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Detailed-term-accounting approximation calculations of the radiative opacity
of aluminum plasmas: A systematic study
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The spectrally resolved radiative opacity and the Rosseland and Planck mean opacities are calculated by
using the detailed-term-accounting approximation for aluminum plasmas with varieties of density and tem-
perature. The results are presented along a 40 eV isothermal sequence, a 0.01 g/cm3 isodense sequence, and a
sequence with average ionization degreeZ* ;7.13. Particular attention is given to the influence of the detailed
treatment of spectral lines on the Rosseland mean opacity under different thermodynamical conditions. The
results show that at densities of 0.004 g/cm3 and higher, the opacities are not very sensitive to the spectral
linewidth within a reasonable range. As examples, the Rosseland mean opacity, which is most sensitive to the
detailed linewidth, at 40 eV and 0.004 g/cm3 changes no more than 15%, when we change the electron impact
spectral linewidth artificially by reducing it by 50% or increasing it twice, and at 40 eV and 0.1 g/cm3 it
changes less than 5%. For comparison, we also carried out calculations by using an average atom model. For
the Rosseland mean opacities, the two models show quite large differences, in particular at low densities, while
for the Planck mean opacities the results of the two models are much closer.

DOI: 10.1103/PhysRevE.66.016401 PACS number~s!: 52.25.Os, 52.20.2j
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I. INTRODUCTION

There has long been of interest in experimental and th
retical determinations of the radiative opacities of high te
perature plasmas. This interest is mainly due to the urg
need for radiative opacities for practical applications, fus
research, and plasma diagnostics. The Opacity Project~OP!
@1,2# obtained a large number of accurate energy levels
radiative data for opacity calculations for most astrophys
abundant elements. A series of papers was published
collected in the two volume bookThe Opacity Project@3#.
Their computations were made using the close-coupling
proximation employing theR-matrix method. The Iron
Project@4# also calculated a large amount of radiative data
obtain the opacity of iron plasmas for the iron atom and io
of different ionization stages. As far as we know, the d
obtained by the two projects are the most comprehensiv
far.

