At 60 eV, the relative
difference between the two models is only 29 %.
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Fig. 12 The Rosseland and Planck mean opacities for aluminum plasmas
as a function of temperature at a density of 0.01 g+ cm™.

3.1.5 Opacities of the Z* ~ 7.13 sequence

Under the plasma condition of 40 eV temperature and

0.01 g - cm™ density, the average ionization degree Z* is 7.13.

This result should be correct and reliable when we compare
our results with other theoretical ones. Faussurier et al. [43]
proposed a method for accounting the various ionization
stages of an LTE plasma based on the AA model. The
method can also be used to estimate different charge state
distribution in the plasma. For an aluminum plasma at a
temperature of 40 eV and a mass density of 0.0135 g-cm™,
they calculated the average ionization degree to be Z* =
7.036. Considering the lower density 0.01 g- cm™ rather than
0.0135 g - cm™ in our case, our value of the average ionization
degree Z * =7.13 seems natural. The value 7.13 is a little
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larger than 7.036 because the density of 0.01 g- cm™ is less
than 0.0135 g- cm™. As a matter of fact, we have also solved
the Saha equation for the aluminum plasma at a temperature
of 40 eV and a density of 0.0135 g- cm™. According to our
calculation, the average ionization degree is 6.95, which is
rather close to the value 7.036 obtained by Faussurier et al.
[43]. Nevertheless, since Faussurier pointed out that their
method predicted an ionization higher than another theoretical
result obtained by Kilcrease ef al. [44], our ionization degree
of 6.95 agrees better with that obtained by Kilcrease et al.
They obtained their results also by solving the Saha equation,
but the necessary atomic data for the calculations of the par-
tition functions were obtained from the unresolved transition
arrays (UTA) approximation [17, 18]. Therefore, we are con-
fident that our results obtained from solving the Saha equa-
tion are correct and reliable.

For the Z* ~ 7.13 sequence, we have considered another
three cases: 25.24 eV and 0.0001 g-cm™, 31.04 eV and
0.001 g-cm™, and 53.35 eV and 0.1 g- cm™. Figure 13 shows
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the spectrally resolved opacities of this Z * ~ 7.13 sequence.
The corresponding Rosseland and Planck mean opacities are
plotted in Fig. 14 as a function of the density. The different
temperatures for this sequence are shown at the top of the
corresponding results. Similar conclusions to those noted for
in Fig. 9 can be drawn from the comparison of the spectrally
resolved opacities, although the temperatures are different
for the present cases.
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Fig. 14 The Rosseland and Planck mean opacities for aluminum plasmas
of Z* ~ 7.13 sequence as a function of density at different temperatures.

3.1.6 Sensitivity to temperature and practical applications

Yang et al. [45] measured time integrated transmission spec-
tra of aluminum plasma in the photon energy range of
1730—2060 eV. The absorptions in this region originate
from the 1s—np (n =3, 4, 5) photoexcitations of the highly
ionized ions of aluminum. Figure 15 shows the theoretical
transmission at a density of 0.01 g- cm™ and temperatures
of 62, 65 and 68 eV [46]. There are two sets of strong ab-
sorptions in the plotted photon energy region. Practical
analyses show that the set of 1775—1800 eV are due to the
1s—3p transitions of Al X and the set of 1815—1840 eV are
due to the 1s—3p absorptions of Al XI. It can be seen that
the transmission is very sensitive to temperature, therefore it
can be used as temperature diagnostics. The fact that the
experimental sample is not in LTE and there is temperature
gradient should be the main reason of discrepancies between
the theory and the experiment.

3.2 Radiative opacity of Fe and Br plasmas

3.2.1 Radiative opacity of Fe plasmas below photon en-
ergy of 1000 eV

Winhart et al. [13, 14] carried out their experiment on iron
plasma at a temperature of 22 eV and a density of 0.01 g- cm™.

