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The transmission spectrum has been calculated using a detailed-level-accounting model for iron plasmas in
local thermodynamic equilibrium in the 2p-3d excitation energy region. The calculation is motivated by the
large difference between the theories obtained by statistical methods such as unresolved transition array and
superconfiguration transition array and the experiment reported in the literature. Detailed studies have been
carried out on the effects of the width of individual lines and configuration interaction. The results show that
the saturation of individual lines is evident in the transmission. These effects should be considered carefully to
obtain an accurate opacity or transmission. In view of the uncertainties in the experiment, rather good agree-
ment is found between our theoretical result and the experiment when these effects are taken into account in
the calculation.
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Absorption coefficients are crucial data in the study of
inertial confinement fusion, x-ray lasers, and magnetic fusion
plasmas. For iron plasmas, among other practical applica-
tions, accurate absorption coefficients are also important in
astrophysics. Compared with hydrogen and helium, iron con-
stitutes a small fraction, but its opacity plays a major role in
the radiative transfer in astrophysical plasmas such as the
Sun. Analysis of helioseismological data is very sensitive to
the opacity of iron inside the Sun, and improvement of opac-
ity data is important to model the Sun’s oscillations. There-
fore, a few experimental measurements[1–6] have been
made during the past decade in order to accurately determine
the radiative opacity of iron plasmas. The progress in the
knowledge of iron opacity and the use of more accurate
opacity have clarified a few questions in astrophysics.
Chenais-Popovics[7] gave a review on the progress of the
opacity measurements for astrophysics in the laboratory.

The measurements[1–6] mentioned above are limited to
the photon energy region,300 eV. Chenais-Popovicset al.
[8] 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 isrL=20 mg/cm2. The mass density is estimated to
be about 0.004 g/cm3. Absorption of the 2p-3d transitions of
Fe4+−Fe9+ has been observed in the experiment. The authors
used the supertransition array codes SCO[9] and STA[10]
and detailed spin-orbit-split arrays(SOSA) calculations[11]
to interpret the experimental transmission. The detailed
SOSA calculation is based on the unresolved transition array
(UTA) formalism developed by Baucheet al. [12], where all
the lines of a transition array merge into one broadband.
However, as the authors pointed out in their paper, the cal-
culated 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 dif-
ference between theory and experiment is beyond the experi-
mental uncertainties caused by: the influence of the second-
order spectrum, the thickness uncertainty, and the temporal

and spatial inhomogeneity of the foil. As a result, Chenais-
Popovicset al. [8] suggested that one has to investigate the
effect of individual lines in detail to have a better comparison
with the experiment.

To the best of our knowledge, such a detailed calculation
in the 2p-3d energy region has not been carried out for Fe
plasmas as of yet. In the present work, we calculate the trans-
mission spectrum of Fe plasma under the prototype experi-
mental condition of Chenais-Popovicset al. [8] using a
detailed-level-accounting(DLA ) treatment. It is similar to
the detailed-term-accounting model applied to the aluminum
plasmas[13–15], except that fine-structure energy levels and
oscillator strengths are treated in the former by solving the
fully relativistic Dirac equation. In this DLA model, we con-
sidered all major spectral line broadening mechanisms, in-
cluding natural lifetime broadening(autoionization and ra-
diative lifetime), electron impact, and Doppler broadening.
The effects of the width of individual lines on the transmis-
sion are studied in some detail.

For a plasma of temperatureT and mass densityr in local
thermodynamic equilibrium, the fraction of radiation trans-
mitted F at photon energyhn with respect to some incident
source of arbitrary intensity is given by

Fshnd = e−rk8shndL, s1d

where L is the path length traversed by the light source
through the plasma andk8shnd is the radiative opacity(the
prime on the opacity denotes that stimulated emission has
been included), which is given by

rk8shnd = o
i
FSo

ll8

Nilsill 8shnd + o
l

NilsilshndDG
3s1 − e−hn/kBTd, s2d

where sill 8shnd is the photoexcitation cross section from
level l to l8 of ion i, andsilshnd is the photoionization cross
section from levell of ion i. The free-free absorption and
scattering are assumed to be negligible.Nil is the population
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density for levell of ion stagei obtained from the Boltzmann
distribution function

Nil = gilsNi/Zide−Eil /kBT, s3d

wheregil is the statistical weight for levell of ion i, Zi is the
partition function of ioni, Ni is the population of ioni, Eil is
the energy of levell of ion i above the ground state, andkB
is Boltzmann’s constant.Ni can be obtained by solving the
Saha equation[16]. The ionization potential depression is
considered by using the Debye-Huckel model. The bound-
bound cross section for a given level-to-level line can be
expressed in terms of the oscillator strengthf ill 8 as

sill 8 =
phe2

mec
fill 8Sshnd, s4d

where h is Planck’s constant,c is the speed of light in
vacuum,e is the electron charge,me is the electron rest mass,
and S is the line-shape function, which is taken to be the
Voigt profile with the major broadening mechanism being
taken into account. The atomic data required in the calcula-
tions are obtained using the flexible atomic code(FAC) de-
veloped by Gu[17]. A fully relativistic approach based on
the Dirac equation is used throughout the entire package.