During the past two decades, aluminum plasmas h
been of particular interest. Much experimental and theor
cal effort has been made to investigate the opacities thro
aluminum plasmas. Experimentally, the investigations can
classified into two categories according to the photon ene
ranges: hn*1 keV and hn&1 keV. Most experiments
@5–10# have been carried out in the x-ray region (hn
*1 keV). These experiments measured the x-ray transm
sion near the photon energy region of the inner-shell exc
tions of one 1s electron to the 2p orbital ~the excitation
energy is about 1530 eV for AlVIII ions!. During the last
decade, more and more experiments focused on ti
resolved x-ray spectroscopy by using various ultrashort la
pulses or other x-ray sources@11–14#. Compared with the
energy range ofhn*1 keV, less experimental work ha
been done in the spectral range ofhn&1 keV. One of the
reasons may be that it requires reliable extreme uv diag
tics and sufficient suppression of the self-emission from
1063-651X/2002/66~1!/016401~9!/$20.00 66 0164
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sample. To the best of our knowledge, only one or two
perimental studies have been carried out in this spec
range. Winhartet al. @15,16# measured the spectrally re
solved transmission of an aluminum plasma in local therm
dynamic equilibrium~LTE! in the energy range 70–280 e
at a typical temperature of 20 eV and a density
0.01 g/cm3. The main structures observed in their expe
ment are due to the 2p-3s transitions caused by AlV and Al
VI ions. The contributions caused by 2p-3d transitions are
greatly smoothed by finite spectrometer resolution pow
They also compared their experimental data with some
oretical opacity models@17–21#. The success of the exper
mental studies stimulated the theoretical physicists to furt
efforts. A lot of theoretical studies@18,22–25# have been
carried out to simulate x-ray transmission spectra. Most
them approximated theK-shell excited (1s hole! states as
discrete ones and only took account of Doppler broaden
in calculating the line absorption cross sections. Recently,
@26# simulated the x-ray (hn*1 keV) transmission through
laser-produced aluminum plasmas at the temperatures
densities of 40 eV and 0.0135 g/cm3 and of 58 eV and
0.02 g/cm3, respectively, by using the detailed-term
accounting~DTA! approximation. We@27# have also calcu-
lated the radiative opacity~including the Rosseland an
Planck mean opacities! in the photon energy range ofhn
&1 keV of an aluminum plasma at a temperature of 20
and a density of 0.01 g/cm3 using the same DTA approxi
mation. The calculated transmissions under the above m
tioned conditions agree satisfactorily with the experime
and other theoretical results. We have shown some additi
features in calculating the radiative opacity of aluminu
plasmas. First, in thehn*1 keV region, the autoionization
width is one of the major broadening mechanisms and sho
be considered in obtaining the opacity or transmission.
mentioned above, in the x-ray regionhn*1 keV, the domi-
nant structures of the opacity or transmission are caused
©2002 The American Physical Society01-1
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the inner-shell transitions, i.e., one 1s electron being excited
to the 2p orbital. TheseK-shell excited states are well abov
the single-electron ionization threshold, and the autoion
tion widths generally exceed the Doppler and Stark wid
for mostK-shell transitions from the low-lying states of di
ferent Al ionization stages. Therefore the autoionizat
width has a large effect on the radiative opacity or transm
sion. Secondly, in the rangehn&1 keV, accurate photoion
ization cross sections, especially detailed treatments of
resonances, are required to reproduce the structures ex
mentally observed. Our photoionization cross sections w
obtained by using the close-coupling scheme implemen
by R-matrix codes@28#. TheR-matrix method is quite effec
tive in treating the autoionization resonances, as dem
strated by our previous work@29–31#. In spite of the experi-
mental and theoretical studies mentioned above, there is
a lack of complete understanding of the radiative opacity
plasmas. The purpose of the present paper is to carry o
systematic study of the opacity of aluminum plasmas w
varieties of density and temperature. Particular attentio
given to the influence of the detailed treatment of spec
lines on the Rosseland mean opacity under different ther
dynamical conditions. After a brief introduction of th
method of calculation~Sec. II!, we present our theoretica
results in Sec. III. In Sec. III A, we give an overview of ou
calculated opacity and transmission in the photon ene
range of 70-250 eV for the aluminum plasma at a tempe
ture of 20 eV and a density of 0.01 g/cm3. The transmission
in this energy interval has been experimentally measured
Winhart et al. @15,16#. Analyses were made to clarify th
difference between the opacities and transmissions obta
by the DTA and average atom~AA ! models. Then in
Sec. III B we obtain the spectrally resolved opacities a
Rosseland and Planck mean opacities of the alumin
plasma of a 40 eV isothermal sequence, with densities v
from 0.0001 to 0.64 g/cm3. In Secs. III C and III D, similar
calculations are carried out for a 0.01 g/cm3 isodense se-
quence, with temperatures varying from 15 eV to 60 eV, a
for a sequence with average ionization degreeZ* ;7.13,
with the densities of 0.0001, 0.001, 0.01, and 0.1 g/cm3. In
Sec. III E, we check the sensitivities of the Rosseland m
opacity to the accuracy of the linewidth caused by the e
tron impact broadening mechanism by artificially reduci
its width by 50% or increasing it twice. All of the calcula
tions were carried out in the rangehn&1 keV. It is this
spectral range that determines the Rosseland and Pl
mean opacities under these plasma conditions. The calc
tions are carried out using the DTA and average atom mo
to have a comparison between the two results. By presen
the three sequences, we expect that we will have a relati
complete understanding of the opacities of aluminum p
mas over a relatively wide temperature and density ran
Finally, the conclusions are presented in Sec. III F.