We [47, 48] simulated this experiment using the DLA model.
Figures 16 (a), 16 (b) and 16 (c) show the transmission spec-
tra at temperatures of 20, 22 and 24 eV, respectively, in the
energy range 70— 140 eV, which corresponds to the range
measured by the experiments [13, 14]. The solid lines refer
to our results obtained by the DLA model while the dashed
lines to the experimental results. In Fig. 16 (b), the result ob-
tained by OPAL [49] is also shown with a dotted line. The
instrument broadening has been included in all cases. It can
be easily seen that the theoretical spectrum obtained best
overall agreement with the experiment at a temperature of
22 eV. On the other hand, good agreement is also found be-
low the photon energy of 90 eV at a temperature of 24 eV.
This might suggest that the iron plasmas in the experiment
are not in strict LTE. It is also noted that the transmission
spectra are very sensitive to the temperature. With just 2 eV
difference in temperature from case to case, the transmission
has obvious difference. This difference is mainly caused by
the sensitivity of populations to the temperature. Transmis-
sion spectrum can serve as an ideal temperature diagnostic
tool because of its sensitivity to the temperature. In the pre-
sent case, the uncertainty of the theoretical prediction is
obviously less than £2 eV.
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Fig. 16 Transmission as a function of photon energy at temperatures of
20 eV (a), 22 eV (b) and 24 eV (c¢), respectively. The solid lines refer to our
results, the dashed ones to the experiment and the dotted one to the OPAL.

OPAL [49] is one of the most accurate code to calculate
opacity. From Fig. 16 (b), one can see that our result agrees
better with the experiment than does OPAL [49]. The main
reason is that we adopt extensive CI wavefunction to obtain
the atomic data such as fine-structure energy levels and os-
cillator strengths, while OPAL performs single configuration
Hartree-Fock (HF) calculations to obtain these atomic data.
Take also Fe VIII as an example. In addition to all valence
electron correlations, the correlations of two 3s and three 3p
inner-shell electrons being excited to the 3d orbital are also
included in our calculations (full CI). Inclusion of such cor-
relations can considerably decrease the oscillator strengths. In
general, the HF method overestimated the oscillator strengths
by more than 30 % for the strong transitions, some even
more than 70 %.
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Springer et al. [SO] measured transmission of Fe plasma
at a temperature of 20 eV and a density of 10 g-cm™,
which is close to the condition of star envelope. The com-
parison between our result and the experiment is plotted in
Fig. 17. An excellent agreement between the experimental
and theoretical results has been achieved. At 82.6 eV and
85.2 eV, both experimental and theoretical spectra have
strong absorption, but they are not exactly the same. The
experimental absorption at 82.6 eV is much stronger than
the DTA result while it is the opposite at 85.2 eV.
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Fig. 17 Comparison between the calculated and experimental [50] transmis-
sion of iron plasma at a temperature of 20 eV and a density of 10~ g- cm™.
The dashed line refers to the experiment and the solid line to the theoretical
result of DTA.

Because of the importance of Fe plasmas in astrophysics,
many theoretical researches [13, 14, 50, 53—55] have been
carried out to calculate their opacities at different tempera-
tures and densities. Below the density of 10 g- cm™, large
disagreement was found among different results. Agreement
improves as a density of 0.1 g-cm™ is being reached but
then tends to degrade a bit at higher densities. We [48] have
calculated an isothermal sequence of iron opacities at the
temperature of 20 eV with the density ranging from 107 to
102 g-cm™. The results are shown in Fig. 18. At =20 eV,
the typical Doppler HWHM has an order of 10~ ¢V. The
typical electron impact HWHM is 10 eV at p=107g-cm™,
10%eVat p=10"g-cm™ and 107 eV at p=10" g-cm™. It
can be seen that at p=10"> g-cm™, the lines are so merged
together that the spectrum shows a smooth structure, while
at p <107 g- cm™, the spectrum is highly resolvable. In this
case, the opacity is very sensitive to the individual line
width, especially for the Rosseland mean, which should be
the main reason of the large difference for different treat-
ment.
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Fig. 18 Spectrally resolved isothermal iron opacities at the temperature of
20 eV and the densities of: (a) p =107 g- cm™, (b) p=10"g- cm™ and (c)
p=10" g+ cm™. The Rosseland and Planck mean opacities are: (a) Kr=
21283 and Kp=56 624 cm®- g™, (b) Kx=8797 and Kp=41 258 cm’- g™, (¢)
Kr=4348 and Kp=31 185 cm*- g".

