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An extensive configuration interaction 共CI兲 scheme and the R-matrix method are combined to calculate the
radiative opacity for laser-produced aluminum plasma in local thermodynamic equilibrium using the detailedterm-accounting 共DTA兲 approximation. The CI scheme is used to obtain the absorption oscillator strengths of
the electric dipole allowed transitions for evaluating the bound-bound absorption cross sections, and the
R-matrix method is used to obtain the bound-free absorption 共photoionization兲 cross sections. For an aluminum
plasma at a temperature of 20 eV and the density of 0.01 g/cm3 , the Rosseland and Planck mean opacities are
calculated to be 4184 and 24891 cm2 /g, respectively, by integrating the spectrally resolved opacities with
Rosseland and Planck weighting functions. The two mean opacities are also obtained by using the average
atom model, and they are 22520 and 30402 cm2 /g, respectively. The optical transmission from the photon
energy of 70–250 eV, which was experimentally measured by Winhart et al. 关G. Winhart et al. Phys. Rev. E
53, R1332 共1996兲兴, is also calculated. Generally good agreement is found between our DTA and experimental
transmission. Our theoretical result reproduces all structures shown in the experiment, whereas some of the
structures near the higher energy edge did not show up in some other opacity models. These structures are
attributed to the detailed treatment of the photoionization process.
DOI: 10.1103/PhysRevE.64.066412

PACS number共s兲: 52.25.Os, 52.20.⫺j

I. INTRODUCTION

Experimental and theoretical determinations of the radiative opacities of high temperature plasmas have long been of
interest. This interest is mainly due to the urgent need for
radiative opacities for practical applications, fusion research,
and plasma diagnostics. In the past two decades, aluminum
plasmas have been of particular concern. Most of these researches on Al plasmas were done in the x-ray region where
the spectral range is at h  ⲏ1 keV. Experimentally, many
investigations 关1– 6兴 were conducted in the x-ray opacities
through the measurements of x-ray transmission. All these
experiments have been carried out near the energy region of
the inner-shell excitations of one 1s electron to the 2p orbital. Theoretically, a lot of studies 关7–11兴 were carried out
to simulate these x-ray transmission spectra. Most of these
theoretical studies approximated the K-shell-excited states as
discrete and only took account of Doppler broadening in
calculating the line absorption cross sections. Recently, we
关12兴 共hereafter referred to as paper I兲 simulated the x-ray
transmission through laser-produced Al plasmas using
detailed-term-accounting 共DTA兲 approximation. As we have
pointed out in paper I, the K-shell-excited states are well
above the ionization threshold and, therefore, the photoexcitation of a 1s electron to the 2p orbital should be treated as
a photoionization process rather than discrete bound-bound
line absorption. All photoabsorption cross sections were obtained by using the close-coupling scheme implemented by
R-matrix method 关13兴. We also concluded that the autoionization resonance widths exceed the Doppler widths for most
K-shell transitions from the low-lying states of Al ions in the
plasma. Therefore, the former type of broadening will have a
large effect on the radiative opacity and transmission. This
effect has been demonstrated clearly in paper I. Since we
1063-651X/2001/64共6兲/066412共9兲/$20.00