First, let us inspect the linewidths caused by different
broadening mechanisms. Under the experimental condition,
Fe VIII is one of the most abundant ions in the plasma. Take
the lines of transition arrays3s23p6d3d−2p−1s3s23p6d3d2 of
Fe VIII as examples. Table I shows the various linewidths
[full width at half maximum(FWHM)] caused by the broad-
ening mechanisms mentioned above. The Doppler width is
connected with the temperature of the plasma and transition
energy and thus it is easy to obtain. The autoionization width
shown in Table I is obtained by Dirac atomicR-matrix code
(DARC) [18], while electron impact broadening is obtained
from the simplified semiempirical method[19]. The width of
radiative lifetime can be estimated from the oscillator

strengths. It can easily be seen that the autoionization width
is the largest among all the broadening mechanisms for this
transition array of FeVIII , while the width of the radiative
lifetime is the smallest.

In principle, in addition to the autoionization width, the
detailed line profile should be considered as well because the
2p-3d excited states are autoionized ones. However, as the
direct channels for both the valence excitedM-shell thresh-
olds and the innerL-shell photoionization thresholds are far
away from the 2p-3d excitation energy region, the interac-
tions between the direct and indirect photoionization chan-
nels are very weak. As a result, the line profile tends nearly
to a Lorentzian profile. This has been demonstrated in the
1s-2p transitions in aluminum plasmas[13]. Thus the indi-
vidual line profile is not a critical factor in opacity calcula-
tions.

As there is a large amount of transitions, the calculation of
the autoionization widths is very time-consuming. From an
inspection of Table I, we can see that the autoionization
widths of more than 50% lines are about 140 meV. If we
take the autoionization widths of all the transitions of differ-
ent ionization stages to be 140 meV and if the linewidths
caused by other mechanisms are calculated by the methods
mentioned above, we get the calculated transmission spec-
trum shown in Fig. 1(a) for an iron plasma at a temperature
of 20 eV and a density of 0.004 g/cm3. This spectrum is
highly resolved and shows rich spectral line structures. Note
that the saturation effect is evident for some strong lines.
Davidsonet al. [20] and Chenais-Popovicset al. [21] 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.

Instrumental broadening can be taken into account by
convoluting the data shown in Fig. 1(a) over a Gaussian
function, with FWHM corresponding to the spectrometer
resolution. Figure 1(b), solid line, shows the transmission
with this effect having been considered. The dot-dashed,

TABLE I. Linewidths (in meV) contributed by autoionizationsGad, radiative lifetimesGrd, electron impact
sGed, and DopplersGdd broadening for some strong transitions of the 3d-2p−13d2 transition array of FeVIII .
DE is the transition energy in eV andf l is the length form of the oscillator strength