3.2.2  Transmission of Fe plasmas in the X-ray region

For Fe plasmas, many measurements [13, 14, 50, 53 —55]

are limited to the photon energy region <300 eV. Chenais-
Popovics et al. [56] extended the opacity measurement of
iron plasmas to a higher photon energy region in the vicinity
of 730 eV. The temperature of the plasma is around 20 eV
and the areal density is oL =20 g - cm ™. The mass density is
estimated to be about 0.004 g - cm™. Absorption of the 2p—3d
transitions of Fe*'-Fe’ has been observed in the experiment.
The authors used the super-transition array codes SCO [57]
and STA [19] and detailed spin-orbit-split arrays (SOSA)
calculations [58] to interpret the experimental transmission.
The detailed SOSA calculation is based on the unresolved
transition array (UTA) formalism developed by Bauche ef al.
[17, 18], where all the lines of a transition array merge into
one broad band. However, as the authors pointed out in their
paper, the calculated absorptions are much stronger than the
experiment. To obtain the measured transmission, the areal
density has to be decreased by a factor of 2.7 for the SCO
and STA codes and by a factor of 1.7 for SOSA calculation.
The large difference between the theory and experiment is
beyond the experimental uncertainties caused by any reasons:
the influence of second order spectrum, the thickness uncer-
tainty and temporal and spatial inhomogeneity of the foil. As
a result, Chenais-Popovics et al. [56] suggested that one has
to investigate the effect of individual lines in detail to have a
better comparison with the experiment.

We [59] first calculated the transmission spectrum of Fe
plasma under the prototype experimental condition of Chen-
ais-Popovics et al. [56] using a DLA treatment. In this DLA
model, we considered all major spectral line broadening
mechanisms: natural lifetime broadening (autoionization and
radiative lifetime), electron impact and Doppler broadening.
The effects of width of individual lines on the transmission
are studied in some detail. Figure 19 (a) shows the calculated
transmission spectrum for an iron plasma at a temperature of
20 ¢V and a density of 0.004 g- cm™. The autoionization width
is taken to be a typical value of 140 meV. This spectrum is
highly resolved and shows rich spectral line structures. Note
that the saturation effect is evident for some strong lines.
Davidson et al. [7] and Chenais-Popovics et al. [60] studied
this effect and concluded that the UTA and STA formalisms
cannot correctly describe the saturation of the individual
lines because they group many lines together and do not
represent them individually with an accurate width.

Figure 19 (b) shows a solid line, the transmission with the
instrumental broadening effect having been considered. The
dot-dashed, long-dashed and dashed lines refer to the results
obtained by SOSA, SCO and STA codes, respectively. All
theories assume the iron plasma at a temperature of 20 eV
and a density of 0.004 g- cm™ except that the STA code takes
a temperature of 21 eV. The dotted line in Fig. 19 (b) refers
to the experimental spectrum. Good agreement is observed
between our calculated transmission and that of SOSA and
the two results agree best with the experiment. However, the
four theoretical results that use different approximations (DLA,



UTA, and STA) to treat the transitions predict stronger ab-
sorption than in the experiment.
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Fig. 19 Transmission calculated as a function of wavelength in Angstrom
at a temperature of 20 ¢V and a density of 0.004 g - cm™. The autoionization
width is taken to be 140 meV for all lines. (a) Instrumental broadening not
included and (b) included.

From the viewpoint of theory, there are several factors
which will affect the discrepancy between the DLA theory
and the experiment. First, the above calculation used an
equivalent autoionization width of 140 meV for all transi-
tions. In fact, for most lines from highly excited levels, the
autoionization width is much smaller than 140 meV and the
typical value is about 20 meV or less. Using the autoioni-
zation widths obtained by FAC code for all transitions, the
calculated transmission is shown in Fig. 20 in a solid line.
To have a better understanding of the plasma condition, we
have also obtained the transmission at temperatures of 18
and 22 eV. From the comparison between the theoretical and
experimental transmission, one can conclude that the ex-
perimental spectrum has mixed characteristics of the three
temperatures. In the short wavelength ward, the temperature
of the iron plasma should be between 18 and 20 eV from the
DLA results. On the other hand, in the long wavelength range,
the temperature seems closer to 22 eV. Therefore, nonho-
mogeneity of the experimental sample and small tempera-
ture gradient existed in the experiment. At the same time,
one can see that the transmission is very sensitive to the
temperature, which means that it is an ideal diagnostic tool
for the temperature of the plasma. The uncertainty of the
temperature diagnostics obtained by theoretical predictions
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should be better than &+ 2 eV.
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Fig. 20 Transmission at temperatures of 18, 20 and 22 eV with autoioni-
zation widths calculated by FAC code for all lines.