II. METHOD OF CALCULATION

The details of DTA calculations of opacities have be
given elsewhere@26,27,32#. The theoretical details for the
computation of photoionization cross sections in the clo
01640
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coupling approximation employing theR-matrix method
have also been given in our previous papers@29–31#. Here
only a brief description is presented. For a LTE plasma,
radiative opacity at radiation of energyhn for a plasma of
mass densityr and temperatureT is given by

rk8~hn!5(
i F S (

tt8
Nits i t t 8~hn!1(

t
Nits i t~hn!D

1m i f f ~hn!G ~12e2hn/kT!1mscatt~hn!, ~1!

wherek8(hn) is the total opacity, the prime on the opaci
denotes that stimulated emission has been included in
calculation,s i t t 8(hn) is the cross section for photoexcitatio
from term t to t8 of ion i, s i t(hn) is the photoionization
cross section from termt of ion i, and m i f f (hn) and
mscatt(hn) are the absorption coefficients contributed
free-free absorption and scattering, respectively.Nit is the
population density for termt of ion stagei obtained from the
Boltzmann distribution function

Nit5git~Ni /Zi !e
2Eit /kT, ~2!

wheregit is the statistical weight for termt of ion i , Zi is the
partition function of ioni , Ni is the population of ioni , Eit
is the energy of termt of ion i above the ground state, andk
is the Boltzmann constant.Ni can be obtained by solving th
Saha equation@26,33#. The continuum lowering is consid
ered by using the Debye-Hu¨ckel model @34#. The bound-
bound cross section for a given line may be expressed
terms of the oscillator strengthf itt 8 as

s i t t 85
phe2

mec
f itt 8S~hn!, ~3!

whereS is the line shape function,h Planck’s constant,c the
speed of light in vacuum,e the electron charge, andme the
electron rest mass. In the present work,S is taken to be the
Voigt profile which takes account of both the Doppler a
Stark broadening. The expression for the Voigt profile a
the determinations of the Doppler and Stark widths can
found in our previous paper@27#.

The calculation of the Stark broadening is complicat
and even the semiclassical method needs elaborate cons
ations. The available data for the Stark widths are not su
cient for the opacity calculations. The requirement for t
rapid calculation of spectral linewidths has led to the dev
opment of a number of approximate methods@3,35–38#.
Most of these methods are simplified semiclassical or se
empirical ones. Seaton@39# adopted a method of rapid ca
culation of the Stark widths based on quantum mechan
calculations. In the present paper, the Stark widths~in eV!
were obtained from the simplified semiempirical meth
@37#
1-2
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G l5Ne

8p

6

\3

m2e
S 2m

pkTD 1/2 p

A3
S 0.92

1.1

z D
3 (

j 5 i , f
S 3nj

2z D 2

~nj
22 l j

22 l j21!, ~4!

where ni( l i) and nf( l f) are the effective principal~orbital
angular momentum! quantum numbers of the lower and u
per energy levels of the transition, respectively.

The fraction of radiation transmittedF at energyhn with
respect to some incident source of arbitrary intensity is gi
by

F~hn!5e2rk8(hn)L, ~5!

where L is the path length traversed by the light sour
through the plasma. The functionF is integrated over a
Gaussian function, with the full width corresponding to t
spectrometer resolution, to obtain the final transmiss
spectrum, which can be compared directly with the exp
ment.

In practical applications, such as radiative trans
through hot dense plasmas, Rosseland and Planck m
opacities are required. These two mean opacities are de
by

1

KR
5E

0

`WR~u!du

k8~u!
, ~6!

and

KP5E
0

`

@k8~u!2kscatt#WP~u!du, ~7!

whereu5hn/kT, kscatt is the absorption coefficient contrib
uted by scattering, andWR and WP are the Rosseland an
Planck weighting functions, respectively, given by

WR~u!5
15

4p4

u4 exp~2u!

@12exp~2u!#2
~8!

and

WP~u!5
15

p4

u3 exp~2u!

12exp~2u!
. ~9!

The method of calculation using the AA model can
found elsewhere@40–42#; no detailed description will be
given here. In the present AA model, the one-electron orb
energies are obtained by solving the radial Schro¨dinger equa-
tion with a definite boundary self-consistently. The rad
boundary, i.e., the size of the atom, is determined by
density of the plasma. The fractional occupation number
each one-electron orbital obey Fermi-Dirac distribution. D
to the restriction of the limited size of the atom, some of t
orbitals, which are bound states for the free atoms, bec
ionized states. The ionization of an orbital is also tempe
ture dependent, because the average ionization degree
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influence on the self-consistent potential. Therefore, the
called continuum lowering has been considered quite dif
ently in our DTA and AA calculations. The width of th
bound-bound transitions in this AA model is calculated
considering the fluctuations of the occupation numbers
cording to the suggestion of Rose@18#. Because the one
electron transitions in the AA model are not distinguished
different ions and different terms of the same ion, the sh
and width calculated by the method of Rose@18# represent
the shape and width of the so-called unresolved transi
array. The individual spectral lines are completely un
solved in the AA model results. These kinds of statistic
treatment are only reasonable when the real transition l
are merged completely due to Stark or Doppler broaden
Only aluminum plasmas in LTE are considered in this pap
The two kinds of calculation, the DTA model and the A
model, are carried out independently without any artific
attempt to assure that they are consistent with each o
although physically some of the quantities, for example,
average ionization degree, predicted by them should be