Transition DE fl Ga Gr Ge Gd

3d3/2-fs2p3/2
−1 3d3/2d23d5/2g5/2 733.10 0.1105 148 ,5 10 34

3d3/2-fs2p3/2
−1 3d3/2d13d5/2g5/2 735.14 0.2420 129 ,5 10 34

3d3/2-fs2p3/2
−1 3d3/2d33d5/2g1/2 736.13 0.1320 104 ,5 10 34

3d3/2-fs2p1/2
−1 3d3/2d23d5/2g5/2 740.51 0.1900 102 ,5 10 34

3d3/2-f2p1/2
−1 s3d5/2

2 d2g5/2 741.62 0.1275 128 ,5 10 34

3d3/2-f2p1/2
−1 s3d5/2

2 d2g1/2 745.15 0.1096 90 ,5 10 35

3d3/2-f2p1/2
−1 s3d5/2

2 d2g3/2 746.91 0.2900 133 ,5 10 35

3d3/2-fs2p1/2
−1 3d3/2d13d5/2g3/2 747.85 0.1966 140 ,5 10 35

3d5/2-f2p3/2
−1 s3d5/2

2 d4g7/2 733.93 0.1380 109 ,5 10 34

3d5/2-fs2p1/2
−1 3d3/2d13d5/2g5/2 745.94 0.4510 138 5 10 35

3d5/2-f2p1/2
−1 s3d5/2

2 d2g3/2 746.66 0.1250 133 ,5 10 35

3d5/2-fs2p1/2
−1 3d3/2d13d5/2g7/2 746.73 0.3210 195 ,5 10 35

3d5/2-fs2p1/2
−1 3d3/2d13d5/2g3/2 747.61 0.1503 140 ,5 10 35
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long-dashed, and dashed lines refer to the results obtained by
SOSA, SCO, and STA codes. All theories assume the iron
plasma at a temperature of 20 eV and a density of
0.004 g/cm3 except that the STA code takes a temperature of
21 eV. The dotted line in Fig. 1(b) refers to the experimental
spectrum. Good agreement is observed between our calcu-
lated transmission and that of SOSA, and the two results
agree best with the experiment. However, the four theoretical
results which use different approximations(DLA, UTA, and
STA) to treat the transitions predict stronger absorption than
in the experiment.

From the viewpoint of theory, there are several factors
which will affect the discrepancy between the DLA theory
and experiment. First, the above calculation used an equiva-
lent autoionization width 140 meV for all transitions. 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 autoionization widths ob-
tained by FAC code for all transitions, the calculated trans-
mission is shown in Fig. 2 in a solid line. To have a better
understanding of the plasma condition, we have also ob-
tained the transmission at temperatures of 18 and 22 eV.
From a comparison between the theoretical and experimental
transmission, one can conclude that the experimental spec-
trum 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 re-
sults. On the other hand, in the long-wavelength range, the

temperature seems closer to 22 eV. Therefore, nonhomoge-
neity of the experimental sample and small temperature gra-
dient 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 tem-
perature of the plasma. The uncertainty of the temperature
diagnostics obtained by theoretical predictions should be bet-
ter than ±2 eV.

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 FeVIII within n,6 configurations.
Interactions are included among the following configura-
tions: 3s23p63d, 3sx3py3dz (x+y+z=9, x=2−0, y=5−3),
3s23p53dnl, 3s23p43d2nl, 3s23p33d3nl, 3s3p63dnl,
3s3p53d2nl, 3s3p43d3nl, 3p63d2nl, 3p53d3nl (n=4,5; l
=0,1, . . . ,n−1), as well as all those which can give rise to
2p-nd and 2p-ns transitions from the above configurations,
i.e., 2p53s23p63d2, 2p53sx3py3dz+1, etc. The results show
that the effect of configuration interaction can generally
lower the oscillator strengths by about 20%. Figure 3, 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 obtained by SOSA with individual lines at a tem-
perature of 20 eV and a density of 0.004 g/cm3. Better
agreement is found between both theories of DLA and SOSA
with individual lines and the experiment. However, Chenais-
Popovicset al. [8] 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. 3 shows the result by lowering the transmission by 20%.
After taking account of the second-order effect, the agree-
ment is good between the theory and experiment considering
the experimental uncertainties mentioned above, such as
nonhomogeneity of the experimental sample and temperature
gradient. From a comparison of Figs. 2 and 3, one can see
that the effect of configuration interaction plays a more im-
portant role than that of linewidth. No shift is made for the
line positions in all our results. Besides good agreement for
the overall transmission, very good agreement is also found

FIG. 1. Transmission calculated as a function of wavelength in
Å at a temperature of 20 eV and a density of 0.004 g/cm3. The
autoionization width is taken to be 140 meV for all lines. Instru-
mental broadening(a) not included and(b) included.

FIG. 2. Transmission at temperatures of 18, 20, and 22 eV with
autoionization widths calculated by FAC for all lines.
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between the experimental and theoretical line positions. This
is an indication of the accuracy of the present calculations.
Lastly, the autoionization states may affect the remaining
discrepancy. Because of the complex electron structure, there
is a large amount of autoionization states for these iron ions.

In the present work, we did not take into account their con-
tributions to the partition functions. In a strict treatment, one
should consider this effect.

In conclusion, the transmission spectrum has been calcu-
lated for an iron plasma using the detailed-level-accounting
model. The effect of the width of individual lines has been
studied in detail. The results show that the saturation of the
individual lines is evident and important in the detailed trans-
mission calculations. To obtain accurate opacity or transmis-
sion, 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 theory and
experiment after the linewidth effect and configuration inter-
action effect have been considered in the calculations. Fur-
ther experimental and theoretical studies are needed to
clarify the remaining difference between experiment and
theory.
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dashed line refers to the result obtained by SOSA with individual
lines [8].
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