The second factor that affects the discrepancy comes from
the accuracy of the radiative atomic data. We have carried
out a large-scale configuration interaction calculation on the
oscillator strengths of Fe VIII within » < 6 configurations.
Interactions are included among the following configurations:
3s3p®3d, 3s3p”3d*(x + y +2z=9,x=2-0, y=5—3), 3s*3p’
3dnl, 3s*3p*3d°nl, 3s*3p*3d°nl, 3s3p°3dnl, 3s3p°3dnl, 3s3p"
3d3nl, 3p°3d®nl, 3p°3dnl (n=4, 5,1=0, 1, *, n—1), as
well as all those that can give rise to 2p—nd and 2p—ns transi-
tions from the above configurations, i.e., 2p°3s*3p + 3d?,
2p°3s™3p”3d*", etc. The results show that the effect of con-
figuration interaction can generally lower the oscillator
strengths by about 20 %. In Fig. 21, the solid line shows the
transmission at a temperature of 19 eV after this effect has
been included. The dot-dashed line refers to the result ob-
tained by SOSA with individual lines at a temperature of 20
eV and a density of 0.004 g- cm™. Better agreement is found
between both theories of DLA and SOSA with individual
lines and the experiment. However, as Chenais-Popovics ef al.
[56] pointed out that the effect of second order reflected by
the crystal used in their experiment is estimated to lower the
experimental data by 20 %. The dashed line in Fig. 21 shows
the result by lowering the transmission by 20 %. After tak-
ing account of the second order effect, the agreement is good
between the theory and experiment considering the experi-
mental uncertainties mentioned above such as nonhomoge-
neity of the experimental sample and temperature gradient.
From the comparison of Figs. 20 and 21, one can see that the
effect of configuration interaction plays a more important
role than that of linewidth. No shift is made for the line po-
sitions in all our results. Besides good agreement for the
overall transmission, very good agreement is also found
between the experimental and theoretical line positions. This
is an indication of the accuracy of present calculations.
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Fig. 21 Transmission at a temperature of 19 eV obtained by further con-
sidering the configuration interaction effect. The dot-dashed line refers to
result obtained by SOSA with individual lines [56].

3.2.3  Radiative opacity of Br plasmas

Bailey ef al. [61] measured the transmission spectrum of NaBr
plasma measured in the spectral range of 1450—1900 eV by
using the Z-pinch radiation at the Sandia National Laborato-
ries Z facility. The L to open M shell bromine absorptions
were measured in a wide spectral range. We simulated this
experiment which is dominated by n=2 to n=3, 4, and 5
transitions. In their experiment, Bailey et al. measured the
absorptions of the NaBr sample and took the He 6 and He y
lines of the He-like sodium as the detector for the electron
density, n,, from the Stark broadening of the line shapes. An
electron density of (3+1)x10*'cm™ was determined by the best
fits to the experimental data. According to the experimental
conditions, we took 7'=37 eV and 0= 0.025 g- cm™ in our
calculation to best fit the measured spectrum in the 2p — 3d
absorption. We [62] carried out a detailed study for Br plas-
mas.

Figure 22 shows the calculated transmission: (a) without
considering the instrumental broadening effect and (b) with
its effect considered. The structures in the spectral range of
1480—600 eV are due to the open M-shell absorptions,
which are caused by the 2p — 3d transitions of the bromine
ions. Because of the relativistic splitting of the 2p orbitals,
the 2p — 3d absorptions split into two groups. The absorp-
tions around 1517 eV are from the 2ps;, — 3ds), transitions
and the absorptions around 1560 eV from the 2p;, — 3d;;
transitions.