III. RESULTS AND DISCUSSION

A. Opacity and transmission at 20 eV and 0.01 gÕcm3

The details of the results at this density and tempera
have been reported in our previous paper@27#. We will not
repeat the main parts of the previous paper, but a short
scription will be given for the convenience of the reader
access the accuracy of our calculation by comparing
spectrally resolved transmission in a relatively low-ener
region of the photon, which was measured by Winhartet al.
@15,16#. For this case, the average ionization degree is
which is obtained by solving the Saha equation, in go
agreement with the theoretical result of 4.3 obtained by
OPAL code@17#. Among the various ionization stages, AlV

ions are the most abundant, accounting for 50% of the t
particle population, and the next ones are AlVI and Al IV

ions, accounting for 32% and 16%, respectively.
Figure 1 shows the radiative opacities and the correspo

ing transmissions in the photon energy range of 70–250
corresponding to the region experimentally observed@15,16#.
In Fig. 1, the solid line refers to the results obtained by
DTA approximation, the dashed line to the results obtain
by the AA model. In Fig. 1~b!, the long dashed line refers t
the experimental spectrum@15,16#. In order to have optimum
coincidence with the experimental spectrum, our DTA resu
have been shifted to lower photon energy by 2.6 eV. Deta
discussions of the structures and comparisons between
DTA results and the experiment can be found in our previo
paper, but one can find general good agreement betwee
calculated transmission spectra by our DTA model and
measurement by Winhartet al. @15,16#. According to Eqs.
~6!–~9!, the spectral resolved opacity in this energy regi
contributes the main part of the Rosseland and Planck m
opacities. The AA model, for which the results are also d
played in Fig. 1, gives very poor agreement with the m
sured spectra.
1-3
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B. Opacities of the 40 eV isothermal sequence

The differences between the spectrally resolved and m
opacities under the above typical experimental condit
@15,16# obtained by the DTA and AA models are due to tw
main sources. The first one is the energy shift of the abs
tion peaks of the AA model relative to the true positions. T
second one is the smoothing of the fine line structures m
artificially in the AA model. As defined by Eqs.~7! and ~9!,
the Planck mean opacity is a linear weighted average, w
the Rosseland mean opacity is a harmonic weighted aver
Therefore, the unphysical energy shift of the absorpt
peaks of the AA model induces errors in both the Rossel
and Planck means, while the smoothing over the deta
lines in the AA model changes mainly the Rosseland m
opacity. The question is when both, one, or even neithe
these two factors are significant enough to cause unacc
able errors. To have an overall view of the question, we h
made a systematic study of the spectrally resolved and R
seland and Planck mean opacities under different pla
conditions for three sequences: a 40 eV isothermal on
0.01 g/cm3 isodense one, and one of average ionization
greeZ* ;7.13.

First, as an example of an isothermal sequence, we ca
lated the radiative opacities of aluminum plasmas at a t
perature of 40 eV and mass densities range from 0.000
0.64 g/cm3. The spectrally resolved opacities and Rossela
and Planck mean opacities at 16 sample points of den
which are listed in Table I, are calculated by both the D
and AA models. Because there are too many data, it is

FIG. 1. ~a! The spectrally resolved radiative opacity and~b!
transmission for an aluminum plasma at a temperature of 20 eV
a density of 0.01 g/cm3. In ~b!, the DTA transmission has bee
convolved with the reported spectrometer resolution. Note that
spectrometer resolution varies with photon energy.
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practical to give all these data in the present paper. A par
them, Figs. 2~a!–2~d! show the spectrally resolved radiativ
opacities at densities of 0.0001, 0.001, 0.01, and 0.1 g/c3,
respectively. The solid lines refer to the DTA opacities a
the gray lines to the AA opacities. One can see from Fi
2~a!–2~b! that at densities of 0.0001 and 0.001 g/cm3 the
widths of the spectral lines are too small to coalesce to fil
the gaps between the discrete lines. As a matter of fact,
Stark and Doppler widths are indeed small and they comp
with each other for different transitions of plasmas at t
density of 0.001 g/cm3.

