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We have calculated the radiative opacities of iron plasma in local thermodynamic equilibrium using a
detailed term accounting model. The extensive atomic data are obtained by multiconfiguration Hartree-Fock
(MCHF) method, with Breit-Pauli relativistic corrections. Extensive configuration intera¢@hhas been
included based oS coupling to obtain energy levels and the bound-bound transition cross sections. A
detailed configuration accounting model is applied to evaluate the bound-free absorption cross sections. We
simulate two experimental transmission spedtga Winhart et al, Phys. Rev. E53, R1332(1996; P. T.
Springeret al, J. Quant. Spectrosc. Radiat. Trars8, 927 (1997)] to verify our calculation model, one is at
a temperature of 22 eV and a density of 2@y/cn? and the other is at a temperature of 20 eV and a lower
density of 104 g/cn?. It is shown that the strong CI can effectively change the oscillator strengths in contrast
to the single configuration HF method. For both of the two simulated transmission spectra good agreement is
obtained between the present MCHF results and the experimental data. Spectrally resolved opacities and
Planck and Rosseland mean opacities are also calculated. For the isothermal seqlien2@ e¥/, when the
density decreases from 18to 10 ° g/cn?, the linewidth also decreases so that the iron transition arrays show
more discrete line structures and the linewidth becomes very important to the Rosseland mean opacity.
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I. INTRODUCTION of iron plasma near the critical region of stellar envelopes
with the temperature of 20 eV and the density of 40
The research on the radiative opacities of hot dens@/cnt. ) ) )
plasma is first of interest in astrophysics and has been of In this paper we performed a detailed term accounting
particular importance in the study of stellar structure andDTA) calculation of the radiative opacities of iron plasma
evolution. Many theoretical modelgl—7] and computer with the muIt|conf|gurat|on Hartr.ee—FoolﬂMCHI.:) [16._.18.
codes[1—3] have been developed such as tFaL code[1] method based ohS coupling, with Breit-Pauli relativistic

fthe L Li Nati | Laborat dih corrections. Extensive configuration interacti@l) calcula-
orthe Lawrence Livermore National Laboratory andti®- — i,nq haye peen performed to obtain the massive atomic lev-

cop code[2] of the Los Alamos National Laboratory. They g Since the photoionization has a minor contribution to the
have calculated the radiative opacities of Idvand medium-  total opacity for the cases we studied and requires much
Z elements and put them as a data server on internet. Alsmore efforts in the calculation, we applied a detailed con-
international collaborations such as the Opacity Proj8¢t figuration accountingDCA) [19] model to deal with this
and the Iron Projecf9] have been organized to calculate part. We took the Kramers formul20] to account for the
accurately the enormous atomic data required by opacityree-free absorption and the Thomson scattering cross sec-
Among these works the opacity of the medi@miron tion for the photon scatteri_ng by the free electrons..Using this
plasma is of particular concern due to both the astrophysicd]'0d€l, we calculated an isothermal sequence of iron opaci-
needs and the technological challenge for theoretical modelfles at a temperature of 20 eV. Detailed simulations for Win-

Theoretical calculations of opacities are quite complex an arts[11] and Springer'd15] experiments have also been
usually need numerous approximations. Therefore differe

erformed and good agreements have been obtained between
opacity models often lead to different results.

e experimental and theoretical spectra.

Experimental measurement of opacity is very important to Il. METHOD OF CALCULATION
verify the theoretical models. Many laboratory measure-
ments of opacity had been done in the past decades. DaSilva In the calculation of opacity, massive amounts of atomic
et al. [10] measured the transmission of iron plasma at &lata are required such as the atomic levels, level populations,
temperature of 25 eV and a density of 0.008 gidmthe line transitions, line shapes, photoionization cross sections,
photon energy range of 50—120 eV. Winhattal. [11,17  free-free absorption, and photon scattering by the free elec-
performed a measurement in the Spectra| range of 70_141'0:”'15. Plasma environment should also be considered.
eV at a temperature of 22 eV and a density of 0.01 §/cm )
Springeret al.[13,14 measured a spectroscopic opacity and A. MCHF method and population
also the Rosseland and Planck group mean opacities of iron In the MCHF method16-18, the wave function of an
plasma covering the spectral range of 80—100 eV at a tematom containing many electrons is approximated by an ex-
perature of 59 eV and a density of 0.0113 glcrin 1997,  pansion in a set of antisymmetric configuration state func-
Springeret al. [15] measured another transmission spectruntions (CSB:
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M whereE;; is the energy of level of ion i above ground state
T (yLS)= 2 C,P(v,LS), (1) and g;=2J+1 is its degeneracy. Then the population of
a=1 level t is determined by the Boltzmann distribution

