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Influence of detailed line treatment on the opacity of iron plasmas in the @-3d energy region
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The transmission spectrum has been calculated using a detailed-level-accounting model for iron plasmas in
local thermodynamic equilibrium in thep23d 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 ofand spatial inhomogeneity of the foil. As a result, Chenais-
inertial confinement fusion, x-ray lasers, and magnetic fusiorPopovicset al. [8] suggested that one has to investigate the
plasmas. For iron plasmas, among other practical applicaeffect of individual lines in detail to have a better comparison
tions, accurate absorption coefficients are also important iith the experiment.
astrophysics. Compared with hydrogen and helium, iron con- To the best of our knowledge, such a detailed calculation
stitutes a small fraction, but its opacity plays a major role injn the 20-3d energy region has not been carried out for Fe
the radiative transfer in astrophysical plasmas such as thgasmas as of yet. In the present work, we calculate the trans-
Sun. Analysis of helioseismological data is very sensitive tQpission spectrum of Fe plasma under the prototype experi-
the opacity of iron inside the Sun, and improvement of 0paCienta condition of Chenais-Popoviet al. [8] using a
ity data is important to model the Sun’s oscillations. There'detailed—level—accountingDLA) treatment. It is similar to

];g;% ea(ljufﬁxvg fﬁ( ep %grsrle dnéi!a d@?ﬁs;:jeeTfénﬂ;S]urg?g@ g;Z?mi r%he detailed-term-accounting model applied to the aluminum
the radiative opacity of iron plasmas. The progress in the asmaq13-13, except that fine-structure energy levels and

knowledge of iron opacity and the use of more accurat scillator_s_tre_ngths are treated in the former by solving the
opacity have clarified a few questions in astrophysics.lf"y relat|V|st|c.D|rac equation. In this DI.‘A model, we con-
Chenais-Popovic7] gave a review on the progress of the S|dered all major spectral line proademng_ mgchanlsms, in-
opacity measurements for astrophysics in the laboratory. cluding natural lifetime broadeningautoionization and ra-
The measuremenfd—6] mentioned above are limited to diative lifetime), electron impact, and Doppler broadening.
the photon energy regior'300 eV. Chenais-Popoviet al. The effects of the width of individual lines on the transmis-
[8] extended the opacity measurement of iron plasmas to &ion are studied in some detail.
higher photon energy region in the vicinity of 730 eV. The  For a plasma of temperatufeand mass density in local
temperature of the plasma is around 20 eV and the aredhermodynamic equilibrium, the fraction of radiation trans-
density ispL=20 ug/cn?. The mass density is estimated to mitted F at photon energyv with respect to some incident
be about 0.004 g/ctnAbsorption of the p-3d transitions of ~ source of arbitrary intensity is given by
Fe**~F&* has been observed in the experiment. The authors _ o (L
used the supertransition array codes S@Dand STA[10] Fhy)=e ' (1)
and detailed spin-orbit-split arraySOSA) calculations[11]  where L is the path length traversed by the light source
to interpret the gxperimental transmission. The' .detailedhrough the plasma and (hv) is the radiative opacitythe
SOSA calculation is based on the unresolved transition arragrime on the opacity denotes that stimulated emission has
(UTA) formalism developed by Baucte al.[12], where all  peen includel which is given by

the lines of a transition array merge into one broadband.

However, as the authors pointed out in their paper, the cal-  p«’(hv) =2, [(E Ny (hw) + 2 NiIUiI(hV)>:|
culated absorptions are much stronger than the experiment. i n '

To obtain the measured transmission, the areal density has to X (1 —evkeTy, )

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-where gy, .(hv) is the photoexcitation cross section from
ference between theory and experiment is beyond the expelievel | to I’ of ion i, andg; (hv) is the photoionization cross
mental uncertainties caused by: the influence of the secondection from levell of ion i. The free-free absorption and
order spectrum, the thickness uncertainty, and the temporakattering are assumed to be negligitNg.is the population
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TABLE I. Linewidths(in meV) contributed by autoionizatiofl',), radiative lifetime(T’;), electron impact
(I's), and DopplerI'y) broadening for some strong transitions of trie2Zp~13d? transition array of Fe .
AE is the transition energy in eV anfglis the length form of the oscillator strength

Transition AE fi Iy I, e Iy
3d3/2-[ (2P375303/2)23ds/2]s5/2 733.10 0.1105 148 <5 10 34
3d3/2-[(2P3755303/2)130s/2)s5/2 735.14 0.2420 129 <5 10 34
3d3/2-[(2P35303/2)3305/2]1/2 736.13 0.1320 104 <5 10 34
3d3/2-[(2p; 303/2)23ds/2]s5/2 740.51 0.1900 102 <5 10 34
3ds/5-[2p15(3d2,) 1572 741.62 0.1275 128 <5 10 34
3dao-[ 2P H(302,)5]1/ 745.15 0.1096 90 <5 10 35
3dao-[ 207 H(302,,) )31 746.91 0.2900 133 <5 10 35
3ds/5-[(2p13d3/2)130s5/23/2 747.85 0.1966 140 <5 10 35
3ds/2-[2p35(302) 41712 733.93 0.1380 109 <5 10 34
3ds/2-[ (2P 5303/ 13ds/2]5/2 745.94 0.4510 138 5 10 35
3ds/2-[2p1 (302 ) 2]/ 746.66 0.1250 133 <5 10 35
3ds/,-[(2p13d3/2)130s/2]7/2 746.73 0.3210 195 <5 10 35
3ds/,-[(2p153d3/2) 13052372 747.61 0.1503 140 <5 10 35