To have a quantitative understanding, we turn to the li
widths caused by the two kinds of broadening mechani
For aluminum plasma at a temperature of 40 eV and a d
sity of 0.001 g/cm3, Al X ions are the most abundant, repr
senting 42% of the total particle population, according to o
calculation. For a transition of 2p-3d from the ground state
of Al X, the Stark width can be calculated to be 2 meV fro
Eq. ~4! and the Doppler width is 10 meV. The Doppler wid
is four times larger than Stark width. While for a transition
2s-2p from the ground state of AlX, the Stark width is 1
meV and the Doppler width is 0.8 meV. In this case, t
Doppler width is a little smaller than the Stark width. On
can imagine that the Doppler broadening will domina
gradually as the density of the plasma decreases. When
density is decreased by 10 times, i.e., 0.0001 g/cm3, the
Doppler broadening is the main broadening mechanism.
the other hand, when the density is increased by 10 tim
i.e., 0.01 g/cm3, the Doppler widths are basically the sam
as those at 0.001 g/cm3 density, but the Stark widths in
crease greatly because the electron density increases co
erably. From the inspection of Fig. 2~c!, one can see that
although there is still nonoverlapping between some lin
some other lines begin to coalesce to fill the gaps. When

TABLE I. The Rosseland and Planck mean opacities obtai
by our DTA and AA models at a temperature of 40 eV and differe
densities~in g/cm3).

Density
(g/cm3)

DTA
Rosseland

DTA
Planck

AA
Rosseland

AA
Planck

0.0001 68 4236 376 4810
0.0002 156 5992 707 6422
0.0004 316 8130 1277 8310
0.0008 644 10481 2220 10468
0.001 845 11380 2620 11210
0.002 1698 13710 4343 13718
0.004 3435 15900 6763 16425
0.008 6305 18636 9908 19301
0.01 7328 19576 11067 20280
0.02 10900 22966 14698 23352
0.04 14673 26802 18151 26517
0.08 17409 30305 21105 29973
0.1 17821 31064 21919 30957
0.16 19216 33645 23781 33960
0.32 19879 37166 25055 37223
0.64 20805 42423 27093 43835

nd

e
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density is increased further to 0.1 g/cm3, the Stark width
becomes so large that all the absorption lines overlap gre
They have merged into a much smoother curve. At this d
sity, the Stark broadening dominates over Doppler broad
ing. The spectrally resolved opacities obtained by our D
model become closer and closer to those obtained by the
model with increasing density. From these analyses, one
conclude that the differences between the Rosseland m
opacities obtained by the two models become larger
larger as the mass densities get lower and lower. On
contrary, with increasing density, the agreement between
Rosseland and Planck mean opacities by the two models
become closer and closer. The final results are indeed so
such a conclusion can easily be seen from Fig. 3, wh
shows the variations of the Rosseland and Planck m
opacities as a function of the density. The mean opacitie
the 16 sample points of density are also given in Table I

From Table I and Fig. 3, one can see that the agreem
between the Planck mean opacities obtained by the DTA
AA models is better than that of the Rosseland mean op
ties. The relative difference between the DTA and AA Plan
mean opacities is less than 14%. It is 13.6% at a densit
0.0001 g/cm3 and decreases to 1.5%, 3.6%, and 0.34%
densities of 0.001, 0.01, and 0.1 g/cm3, respectively. As