Figure 23 shows the temperature dependency of the spec-
trally resolved transmission at the density of 0.025 g-cm™.
The calculated absorptions around 1523 eV and 1564 eV are
weaker than the experimental data while the calculated ab-
sorptions around 1509 eV is stronger. Figure 23 (b) shows that
best fit for the experimental data is obtained when the tem-

perature is chosen to be 37 eV. At this temperature, both the
line ratios within the 2ps, — 3ds, transition group and the
ratio between the two 2p — 3d groups have good agree-
ments with the experiment. When the temperature increases
to 38 eV, the absorption at 1523 eV becomes stronger than
the experimental data while absorptions at 1509 eV are re-
duced to be smaller. From Fig. 23 (a) to 23 (c), one can see
that a change of 1 eV in temperature can cause perceptible
changes in the simulated spectrum, in particular for the rela-
tive strength of the absorption structures between 1500 eV
and 1530 eV.
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Fig. 22 The radiative transmission of bromine plasma at a temperature of
37 eV and a density of 0.025 g+ cm™. The solid line in (a) refers to the
theoretical results without convolution with spectral resolution and the
dotted line refers to the experimental data. The solid line in (b) is the theo-
retical result, which are smoothed with a width of 1.4 eV according to the
instrumental resolution in the experiment. The solid line in (c) is the same
as that in (b) but having a 2 eV shift downward to fit the experimental data.

3.3 Radiative opacity of Au plasmas

For the opacity of light elements such as Al, good agreement
is obtained between theory and experiment [8, 20, 63, 64].
For mid- and high-Z elements, however, there are systematic
discrepancies unexplained so far [24—26]. Are these discrep-
ancies caused by theoretical approximations or experimental
uncertainties ? In order to solve this issue, combined efforts
from both sides should be made. Experimentally, Iglesias
[27] pointed out that unresolved structures in the backlight
spectrum can introduce significant errors in the inferred
transmission. Theoretically, some physical effects that have
been treated approximately or missed in theoretical models
may affect the accuracy of opacity. For example, some dis-



crepancies are supposed to be a consequence of line satura-
tion effect [27], which can better be reproduced by detailed
level accounting (DLA) models rather than statistical ones.
Therefore, it is necessary to investigate the opacity of mid-
and high-Z plasmas by using a DLA method, with main
physical effects, such as detailed core-valence electron cor-
relation, line saturation and relativity, being considered.
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Fig. 23 The temperature dependency of the spectrally resolved transmis-
sion at the density of 0.025 g+ cm™. The temperatures in (a), (b) and (c) are
36,37 and 38 eV, respectively.

Gold (Au) is an element of particular interest for indi-
rectly driven ICF, where laser radiation heats the inside of a
Au hohlraum producing a plasma that emits intense X rays.
The X-ray radiation drives the capsule implosion and influ-
ences the resulting fusion yield. To design the hohlraum and
target, radiative opacity is a crucial physical parameter. Re-
cently, Jones et al. [65] measured the absolute albedos of
hohlraums from Au or from high-Z mixtures. Their results
showed that the albedo of Au predicted by using the opacity
of super-transition arrays (STA) agrees better with their ex-
perimental values than by using that of an average atom (AA)
model. It is generally believed that STA can obtain more
accurate opacity than the AA model. Dewald et al. [66] car-
ried out the first Au hohlraum experiments at the National
Ignition Facility (NIF) using the initial four laser beams to
test radiation temperature limits imposed by plasma filling.
The NIF project will stress experimental investigation of
opacity as one of the most important research fields. So far,
some researches have been carried out on the opacity of Au
plasmas, both experimentally and theoretically. Eidmann et
al. [25] measured the opacity of a Au plasma at a density of
~0.01 g-cm™ and temperature of~20 eV in a photon en-
ergy range of 50 to 300 eV. By mixing appropriate elements
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with Au, Orzechowski et al. [67] experimentally demon-
strated the increase of Rosseland mean opacity, which is 1.5
times higher than either of the constituents. Theoretical re-
searches reported in the literatures have used statistical
models such as unresolved transition arrays (UTA) [68],
STA [25] and AA [69] models. To the best of our knowledge,
no work has been reported by using a detailed term ac-
counting (DTA) or DLA model, although such a method is
very important to correctly understand and accurately design
relevant experiments.

In the following, we investigated the opacity of an Au
plasma under the experimental condition of Eidmann et al.
[25] by using a DLA model. To obtain accurate opacity, one
needs accurate atomic data including the energy levels, os-
cillator strengths, photoionization cross sections, etc. These
basic parameters are also important research fields of current
work [70, 71]. The atomic data required in the present cal-
culation of opacity are obtained using the Flexible Atomic
Code (FAC) developed by Gu [72]. A fully relativistic ap-
proach based on the Dirac equation is used throughout the
package and thus relativistic effect has naturally been in-
cluded. Below, we present the effects of core-valence elec-
tron correlation and line saturation on the accuracy of opac-
ity. For a Au plasma at a temperature of 22.5 eV and a den-
sity of 0.007 g- cm™, the dominant ion types are Au®", Au’",
Au'”, Au'", and Au'*", accounting for 7.6 %, 30.8 %, 34.4 %,
16.2 %, and 9.8 %, respectively.