density for level of ion stage obtained from the Boltzmann strengths. It can easily be seen that the autoionization width

distribution function is the largest among all the broadening mechanisms for this
T transition array of Feviii, while the width of the radiative
Nii = i (Ni/Z;)e=17%, (3)  lifetime is the smallest.

. - . L In principle, in addition to the autoionization width, the
whe_rggi, IS thg statlgtlcgl wqght for Ievéqu lon 1, Z_i IS the detailed line profile should be considered as well because the
partition function of ioni, N; is the population of ion, By is 55, 34 excited states are autoionized ones. However, as the
the energy of level of ion i above the ground state, akdl  gjrect channels for both the valence excitddshell thresh-

is Boltzmann's constant\; can be obtained by solving the o|ds and the innet-shell photoionization thresholds are far
Saha equatlori16]. The ionization potentlal depreSSIOn IS away from the 2-3d excitation energy region, the interac-
considered by using the Debye-Huckel model. The boundtions between the direct and indirect photoionization chan-
bound cross section for a given level-to-level line can benels are very weak. As a result, the line profile tends nearly

expressed in terms of the oscillator strenfjih as to a Lorentzian profile. This has been demonstrated in the
1s-2p transitions in aluminum plasmg43]. Thus the indi-
_ mhe? vidual line profile is not a critical factor in opacity calcula-
T = fu Shy), 4 fons.

As there is a large amount of transitions, the calculation of
where h is Planck’s constantc is the speed of light in the autoionization widths is very time-consuming. From an
vacuum e is the electron chargey, is the electron rest mass, inspection of Table |, we can see that the autoionization
and S is the line-shape function, which is taken to be thewidths of more than 50% lines are about 140 meV. If we
Voigt profile with the major broadening mechanism beingtake the autoionization widths of all the transitions of differ-
taken into account. The atomic data required in the calculaent ionization stages to be 140 meV and if the linewidths
tions are obtained using the flexible atomic cqBAC) de-  caused by other mechanisms are calculated by the methods
veloped by Gu[17]. A fully relativistic approach based on mentioned above, we get the calculated transmission spec-
the Dirac equation is used throughout the entire package. trum shown in Fig. (a) for an iron plasma at a temperature

First, let us inspect the linewidths caused by differentof 20 eV and a density of 0.004 g/émThis spectrum is
broadening mechanisms. Under the experimental conditiomighly resolved and shows rich spectral line structures. Note
Fevii is one of the most abundant ions in the plasma. Takehat the saturation effect is evident for some strong lines.
the lines of transition array3s?3p®)3d-2p~*(3s?3p°)3d? of  Davidsonet al.[20] and Chenais-Popoviet al.[21] studied
Fe vii as examples. Table | shows the various linewidthsthis effect and concluded that the UTA and STA formalisms
[full width at half maximum(FWHM)] caused by the broad- cannot correctly describe the saturation of the individual
ening mechanisms mentioned above. The Doppler width ifines because they group many lines together and do not
connected with the temperature of the plasma and transitiorepresent them individually with an accurate width.
energy and thus it is easy to obtain. The autoionization width Instrumental broadening can be taken into account by
shown in Table | is obtained by Dirac atonfRematrix code  convoluting the data shown in Fig.(d over a Gaussian
(DARC) [18], while electron impact broadening is obtained function, with FWHM corresponding to the spectrometer
from the simplified semiempirical meth¢d9]. The width of  resolution. Figure (), solid line, shows the transmission
radiative lifetime can be estimated from the oscillatorwith this effect having been considered. The dot-dashed,
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FIG. 2. Transmission at temperatures of 18, 20, and 22 eV with
autoionization widths calculated by FAC for all lines.
0.4 .
temperature seems closer to 22 eV. Therefore, nonhomoge-
02 L i neity of the experimental sample and small temperature gra-
' (b) dient existed in the experiment. At the same time, one can
see that the transmission is very sensitive to the temperature,
0 2 1 2 1 2 1 2 1 2 1 2 1 M 1 1 1 _
62 6.4 68 68 7 72 74 which means that it is an ideal diagnostic tool for the tem

Wavelength (£) perature of the plasma. The uncertainty of the temperature
diagnostics obtained by theoretical predictions should be bet-
FIG. 1. Transmission calculated as a function of wavelength inter than +2 eV.