included the major broadening mechanism and treated the
line absorption and photoionization in a consistent way, our
results converged faster and agreed better with experiments
than did other detailed calculations.
Compared with the spectral range h  ⲏ1 keV, researches
on Al plasmas covering the range h  ⱗ1 keV were much
fewer. On the other hand, it is this spectral range that determines the Rosseland and Planck mean opacities under typical plasma conditions 共most experiments were carried out at
temperatures of a few tens of eV兲. To our knowledge, only a
few experimental studies 关14,15兴 were carried out in this
spectral range for Al plasmas, although there were indeed
some studies with iron plasmas 关16 –18兴. Winhart and coworkers 关14,15兴 measured the spectrally resolved opacities 共
through transmission兲 of aluminum in the energy range of
70–280 eV at a typical temperature and density of about 20
eV and 0.01 g/cm3 , respectively. Local thermodynamic
equilibrium 共LTE兲 was obtained in their experiment. They
also compared the experimental data with some theoretical
opacity models 关8,19–22兴.
The purpose of the present work is to calculate the spectrally resolved radiative opacities of the Al plasma in the
range h  ⱗ1 keV under the experimental condition of Winhart and coworkers 关14,15兴 using the same DTA approximation as in paper I. It can be considered an extension of our
previous work presented in paper I, which dealt with the
spectral range h  ⲏ1 keV. The Rosseland and Planck mean
opacities are then obtained by integrating the spectrally resolved opacities with Rosseland and Planck weighting functions. The calculations have considered bound-bound,
bound-free 共photoionization兲, and free-free absorptions and
scattering. The required energy levels and absorption oscillator strengths for line absorption cross sections are obtained
by the multiconfiguration Hartree-Fock 共MCHF兲 atomic-
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structure package 关23兴. The photoionization cross sections
are obtained by using the close-coupling scheme implemented by R-matrix method 关13兴. In this way, the autoionization resonances and couplings between the channels can be
taken into account and the autoionization resonance widths
are naturally included in the calculations. As we will demonstrate later, the autoionization resonances at higher photon
energies 共such as larger than 190 eV兲 is important to interpret
the transmission spectrum. A better agreement with the experiment can be obtained with the inclusion of them than
those calculations without them. The free-free absorption and
scattering are obtained by using Kramers and Thomson cross
sections, respectively.

TABLE I. Calculated IPDs 共in eV兲 and partition functions of
different ionization stages of Al ions under the plasma condition of
20 eV temperature and 0.01 g/cm3 density.
Ions
Al I
Al II
Al III
Al IV
Al V
Al VI
Al VII
Al VIII

IPD

Zi

1.324
2.649
3.973
5.298
6.622
7.947
9.271
10.596

30.8
67.8
41.1
5.33
8.94
15.5
17.4
20.67

II. METHOD OF CALCULATION

The method of calculation has been partly introduced in
paper I, but it is incomplete for the present calculations. In
order to have a complete understanding, we will give a thorough description in the following. This section consists of
three parts: 共A兲 populations, 共B兲 radiative opacity, and 共C兲
transmission.
A. Populations

For an LTE plasma of particle density N and temperature
T, the population distributions of different ionization stages
are given by Saha equation 关12,25兴
N i⫹1 N e Z e Z i⫹1
⫽
exp关 ⫺ 共  i ⫺⌬  i 兲 /kT 兴 ,
Ni
Zi

共1兲

where N i is the total population density of ion i, N e is the
number of free electrons per unit volume,  i is the ionization
potential of ion i, ⌬  i is the depression of ionization limit
caused by plasma environment restricting the number of
bound states available, Z i and Z e are the partition functions
for ion i and free electron, respectively. They are given by
Z i⫽

兺t g it e ⫺E

Z e ⫽2

冉

it /kT

2  m e kT
h2

冊

共2兲

,

3/2

共3兲

,

where g it ⫽(2L it ⫹1)(2S it ⫹1) is the statistical weight for
term t of ion i in LS coupling condition, L it and S it are the
total orbital angular momentum and spin quantum numbers,
E it is the energy of term t of ion i above the ground state, k
is the Boltzmann constant, T is the temperature, m e is the
electron mass, and h is the Planck constant. The upper limit
to the sum 共2兲 is given by the same ionization depression as
for the Saha equation. The population density N it for term t
of ion stage i is given by the Boltzmann distribution function
N it ⫽g it 共 N i /Z i 兲 e

⫺E it /kT

.