The effect of core-valence electron correlations can easily
be seen from the comparison of Figs. 24 and 25, which show
the transmission for a Au plasma under the above plasma
condition using different sizes of correlations to calculate
the oscillator strengths of bound-bound transitions. In the
two figures, the treatment of the bound-free, free-free and
scattering processes is the same, while it is different for that
of the bound-bound absorption as described below. In Fig. 24,
the oscillator strengths of all individual spectral lines have
been obtained by considering every necessary transition
array one by one for every ion in the plasma. The interac-
tions between all levels generated by all possible couplings
within the same configuration have been included. The
maximum principle quantum number has been considered
up to 12 according to the ionization potential depression. In
Fig. 25, however, extensive configuration interactions (CIs)
have been included to obtain the oscillator strengths. To il-
lustrate the scale of CIs, we take Au''" as an example. The
ground configuration of Au''"is ([Ni]4s?4p®)4d'%4f 5525p°.
The energy of orbitals 5d, 51, 5g, 6s, 6p, and 6d is relatively
low and thus we included them in the expansion of the
wavefunction. Large scale CI calculations have been carried
out to show its effect. Explicitly, electron correlations have
been included among the following configurations: 5p°,
5p°nl, Ssnl, 4f Pnl, 4d°nl, 5p*n'l', 5s5p°nln'l', 4f B5p°5dnl,
4d°5p°5dnl, 5p*5d°nl, 5s5p*5d2nl, 4f P5p*5d2nl, and 4f'25
p’5d° (nl, n'l'=5d, 5f, 5g, 6s, 6p, 6d). In the designation, full
subshells have been omitted for simplicity. Most of these
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correlations are contributed by core-valence electron corre-
lations from the excitations of the 4d, 4f, 5s and/or even 5p
core subshells. The remaining oscillator strengths required
in the calculation of opacity are treated in the same way as
in Fig. 24.
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Fig. 24 Transmission of a Au plasma at a temperature of 22.5 eV and a
density of 0.007 g+ cm™: (a) DLA results and (b) instrumental broadening
has been included. The experiment and STA data are taken from Ref. [25].

Figures 24 (a) and 25 (a) show our DLA transmission ob-
tained by the two different sizes of correlations described
above. The path length L is taken to be 2.5x107° cm to ob-
tain the results. One can see that the spectrum is highly re-
solved and shows complex line structures. The line satura-
tion effect is evident for the strong absorption lines. To di-
rectly compare with the experiment, one should consider
instrumental broadening effect, which can be done by con-
voluting the DLA transmission over a Gussian function,
with full width at half maximum corresponding to the spec-
trometer resolution. In their experiment, Eidmann ef al. [25]
measured with 1000 and 5000 lines/mm transmission grat-
ings, corresponding to a spectral resolution of 1 nm and 0.2
nm, respectively. In Figs. 24 (b) and 25 (b), the solid line
refers to the result of resolution of 1 nm, dot-dashed line to
that of 0.2 nm, dotted line to experimental spectrum, and
long dashed line to the STA result [25]. We discuss the spec-
trum in the lower (< 130 eV) and higher (> 200 e¢V) photon
energy ranges, where there are rich spectral line structures.

To begin with, let us pay attention to the two strongest
absorption peaks near the photon energy of 70 and 80 eV. In
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Fig. 25 The same as in Fig. 24, while extensive core-valence electron
correlations have been included in the calculation of bound-bound transi-
tions: (a) DLA results and (b) instrumental broadening has been included.
In this figure, the physical effects such as core-valence correlations and
autoionization widths have been considered, while in Fig. 24, these effects
have not been included.