FIG. 2. The spectrally resolved radiative opacities for alumin
plasmas at a temperature of 40 eV and densities of~a! 0.0001,~b!
0.001,~c! 0.01, and~d! 0.1 g/cm3. The solid lines refer to the DTA
results and the gray lines to the AA results.
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mentioned above, as the Planck mean opacity is a weig
linear average over the spectral resolved opacities, only
energy shift of the absorption peaks causes consider
change to the average values. In Fig. 1, it was shown t
although the position of the main absorption peak arou
200 eV varies slightly with the density, the positions pr
dicted by the DTA and AA models agree well with each oth
over the whole range of density. This is not always true
any density and temperature, although it seems that con
erable discrepancies have only been found below 30 eV.
cause the Rosseland mean is a weighted integration ove
inverse of the spectrally resolved opacity, the result is mu
more influenced by the smoothed absorption structures in
AA model. From Fig. 3, one can see that the agreem
between the Rosseland mean opacities obtained by our
and AA models becomes better and better as the den
increases. For densities above 0.01 g/cm3, the difference be-
tween the DTA and AA Rosseland mean opacities is no m
than 40%. This conclusion is also temperature depend
Both the Rosseland and Planck mean opacities incre
monotonically with density over the 0.0001–0.64 g/cm3

range, for either the DTA or AA model. Application of th
Saha equation, with a simple continuum lowering, at a d
sity like 0.64 g/cm3 is certainly questionable. By comparin
with the AA model, we find that the highest occupied orbita
predicted by the two models are the same for the high
densities we studied here.

C. Opacities of the 0.01 gÕcm3 isodense sequence

Next, we turn to the opacities at a density of 0.01 g/c3

and temperatures from 15 to 60 eV. As part of them, Fi
4~a!–4~d! shows the spectrally resolved opacities at tempe
tures of 20, 30, 50, and 60 eV, respectively. From the insp
tion of Fig. 4, one can see that the spectral line shapes
widths do not differ considerably at different temperatur
but the maximal value of the opacities shifts toward high
photon energy as the temperature increases. The latter
clusion can be easily understood because the average io
tion degree of the plasma increases as the plasma tem
ture increases. The increase of the average ionization de
means that the most abundant ions in the plasma shif

FIG. 3. The Rosseland and Planck mean opacities for alumin
plasmas as a function of density at a temperature of 40 eV.
1-5
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higher ionization stages. For the same type of transition fr
different ionization stages, for example, 2p-3s, the transition
energies of the higher ionization stages are usually la
than those of lower ionization stages. Therefore, the maxi
value of the opacities shifts toward higher photon energy
the temperature increases. The former conclusion canno
seen as directly as the latter. As discussed in Sec. III A,
Stark broadening is the main broadening mechanism at
density of 0.01 g/cm3. From the semiempirical expressio
for the Stark width@Eq. ~4!#, we know that the Stark width
increases with electron density, and decreases with incr
ing ionic charge. With the increase of temperature and d
sity unchanged, the average ionization degree increases.
result, the electron density and ionic charge of the m
populated species will increase at higher temperatures.
competition between the two factors results in the closen
of the linewidths for isodense sequence. The positions of
main absorption peaks around 200 eV predicted by the D
and AA models generally coincide well at temperatu
above 30 eV. As expected, the Planck mean opacities of
two models for these temperatures do not differ very mu

Table II gives the Rosseland and Planck mean opac
for this isodense sequence. Figure 5 shows the variation
the two means with temperature. From Table II and Fig
one can see that the variation of the two mean opacities
temperature is more complicated than with density. T
Planck mean opacities obtained by our DTA and AA mod

FIG. 4. The spectrally resolved radiative opacities for alumin
plasmas at a density of 0.01 g/cm3 and temperatures of~a! 20, ~b!
30, ~c! 50, and~d! 60 eV.
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have larger differences at temperatures below 30 eV~the
maximum of which is 23.6% at 22 eV! than at temperature
above 30 eV~the maximum is 8.7% at 55 eV!. Both our DTA
and AA models show a shoulder at a temperature of abou
eV. At about 45 eV, the Planck mean opacities from the D
and AA models are equal to each other. For the Rosse
mean opacities, both models predict a similar trend in
temperature range of 15–60 eV. They increase with temp
ture at first and then decrease, but the temperature of
turning point is different. The DTA model predicts a max
mum Rosseland mean at about 35 eV, while the correspo
ing AA model at about 20 eV. The difference in the Ross
land mean between the two models is caused by the diffe
treatment of the bound-bound and bound-free absorp
processes. At the temperature of 20 eV, the AA Rossel
mean is 4.38 times larger than the corresponding DTA va
With an increase of temperature, the differences begin
decrease. At the temperature of 35 eV, the AA Rossel
mean is only 66% larger than the corresponding DTA val
Above 35 eV, the differences become even more smaller
60 eV, the relative difference between the two models is o
29%.