共4兲

Equation 共1兲 is solved with the constraint of particle conservation

兺it N it

共5兲

兺it q i N it ,

共6兲

N⫽
and charge conservation
N e⫽

where N is the specified total particle density and q i is the
charge of ion i.
In solving the Saha equation 共1兲, a calculation of the ionization potential depression 共IPD兲 is needed to give a finite
limit to the partition functions. As we did in paper I, we
chose the Debye-Huckel model 关24兴 to calculate the IPD. For
the Debye-Huckel model, the IPD is given by
⌬  i⫽

ze 2
4⑀0

冑⑀

e 2N e
,
0 kT

共7兲

where z is the charge of the species of interest (z⫽1 for
neutral兲. The calculated IPDs for different relevant ionization
stages under the experimental conditions of Winhart and coworkers 关14,15兴 are listed in Table I. The maximum principal
quantum number is approximately equal to 7. In the calculations of the energy levels required for the partition functions,
the orbitals included in the present calculation and the
method of choosing the configurations are the same as those
in paper I. The partition functions for ions of different ionization stages calculated according to this prescription are
also given in Table I. The calculated partition functions and
IPDs are used to solve Saha equation 共1兲 and the final calculated population fractions for various charge states are shown
in Fig. 1. One can see from Fig. 1 that the Al V ion is the
most abundant, accounting for 50% of the total, next is Al VI
ion, accounting for 32%. The average ionization degree is
4.2, which is in excellent agreement with that of OPAL 关19兴
共which equals to 4.3兲.
B. Radiative opacity

The total absorption coefficient for a plasma of particle
density N and temperature T is constructed as the sum of the
bound-bound, bound-free, free-free, and scattering combinations. The contribution of bound-bound absorption is made
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where ⌫ d and ⌫ l are the Doppler and Stark half-width at half
maximum 共HWHM兲, respectively. The Doppler HWHM is
related to the temperature T of the plasma and transition
energy h  0 关25兴
⌫ d ⫽3.858⫻10⫺5 共 kT/A 兲 1/2共 h  0 兲 ,

共11兲

where A is atomic weight of the ion in gram and the units of
kT, h  0 and ⌫ are eV. The Stark HWHM 共in eV兲 can be
obtained by semiempirical method 关26,27兴

冉 冊 冑冉
兺 冉 冊

8  ប 3 2m
⌫ l ⫽N e
6 m 2 e  kT
⫻
FIG. 1. Population fraction versus the charge state for Al plasma
at a temperature of 20 eV and a density of 0.01 g/cm3 .

up of the transitions whose lower and upper states belong to
the true bound states, i.e., their energies relative to the
ground state are less than the depressed ionization potential.
The bound-bound absorption coefficient for radiation of energy h  can be obtained from the cross sections of the
bound-bound lines

冋兺

 bb 共 h  兲 ⫽ 兺

tt ⬘

i

册

N it  itt ⬘ 共 h  兲 ,

共8兲

where  itt ⬘ (h  ) is the cross section for photoexcitation from
term t to t ⬘ and can be expressed in terms of the absorption
oscillator strength f itt ⬘ as

 itt ⬘ 共 h  兲 ⫽

 he 2
f S 共 h  兲 ⫽109.71f itt ⬘ S 共 h  兲 ,
m e c itt ⬘

共9兲

where S is the line shape function with h  in eV and  itt ⬘ 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
these two profiles, i.e., the Voigt profile
S共 h 兲⫽

冑ln 2
H 共 a, v 兲 ,
冑 ⌫ d

a


冕

⫹⬁

⫺⬁

e



3

0.9⫺

1.1
z

冊

2

共 n 2j ⫺l 2j ⫺l j ⫺1 兲 ,

共12兲

where n i (l i ) and n f (l f ) are the effective principal 共the
orbital angular momentum兲 quantum numbers of the lower
and upper energy levels of the transition, respectively.
The contribution of bound-free absorption can be obtained from the photoionization cross sections per ion