Fig. 24 (b), the DLA model predicts a larger window than
STA in the energy region of 70—80 eV, which is the largest
disagreement between the two theoretical results. The rela-
tive intensity of the two peaks predicted by both theories is
reversed compared with the experiment. The two peaks
originate mainly from the absorptions of 5s—5p and 5p—5d
transitions, respectively. Both types of transitions have con-
tributions to the two peaks, however, the peak near 70 eV is
mainly due to 5s—5p and the other one near 80 eV to Sp—5d.
The structures near 100 eV are mainly caused by 4f—5d
transitions. When we included extensive core-valence corre-
lations, our DLA transmission is in good agreement with the
experiment, not only for the detailed structures, but also for
the relative intensity of the two peaks [see Fig. 25 (b)]. The
consideration of extensive electron correlations in the
bound-bound calculations results in good agreement between
our DLA theory and the experiment. The effect of
corevalence electron correlations is to lower 5p—5d absorp-
tion, but to enhance that of 4f—5d. This effect not only
changes the position of the individual lines, but also modi-
fies the distribution of their intensity. Note, however, the
small differences in photon energy ranges of 40—60 eV and
110—130 eV between our theory and the experiment, which
will be referred to later. Secondly, look at the transmission



above 200 eV. In this energy range, the peaks around 255 eV
and 300 eV are mainly due to 4d—4f and 4d—5p absorp-
tions, respectively, although 4f—6g and 4f—7g transitions
have contributions as well. Around 200 eV, the structures are
mainly caused by 4f—5g transitions. Besides line absorption,
contribution of direct photoionization begins to increase with
the opening of 4f ionization channel. In this energy region,
differences between the DLA results shown in Figs. 24 and
25 are caused by a combined effect of core-valence electron
correlation and line width. We have just demonstrated the
former effect in detail in the last paragraph; thus we focus our
attention to the latter one below. In Fig. 24, we have included
the line widths caused by electron impact and Doppler
broadening mechanisms. For the lines below 120 eV, this
consideration is appropriate, whereas it is not true for the
lines above 200 eV, whose upper levels are autoionized states.
We have carried out calculations on the autoionization width
of some autoionized levels by using Dirac Atomic R-matrix
code (DARC) [73]. The results show that a typical value is
about 0.4 eV except for the 4d—4f giant resonances, whose
width can be more than 1 eV. To simplify the calculation, we
take it to be 0.4 eV. The line width caused by electron im-
pact broadening is less than 0.05 eV, while the Doppler
width is even smaller. The autoionization width is, therefore,
the largest among all broadening mechanisms for these in-
ner-shell transition lines. With the effects of core-valence
correlation and line width being considered, our DLA results
agree better with the experimental spectrum of resolution of
1 nm.

To have a better understanding of the plasma condition in
the experiment, we have also calculated transmission at tem-
peratures of 20 and 25 eV. The results are shown in Fig. 26.
One can see that the spectrum is very sensitive to the tem-
perature, both for the overall structures and for the relative
intensity of the two strongest peaks. Comparing the theo-
retical transmission with the experimental spectrum, one can
conclude that the experimental spectrum has mixed charac-
teristics of the three temperatures. In the photon energy
range of 60—10 eV, the spectrum of 22.5 eV agrees best
with the experiment. While below 60 eV, the experimental
spectrum has a temperature of 20 eV or even lower. Above
the photon energy of 200 eV, the temperature of experimental
sample seems to be closer to 25 eV. In the whole photon
energy range, the transmission of 22.5 eV agrees best with
the experiment. It is evident that nonhomogeneity of the
experimental sample and small temperature gradient existed
in the experiment [25]. This should be the main reason for
the differences between our DLA results and the experiment
in the photon energy range of 40—60 eV and 110—130 eV,
which has been mentioned above.

The strong sensitivity to the temperature implies that
transmission spectrum is an ideal diagnostic tool for the
temperature of plasmas. Past experiments have used low-Z
materials such as Al as temperature diagnostics (for example,
see [74]). Accurate opacity of low-Z materials can be ob-
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tained by using a DTA or DLA method. One can deduce the
temperature of plasmas by comparing theoretical spectrum
with the experiment. However, such a method of tracer ele-
ment for temperature diagnostics does not always fit for
high-Z materials. Because of their complex structures, high-Z
elements usually have absorptions over a wide energy range.
As a result, they will contaminate the spectrum of tracer
element and then affect the accuracy of diagnosis. In this
case, transmission spectrum obtained by a DLA model can
be used as a tool for temperature diagnostics. The uncertainty
should be better than + 2 eV.
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Fig. 26 Transmission of Au plasmas at a density of 0.007 g+ cm™ and
temperatures of: (a) 20 eV, (b) 22.5 eV and (c) 25 eV, respectively.