D. Opacities of theZ*È7.13 sequence

Under the plasma condition of 40 eV temperature a
0.01 g/cm3 density, the average ionization degreeZ* is

TABLE II. The Rosseland and Planck mean opacities obtain
by our DTA and AA models at a density of 0.01 g/cm3 and differ-
ent temperatures~in eV!.

T
~eV!

DTA
Rosseland

DTA
Planck

AA
Rosseland

AA
Planck

20 4184 24891 22520 30402
22 4650 23795 22363 29354
25 5608 24336 20866 29354
30 7734 25223 17430 26572
35 8520 22963 14140 23576
40 7328 19576 11067 20280
45 5565 17225 8455 17110
50 4508 15215 6374 14165
55 3582 12585 4781 11489
60 2709 9785 3505 9071

FIG. 5. The Rosseland and Planck mean opacities for alumin
plasmas as a function of temperature at a density of 0.01 g/cm3.
1-6
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7.13, obtained by solving the Saha ionization equilibriu
equation. This result should be correct and reliable when
compare our other results for the Saha equation with o
theoretical ones. Faussurieret al. @43# proposed a method fo
accounting for the various ionization stages of a LTE plas
based on the AA model. The method can also be use
estimate the integer charge state distribution in the plas
For an aluminum plasma at a temperature of 40 eV an
mass density of 0.0135 g/cm3, they calculated the averag
ionization degree to beZ* 57.036. Considering the lowe
density 0.01 g/cm3 rather than 0.0135 g/cm3 in our case,
our value of the average ionization degreeZ* 57.13 seems
natural. The value 7.13 is a little larger than 7.036 beca
the density of 0.01 g/cm3 is less than 0.0135 g/cm3. As a
matter of fact, we have also solved the Saha equation for
aluminum plasma at a temperature of 40 eV and a densit
0.0135 g/cm3. According to our calculation, the average io
ization degree is 6.95, which is rather close to the va
7.036 obtained by Faussurieret al. @43#. Nevertheless, as
Faussurieret al. pointed out that their method predicted a
ionization higher than other theoretical results obtained
Kilcrease et al. @22#; thus our ionization degree of 6.9
agrees better with that obtained by Kilcreaseet al. They ob-
tained their results also by solving the Saha equation, but
necessary atomic data for the calculations of the parti
functions were obtained from the unresolved transition
rays approximation@44#. Therefore, we are confident that o
results obtained from solving the Saha equation are cor
and reliable. In Table III, the ion fractions for the LTE alu
minum plasma atT540 eV and r50.0135 g/cm3 are
given. For comparison, both our results and those obta
by Faussurieret al. @43# are given. Both results predict sim
lar distributions and only three main ion species exist in
plasma.

For theZ* ;7.13 sequence, we have considered ano
three cases: 25.24 eV and 0.0001 g/cm3, 31.04 eV and
0.001 g/cm3, and 53.35 eV and 0.1 g/cm3. Figure 6 shows
the spectrally resolved opacities of thisZ* ;7.13 sequence
The corresponding Rosseland and Planck mean opacitie
given in Table IV. They are plotted in Fig. 7 as a function
the density. The different temperatures for this sequence
shown at the top of the corresponding results. Similar c
clusions to those noted for in Fig. 2 can be drawn from
comparison of the spectrally resolved opacities, although
temperatures are different for the present cases.

TABLE III. Integer charge state distribution of an aluminu
plasma (T540 eV, r50.0135 g/cm3). For comparison, our re
sults obtained by solving the Saha equation and those of Fauss
et al. @43# are given.