 b f 共 h  兲 ⫽ 兺 N i i共 h  兲 ,

共13兲

i

where  i (h  ) is the photoionization cross section per ion i
and it can be calculated from the photoionization cross sections  it (h  ) from term t in ion i

 i共 h  兲 ⫽

兺t

g it e ⫺E it /kT
 it 共 h  兲 .
Zi

共14兲

For the present work, all the photoionization cross sections
are obtained using the close-coupling R-matrix method 关13兴.
As the R-matrix method can account for correlation effects
between the free and bound electrons and the couplings between different ionization channels, it can give accurate
photoionization cross sections, as demonstrated in our previous work 关28,29兴.
The bound-bound and bound-free contributions to the
opacity are generally dominant and so only simple approximations are used to describe the free-free and scattering contribution to the opacity. The free-free absorption coefficient
is given by

 f f 共 h  兲⫽ 兺 N i f f 共 h  兲,

共10兲

共15兲

i

where  f f (h  ) is the Kramers cross section

where H(a, v ) is the Voigt function
H 共 a, v 兲 ⫽

j⫽i, f

3n j
2z

1/2

 f f 共 h 兲⫽

⫺x 2

a 2 ⫹ 共 v ⫺x 兲

dx,
2

a⫽ 冑ln 2⌫ l /⌫ d ,
v ⫽ 冑ln 2 共 h  ⫺h  0 兲 /⌫ d ,

16 2 e 2 h 2

z 3N ig f f

3 冑3c 共 2  m 兲 3/2 共 kT 兲 1/2共 h  兲 3

,

共16兲

where z is the ionic charge, the free-free Gaunt factor g f f , is
taken as unity. The scattering contribution to the absorption
coefficient  scatt is approximated using Thomson scattering
cross section.
The total opacity is related to the absorption coefficient by
066412-3
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  ⬘ 共 h  兲 ⫽ 关  bb 共 h  兲 ⫹  b f 共 h  兲 ⫹  f f 共 h  兲兴共 1⫺e ⫺h  /kT 兲
⫹  scatt 共 h  兲 .

共17兲

The prime on the opacity denotes that the stimulated emission has been included in the calculation.
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
1
⫽
KR

冕

⬁W

R 共 u 兲 du

共18兲

 ⬘共 u 兲

0

and
K P⫽

冕

⬁

0

关  ⬘ 共 u 兲 ⫺  scatt 共 u 兲兴 W P 共 u 兲 du,

共19兲

where u⫽h  /kT,  scatt (u) is the opacity contributed by
scattering, W R and W P are Rosseland and Planck weighting
functions, respectively, given by
W R共 u 兲 ⫽

15

u 4 e ⫺u

4  4 关 1⫺e ⫺u 兴 2

and
W P共 u 兲 ⫽

15 u 3 e ⫺u

 4 1⫺e ⫺u

.

C. Transmission

The fraction of radiation transmitted F at energy h  with
respect to some incident source of arbitrary intensity is given
by
F 共 h  兲 ⫽e ⫺   ⬘ (h  )L ,

共20兲

where L is the path length traversed by the light source
through the plasma. The function F is integrated over a
Gaussian function, with the full width corresponding to the
spectrometer resolution, to obtain the final transmission
spectrum.
III. RESULTS AND DISCUSSION

Using the method discussed above, we have calculated
the radiative opacity under the experimental condition of
Winhart and coworkers 关14,15兴 with the temperature of 20
eV and density of 0.01 g/cm3 . In their experiment, the aluminum sample layer was 107.5 nm (  L⫽30  g/cm2 ) and
thus the path length L was determined to be 0.003 cm. The
time resolution was 20 ps and the wavelength resolution
0.1 nm.
Figure 2 shows the opacity contributed by bound-bound
absorption. It can easily be seen that the bound-bound absorption 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-ns, and 2p-nd transitions. For ex-

FIG. 2. Radiative opacity contributed by bound-bound absorption for Al plasma at a temperature of 20 eV and a density of
0.01 g/cm3 .