3.4 Conclusions

Using our developed DTA and DLA models, we investigated
various physical effects on the radiative opacity of different
plasmas of low-, medium-, and high-Z elements in LTE.
These effects include configuration interaction effect, rela-
tivistic effect, and the effect of detailed line width, etc. In the
following, we summarize a few key conclusions:

(1) For low-Z aluminum plasmas, in the x-ray region, the
importance of the autoionizing widths of the spectral lines of
1s—2p transitions to the convergence of the result with the
model size is demonstrated in two ways. The first one treats
the 1s—2p transitions approximately as bound-bound proc-
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esses and takes the autoionizing effect into account by using
a Voigt profile. The second one considers the autoionizing
effect more naturally by using a close-coupling R-matrix
scheme. Both calculations arrive at a good agreement with
the experiment and prove that relatively less electron orbi-
tals are required to obtain a converged result in the case that
Is —2p autoionizing resonance broadening is the major
broadening mechanism. For higher ionization stages, such as
AlX and AIXI, the autoionizing resonance widths are less
than the Doppler widths and the convergence of the theory is
determined by the Doppler broadening and the relativistic
effect.

(i1) For aluminum plasmas, in the EUV region, we calcu-
lated the spectrally resolved radiative opacity of Al plasma
under a wide range of temperature and density. In particular,
we investigated in detail a typical experimental condition at
a temperature of 20 eV and a density of 0.01 g-cm™ and
compared our results with the experiment. Complex struc-
tures, including those caused by bound-bound and bound-
free absorptions, dominate the opacity spectrum. All the
structures caused by the 2p—3s bound-bound lines are re-
produced in our DTA calculation. At the higher photon ener-
gies, our DTA transmission exhibits more structures, which
also showed up in the experiment, than that of the OPAL. We
attribute the good agreement with the experiment at the higher
energies to the detailed treatment of the photoionization
process. Systematic studies on the spectrally resolved and
Rosseland and Planck mean radiative opacities have also been
carried out for a 40 eV isothermal sequence, a 0.01 g- cm™
isodense sequence and an average ionization degree Z* ~
7.13 sequence.

(iii)) For medium-Z iron plasmas, in the inner-shell transi-
tion energy region, the effect of the width of individual lines
on the radiative opacity has been studied in detail. The re-
sults show that the saturation of the individual lines is evi-
dent and important in the detailed transmission calculations.
To obtain accurate opacity or transmission, one has to take
into account the effect of the width of individual lines
caused by all major broadening mechanisms in the plasmas.
Considering the experimental uncertainties, reasonably good
agreement is obtained between the theory and experiment
after the line width effect and configuration interaction ef-
fect have been considered in the calculations.

(iv) Also for iron plasmas, in the EUV region, extensive
CI wavefunctions are used to calculate accurate atomic data
to obtain the radiative opacity. The calculated transmission
spectrum is in better agreement with the experiment than do
other opacity codes such as OPAL. The transmission is very
sensitive to the temperature, as a result, it can be used as
temperature diagnostics with the theoretical uncertainty bet-
ter than+ 2 eV.

(v) For high-Z gold (Au) plasmas, various physical effects
on the radiative opacity of Au plasmas have been investi-
gated by using the DLA method. The fine treatment for every
true individual line by considering the physical effects such

as relativity, core-valence electron correlation and autoioni-
zation width is essential to reproduce the fine structures of
the transmission spectrum of heavy elements, although there
are so many individual lines that statistical models can often
give reasonable simulations for the general characteristics.
Our DLA prediction correctly explained, for the first time,
the relative intensity of the two strong peaks due to 5s—5p and
S5p—>5d absorptions. Above 200 eV, the effect of autoioniza-
tion width plays a role on the transmission spectrum. The
transmission predicted by an accurate DLA method can also
serve as a temperature diagnostic tool for high-Z plasmas.

In the above, we briefly show some important results ob-
tained by DTA and DLA models. For medium and high-Z
plasmas, however, there are systematic discrepancies unex-
plained so far between the theoretical and experimental
opacities. Further work is needed to solve the discrepancies,
both experimentally and theoretically.
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