Charge state Present work Faussurieret al. @43#

Al VI 3.85% 2.65%
Al VII 24.84% 22.33%
Al VIII 45.62% 46.95%
Al IX 22.72% 24.65%
Al X 2.64% 3.23%
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E. Sensitivities of the Rosseland mean opacity on the accuracy
of the linewidth

For low-density plasmas, the true structure of the spec
lines has to be treated carefully in order to get correct res
for both the transmission spectra and the Rosseland m
opacity. The linewidth plays an important role in these kin
of calculation. Accurate determination of the linewidth is
complicated task and a variety of approximations have to
involved in various models. Therefore, the sensitivity of t
Rosseland mean opacity to the linewidth would provi
helpful information to judge the reliability of the results.

In the present study, the line broadening due to elect
impact is calculated by using a semiempirical formula giv
by Eq.~4!, while the collision between the ions has not be
considered explicitly. Generally it is believed that the lin
broadenings by electron impact and ion collision are simi
From our calculations, it has been shown that the semiem
ical formula of Eq.~4! gives results quite close to those of

rier

TABLE IV. The Rosseland and Planck mean opacities obtain
by our DTA and AA models forZ* ;7.13 sequence.

T
(eV)

r
(g/cm3)

DTA
Rosseland

DTA
Planck

AA
Rosseland

AA
Planck

25.24 0.0001 258 10153 2309 11664
31.04 0.001 1335 14318 5282 16193
40 0.01 7328 19576 11067 20280
53.35 0.1 11664 22145 12157 22134

FIG. 6. The spectrally resolved radiative opacities for alumin
plasmas of theZ* ;7.13 sequence:~a! 31.04 eV and 0.001 g/cm3,
~b! 40 eV and 0.01 g/cm3, and~c! 53.35 eV and 0.1 g/cm3.
1-7
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quantum mechanical calculation@45#. By comparing with
limited experimental data, the accuracy of this kind of tre
ment was estimated to be about 50%. In the present case
dependence of the Rosseland mean opacity on the linew
was shown just by artificially reducing the linewidth give
by Eq.~4! by 50% or increasing it twice. The results at a fe
typical densities and temperatures are collected in Table
One can see that at 40 eV and 0.004 g/cm3 the Rosseland
mean opacity changes no more than 15%, while at 40 eV
0.1 g/cm3 it changes even less than 5%. The results are q
encouraging, as these densities and temperatures are
found in practical applications.

F. Conclusion

In summary, a systematic study of the spectrally resol
and Rosseland and Planck mean radiative opacities of al
num plasmas have been carried out by two different me
ods: the detailed-term-accounting approximation and the
erage atom model. Results are presented for a 40
isothermal sequence, a 0.01 g/cm3 isodense sequence, and

FIG. 7. The Rosseland and Planck mean opacities for alumin
plasmas of theZ* ;7.13 sequence as a function of density at d
ferent temperatures.
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sequence of average ionization degreeZ* ;7.13. For most
densities and temperatures presented here, the distribu
range and position of the transition array predicted by the
model have no significant discrepancies from those of
DTA model, resulting in Planck mean opacities with sm
differences. However, these findings cannot be assured
any density, temperature, or material. The present results
show that the differences between the Rosseland and Pl
mean opacities obtained by the DTA and AA models a
mainly due to the energy shift of the absorption peaks a
the smoothing of the individual lines made in the AA mod
The uncertainty of the opacities of the DTA model due to t
limited accuracy of the individual spectral linewidths h
been shown to be acceptable for plasma densities abo
critical value.
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TABLE V. Changes of the Rosseland mean opacity at 40 eV
reducing and increasing individual linewidth artificially. CaseB cor-
responds to the results with electron impact broadening using
~4!. CasesA andC correspond to the results obtained by artificia
reducing the linewidth given by Eq.~4! by 50% and increasing it
twice, respectively.

Plasma condition A
Difference

~%! B C
Difference

~%!

40 eV, 0.004 g/cm3 2992 12.8% 3435 3892 13.3%
40 eV, 0.01 g/cm3 6565 10.4% 7328 8024 9.5%
40 eV, 0.04 g/cm3 13690 6.7% 14673 15468 5.4%
40 eV, 0.1 g/cm3 17051 4.3% 17821 18489 3.7%
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