amples, the three strongest lines located at 41, 46, and 52 eV
are attributed to the 2s-2 p 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
Al IV, Al V, and Al VI ions, respectively. As we will demonstrate 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
2 p-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 关30兴, the Planck mean
opacities are nearly equal with and without considering the
Stark width, but the Rosseland mean opacities differ considerably depending on whether or not the Stark broadening is
taken into account. The Rosseland mean opacities are sensitive to the detailed profile and corresponding width.
Figure 3 shows the opacity contributed by the bound-free
absorption, with Fig. 3共a兲 referring to the result of only taking account of autoionization resonance width and Fig. 3共b兲
to the result of including both the autoionization resonance
width and the Stark width. The opacity shown in Fig. 3共a兲 is
obtained directly from our R-matrix photoionization cross
sections. The details of performing the R-matrix calculation
can be found in paper I. In order to obtain this result, we
include the numbers of the photoionization cross sections of
93, 168, 157, and 146 terms belonging to Al IV, Al V, Al VI,
and Al VII ions, respectively. From the inspection of Fig.
3共a兲, one can see that the autoionization resonance width is
not large enough to fill the gaps between the resonances. In
fact, under the experimental condition considered, the Stark
full width is the largest among all the broadening mechanisms and, therefore, becomes the major factor to be considered. In order to take account of the Stark broadening, we
convolute the curve shown in Fig. 3共a兲 with a Lorentzian
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FIG. 4. Total radiative opacity for Al plasma at a temperature of
20 eV and a density of 0.01 g/cm3 : the solid line refers to the DTA
calculation and the dashed line to the AA model. For DTA model,
K R ⫽4184 cm2 /g, K P ⫽24 891 cm2 /g; For AA model, K R
⫽22 520 cm2 /g, K P ⫽30 402 cm2 /g.

FIG. 3. Radiative opacity contributed by bound-free absorption
for Al plasma at a temperature of 20 eV and a density of
0.01 g/cm3 : 共a兲 with only the autoionization resonance width being
taken account and 共b兲 with both the autoionization resonance width
and Stark width 共0.4 eV兲 being considered.

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. 3共b兲. In this case, the
resonance structures coalesce 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. 3共a兲 is
more than 2⫻106 cm2 /g, whereas in Fig. 3共b兲 it is less than
4⫻105 cm2 /g. These results show that the autoionization
widths of the valence-shell excited states are in generally by
far smaller than the Stark widths.
Figure 4 shows a solid line representing the total opacity
with the bound-free absorption shown in Fig. 3共b兲. 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 opacity consists of a smooth background and
many structures caused by the autoionization resonances. It
seems that some of these autoionization resonances were not
fully included in the opacity models 关8,19–22兴 mentioned
above. This can be illustrated later by comparing the theo-

retical transmission obtained by OPAL 关19兴 with the experimental one. The Rosseland and Planck mean opacities obtained according to Eqs. 共18兲 and 共19兲 are 4184 and
24891 cm2 /g, respectively. In order to have a comparison
with the opacity obtained by the average atom 共AA兲 model,
we have also carried out calculations using the AA model.
The result is shown in Fig. 4 with a dashed line. One can see
that all the structures are smoothed into a few broad peaks in
the AA model. Above 200 eV, the opacities of the AA models
are nearly equal to the smooth background of the DTA
model. Below 220 eV, however, large difference exists between the two models. The opacity obtained by the AA
model is considerably larger than that obtained by the DTA
model for photon energy from 20 eV to 120 eV. This difference will, of course, cause large difference 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. 共The Rosseland and Planck weighting functions reach their maxima at approximate 77.6 and 56.8 eV,
respectively, at the temperature of 20 eV.兲 The Rosseland and
Planck mean opacities are 22520 and 30402 cm2 /g, respectively, for the AA model. The Rosseland mean opacity by the
AA model is more than four times larger than that by the
DTA model. The Planck mean opacity, on the other hand,
does not have such a large difference between the two models. The value obtained by the AA model is larger than that
obtained by the DTA model by only 22%.
In order to testify the correctness and accuracy of our
calculations, we have derived the transmission from the calculated opacity shown in Fig. 4 to compare with the experimental spectrum. Figure 5共a兲 shows the transmission calculated with Eq. 共20兲 in the energy range from 70–250 eV,
which corresponds to the range measured by the experiments
关14,15兴. In this plot, the instrumental broadening has not
been included. To compare directly with the experiment, in-
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TABLE II. Some calculated weighted oscillator strengths for
transitions from the ground state of Al V ion, the length and velocity
forms are given to show the quality of our calculation.
Transition
2