A at a temperature of 20 eV and a density of 0.004 g¥.cfine The second factor that affects the discrepancy comes from
autoionization width is taken to be 140 meV for all lines. Instru- the accuracy of the radiative atomic data. We have carried
mental broadeninga) not included andb) included. out a large-scale configuration interaction calculation on the

oscillator strengths of Fein within n<6 configurations.

long-dashed, and dashed lines refer to the results obtained Iyteractions are included among the following configura-
SOSA, SCO, and STA codes. All theories assume the irotions: 3?3p®3d, 3s3pY3d? (x+y+z=9, x=2-0, y=5-3),
plasma at a temperature of 20 eV and a density oBs?3p®3dnl, 3s?3p*3d°nl,  3s?3p3dnl,  3s3p®3dnl,
0.004 g/cm except that the STA code takes a temperature o8s3p°3d®nl, 3s3p*3d°nl, 3p®3dnl, 3p°3dnl (n=4,5; |
21 eV. The dotted line in Fig.(b) refers to the experimental =0,1,... n—1), as well as all those which can give rise to
spectrum. Good agreement is observed between our calc@p-nd and 2-ns transitions from the above configurations,
lated transmission and that of SOSA, and the two resultse., 20°3s?3p®3d?, 2p°3s*3pY3d**?, etc. The results show
agree best with the experiment. However, the four theoreticahat the effect of configuration interaction can generally
results which use different approximatiofi3LA, UTA, and  lower the oscillator strengths by about 20%. Figure 3, solid
STA) to treat the transitions predict stronger absorption tharine, shows the transmission at a temperature of 19 eV after
in the experiment. this effect has been included. The dot-dashed line refers to

From the viewpoint of theory, there are several factorsthe result obtained by SOSA with individual lines at a tem-
which will affect the discrepancy between the DLA theory perature of 20 eV and a density of 0.004 gFfcrBetter
and experiment. First, the above calculation used an equivagreement is found between both theories of DLA and SOSA
lent autoionization width 140 meV for all transitions. In fact, with individual lines and the experiment. However, Chenais-
for most lines from highly excited levels, the autoionization Popovicset al. [8] pointed out that the effect of second order
width is much smaller than 140 meV and the typical value isreflected by the crystal used in their experiment is estimated
about 20 meV or less. Using the autoionization widths ob+o lower the experimental data by 20%. The dashed line in
tained by FAC code for all transitions, the calculated trans¥ig. 3 shows the result by lowering the transmission by 20%.
mission is shown in Fig. 2 in a solid line. To have a betterAfter taking account of the second-order effect, the agree-
understanding of the plasma condition, we have also obment is good between the theory and experiment considering
tained the transmission at temperatures of 18 and 22 eMhe experimental uncertainties mentioned above, such as
From a comparison between the theoretical and experimentabnhomogeneity of the experimental sample and temperature
transmission, one can conclude that the experimental spegradient. From a comparison of Figs. 2 and 3, one can see
trum has mixed characteristics of the three temperatures. lthat the effect of configuration interaction plays a more im-
the short-wavelength ward, the temperature of the irorportant role than that of linewidth. No shift is made for the
plasma should be between 18 and 20 eV from the DLA redine positions in all our results. Besides good agreement for
sults. On the other hand, in the long-wavelength range, théhe overall transmission, very good agreement is also found

027401-3



BRIEF REPORTS PHYSICAL REVIEW EO0, 027401(2004

1 ' ' ' ' ' In the present work, we did not take into account their con-
, tributions to the partition functions. In a strict treatment, one
s b ik i 1 should consider this effect.
L ) vy r In conclusion, the transmission spectrum has been calcu-
. ) y'ﬂ{" 4 lated for an iron plasma using the detailed-level-accounting
ool \ Vz‘ i W’ ! 4 model. The effect of the width of individual lines has been
2 RH ﬁ"'::‘lv(/ ( f\“,,,"v! "’.‘(b\l i studied in detail. The results show that the saturation of the
g y ‘”."‘,,' q .‘Y}" f individual lines is evident and important in the detailed trans-
F o4 VAR ' . mission calculations. To obtain accurate opacity or transmis-
sion, one has to take into account the effect of the width of
—— 19V 0.004 glom® individual lines caused by all major broadening mechanisms
02 | —=-— SOSA with individual lines 4 . . . . L.
— Expt. in the plasmas. Considering the experimental uncertainties,
=== Expt. lower by 20% reasonably good agreement is obtained between theory and
0 N experiment after the linewidth effect and configuration inter-
162 164 ‘G-SWGV mg}:—&,) 7 172 174 action effect have been considered in the calculations. Fur-

ther experimental and theoretical studies are needed to
FIG. 3. Transmission at a temperature of 19 eV obtained byclarify the remaining difference between experiment and

further considering the configuration interaction effect. The dot-theory.
dashed line refers to the result obtained by SOSA with individual
lines [8]. This work was supported by the National Science Fund
for Distinguished Young Scholars under Grant No.
between the experimental and theoretical line positions. Thi§0025416, the National Natural Science Foundation of China
is an indication of the accuracy of the present calculationsunder Grant No. 10204024, No. 10373014, and No.
Lastly, the autoionization states may affect the remainingl9974075, the National High-Tech ICF Committee in China,

discrepancy. Because of the complex electron structure, thesnd China Research Association of Atomic and Molecular

is a large amount of autoionization states for these iron iondata.
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