2

52

o

4 1

2

(1s 2s )2p P -2p ( D)3s D
2p 5 2 P o -2p 4 ( 1 D)3d 2 D
2p 5 2 P o -2p 4 ( 3 P)3d 2 D
2p 5 2 P o -2p 4 ( 1 S)3d 2 D
2p 5 2 P o -2p 4 ( 3 P)3s 2 P
2p 5 2 P o -2p 4 ( 1 D)3d 2 P
2p 5 2 P o -2p 4 ( 3 P)3d 2 P

FIG. 5. Transmission calculated as a function of photon energy
in eV using DTA approximation: 共a兲 the instrumental broadening
having not been considered and 共b兲 integrating curve 共a兲 using the
reported spectrometer resolution 共solid line兲. Note that the spectrometer resolution are varied with photon energies. The dashed line
is the experimentally observed spectrum 关14兴.

strumental effects must be included. Figure 5共b兲 shows a
solid line obtained by convoluting the curve shown in Fig.
5共a兲 with the spectrometer resolution, which varies with the
photon energy. The dashed line in Fig. 5共b兲 refers to the
experimental spectrum. In order to have an optimum coincidence with the experimental spectrum, our DTA result has
been shifted to lower photon energies by 2.6 eV. From the
comparisons of the Figs. 5共a兲 and 5共b兲, one can easily see
that the spectrum shown in Fig. 5共a兲 is more highly resolved
than that in Fig. 5共b兲. The detailed features shown in Fig.
5共a兲 should be observable in high-resolution measurements.
Generally good agreement is found between our DTA result
and the experiment. In Figs. 5共a兲 and 5共b兲, the most striking
structures near 75, 95, and 114 eV are caused by the 2p-3s
bound-bound transitions of Al IV, Al V, 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
made less striking by the stronger bound-free background
absorption. As a matter of fact, the 2p-3d lines are more
stronger than those of 2p-3s ones. Table II gives some cal-

gfl

gfv

0.4215
1.7325
0.2449
0.4232
0.7084
1.7031
0.5064

0.4189
1.7038
0.2369
0.4140
0.7128
1.6436
0.4892

culated oscillator strengths for the 2p-3s and 2p-3d transitions from the ground state of Al V ion. The length and velocity forms are given to show the quality of our
calculations. The agreement between the length and velocity
forms is rather good, the relative differences being less than
3.5%. From Table II one can see that the oscillator strengths
of the 2p-3d lines are indeed larger than those of the 2p-3s
lines. At higher photon energies 共above 160 eV兲, however,
many structures shown in Fig. 5共a兲 are greatly smoothed after taking account of the instrumental effects. The big differences shown in Figs. 5共a兲 and 5共b兲 共the solid line兲 are, undoubtedly, caused by the instrumental broadening. As
reported in the experiment 关14,15兴, the wavelength resolution
was 0.1 nm. According to this wavelength resolution, the
energy resolution varies considerably in the energy range
from 70 to 250 eV, since the energy resolution is in proportion 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 model among those
mentioned above is the OPAL 关19兴. It obtained better agreement with the experiment 关14,15兴 than did other models
关8,20–22兴, therefore, we only compare our DTA transmission
spectrum with that of the OPAL 关19兴. The result is shown in
Fig. 6共a兲, where the solid line refers to our DTA transmission, 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 共less than about 150
eV兲, both theoretical calculations exhibit similar structures to
the experiment. The similarity between the two theoretical
results are understandable, because both of the two theories
used the atomic structure codes to calculate the relevant
atomic parameters, such as, transition energies and dipole
oscillator strengths for obtaining the bound-bound absorption
cross sections. As has been said above, our DTA model have
used the MCHF atomic-structure package 关23兴 to obtain the
relevant atomic parameters. The OPAL model has chosen to
use prefitted analytic effective potentials as input to the Dirac
equation to obtain configurationally averaged energies. Then
the configurational averages were split into term energies by
using standard perturbation methods in either LS or intermediate coupling. In addition, at these lower photon energies,
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TABLE III. Some calculated excitation energies ⌬E 共eV兲 and
oscillator strengths for some 3 P-3 D o transitions whose excitation
energies are larger than 210 eV from the ground state of Al VI ion.
For oscillator strengths, the length f l and velocity f v forms are
given.

FIG. 6. Comparisons between our DTA simulation and other
theoretical models: 共a兲 OPAL 关19兴 and 共b兲 AA.

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 caused 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 Figs. 2 and 3共b兲. The maximal opacity
caused by bound-bound absorption is more than 106 cm2 /g,
while that by bound free is about 4⫻104 cm2 /g. Moreover,
the background of the bound-free absorption is relatively
large because this photon energy range is very close to the
ionization threshold. All these features are different from the
situation presented in paper I. Paper I dealt with the photon
energy range 1480–1610 eV, which is far above the ionization threshold. Therefore, the background of the bound-free
absorption is very weak compared with the absorption
caused by the inner-shell transitions of one 1s electron being
excited into the 2p orbital. Furthermore, there is no true
bound-bound absorption in the range 1480–1610 eV. As a
result, the autoionization resonances at the lower photon energies do not have such large effects on the opacity or transmission as in paper I.
At the higher photon energies, however, our DTA transmission exhibits more structures than that of the OPAL 关19兴.
OPAL 关19兴 did not reproduce some structures at the higher

Transition

⌬E 共eV兲

fl

fv

2s 2 2p 4 3 P-2s( 2 S)2p 4 ( 3 P)( 2 P)4p 3 D o
2s 2 2p 4 3 P-2p 5 ( 2 P o )3d 3 D o
2s 2 2p 4 3 P-2s( 2 S)2p 4 ( 3 P)( 2 P)5p 3 D o
2s 2 2p 4 3 P-2s( 2 S)2p 4 ( 3 P)( 2 P)6p 3 D o

212.172
224.321
226.167
233.305

0.098
0.023
0.032
0.015

0.102
0.025
0.030
0.017

photon energies, while these structures are indeed verified in
the experiment 关14,15兴. We attribute the structures at the
higher photon energies to the more detailed treatment of the
photoionization process in our calculations. As indicated
above, all the photoionization cross sections required are obtained by close-coupling R-matrix method 关13兴 that is very
effective to take account of the autoionization resonances.
On the other hand, OPAL 关19兴 obtained their photoionization
cross sections using parametric potential approach, which
was described by the authors as in Ref. 关31兴: the parametric
potential approach produces photoionization cross sections
comparable in accuracy to single configuration, selfconsistent-field calculations. The different treatment of the
photoionization process may be the reason that whether there
are structures or not above 210 eV. On the other hand, both
the two models deviate from the experimental spectrum at
higher photon energies. The deviation becomes larger and
larger as the photon energy becomes higher and higher until
250 eV. The deviation of the both models from the experiment may be caused by the noise, but, in general, the noise
can not cause the structures. In order to demonstrate the existence of the structures at the higher photon energy range,
we have traced out their origins. As has been pointed out
above, under the plasma condition of 20 eV temperature and
0.01 g/cm3 density, Al V ions account for 50% and Al VI
32 %. Take Al VI as an example. Table III gives the calculated excitation energies and oscillator strengths of some
3
P-3 D o transitions whose excitation energies are larger than
210 eV from the ground state of Al VI ion. These dipole
transitions correspond to some structures at the higher photon energies. In addition to the transitions listed in Table III,
there are many other such transitions from the excited states
of Al VI. Moreover, Al V ions also contribute a lot to such
transitions. Due to the poorer resolution power at the higher
photon energies, these structures are merged together into a
few observable ones. From these analyses, we maintain that
the structures observed by the experiment 关14,15兴 at the
higher photon energies should be real, not just noise.
The transmission obtained by the AA model is also compared with our DTA and the experimental spectra, which is
shown in Fig. 6共b兲. At lower energies, the transmission obtained by the AA model differs greatly from that of the DTA
and of the experiment. Above 200 eV, on the other hand, the
transmission obtained by the AA model is very similar to that
of the OPAL model shown in Fig. 6共a兲 and both of them do
not reproduce the resonance structures above the threshold.
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In Fig. 4, we have seen that above 200 eV the AA model
generates the structureless bound-free opacities that are
nearly equal to the background of the present DTA model.
Therefore, the differences between the present DTA and AA
models above 200 eV shown in Fig. 6共b兲 are mainly caused
by the autoionization resonance structures taken into account
by the present DTA model. This also gives an indirect support to our conclusion that the differences between the
present DTA model and the OPAL model above 200 eV are
mainly attributed to the autoionization resonances.
In the present model, the density effects were taken into
account very simply by just excluding the electron states
above n⫽7, while free atomic wave functions are used in the
calculations of all the atomic energy levels and atomic processes cross sections. In a more reasonable treatment of the
density effects, the influences of the environment on the
atomic wave functions should be considered. As an example,
due to the environment effects some of the electron states
become shape resonance ones 关32兴, which are quasistationary
states in the contimuum and are formed by the combining
potential barrier of the attractive atomic potential and the
centrifugal repulsion of l(l⫹1)/r 2 . The R-matrix method
can be used to treat this kind of states very effectively 关33兴.
The basic idea of the R-matrix method is to divide the configuration space into two regions. In the inner region, 0⭐r
⭐r 0 , the correlation effect is treated by the conventional
configuration interaction scheme, while in the outer region,
r 0 ⭐r⭐⬁, a close-coupling equation is solved. The final solution is obtained by matching the wave function at the
R-matrix boundary r 0 . If the influences of the environment
on the atomic wave functions inside and outside the R-matrix
boundary have been considered reasonably, the R-matrix
method can be used effectively to generate the atomic pro-

cesses cross sections in the plasmas where the density has
considerable effects. Nevertheless, the treatment to the influences of the environment on the atomic wave functions is
still far from complete.
In summary, we have calculated the spectrally resolved
radiative opacity of Al plasma under a typical experimental
condition at a temperature of 20 eV and a density of
0.01 g/cm3 using the detailed-term-accounting 共DTA兲 approximation. Complex structures, including those caused by
bound-bound and bound-free absorptions, dominate the
opacity spectrum. The Rosseland and Planck mean opacities
obtained by our DTA calculation are determined to be 4184
and 24 891 cm2 /g, respectively. The DTA result differs considerably from that of the AA model for the Rosseland mean
opacity (22 520 cm2 /g), although the Planck mean opacity
(30 402 cm2 /g) is roughly close to that of the DTA calculation. From the spectrally resolved opacity, we have obtained
the transmission. Generally good agreement is found between our DTA transmission and the experimental spectrum.
All the structures caused by the 2p-3s bound-bound lines are
reproduced in our DTA calculation. At the higher photon
energies, 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.
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