whereW (yLS) is the atom wave function labeled by S, L Ni, = gic(N; /Z;)e Eit/kT, (9)

is the total angular momentum, ardlis the total spin,

P (vy,LS) is a CSF with total angular momentumand total  The sum of Eq(7) runs over all bound states of ierand be
spin S, y, represents the configuration and any quantuntruncated at the ionization threshold, which has been lowered
numbers other thahS that are needed for complete specifi- by IPD. The Stewart-Pyaf1] model is applied to calculate
cation of the state. Each CSF is a vector coupled state dhe IPDs in this paper:

one-electron orbitals

Ziez 2/3
- 1 3(2 + 1) WI’ +1 -1
é(r,0,0,0)= = Pn(1)Yim (6, 0) xm (0), 2 Agi= KT, (10
2(z* +1)

where the spherical harmonicé, and spinorsym_aré \yherep is the Debye lengthz is the ion with ionization
known. The radial function®,,(r) are determined by the degreel, andz* is the mean ionization degree.
self-consistent fieldSCH method.

In case of the Breit-Pauli approximatioh, and S are

coupled to form a resultant angular momentdnNow the ] . o
atom wave function has the form The total opacity of a plasma is the combination of

bound-bound, bound-free, free-free, and scattering processes.
M The bound-bound absorption coefficients for a photon with
V(yLS)= 21 Co®(y,L,S,J). (3)  energyhv are evaluated by

B. Radiative opacity

Therefore the wave function is a sum of configuration states ,ubb(hv)=z
for possibly differentLS terms and the expansion coeffi- :

cients are determined by the CI. The eigenvalue of sigte ) ) o
is given by whereayjys is the cross section for the photoexcitation from

termt tot’ and evaluated by the formula
Ei=(Wi[H[¥)) 4 J
Uitt/(hv): mfitt/S(hv)Z109.7]fitt/5(hv), (12)
e

: (11)

E Nit o (hv)
tt’

and the transition probability from stat®; to ¥; is

_(Ej—E) @ ) where S(hv) is the line-shape function withv in eV and
fij _m|<q'j||P )2, S ot IN Mb. f;y, is the so-called oscillator strength from term
t to t'. In our works we have considered both electron-
where f;; is the oscillator strength anB® is the electron impact broadening and Doppler broadening. The Doppler

dipole (E1) operator. half width at half maximum(HWHM) [18] is given by

With the energy levels we can calculate the population _ . 2
distributions of different ionization stages in local thermody- I'4=3.858<10 °(kT/A)"(hw), (13
ngéa equilibrium (LTE) plasma by the Saha equation where A is the atomic weight of the ion in grams akd,

' hvg, andT" are in eV. The electron-impact HWHM is ex-

NiiiNe  Zii1Ze pressed using a semiempirical form{iz2,23]
N =7 oA (4—Ae)KTL (6
! ' AT ﬁ3(2m)1/277(09 1.1)2 (3nj)2

whereN; is the total population density of ion N is the "3 m2e\wkT) BTz iS22
number of free electrons per unit volumg,is the ionization 5 1o
potential of ioni, A ¢, is the ionization potential depression X(ni=1i=1j=1), (14)

(IPD) caused by plasma environmeff,andZ,, are the par-
tition functions for ioni and free electron. They are deter-
mined, respectively, by

wheren;, n;, I;, I; are the principal and angular quantum
numbers of the initial and final orbitals related with the tran-
sition. The line-shape functio®(hv) is applied with the
Voigt profile where

Zi=2 gee 5, )
Vin2
S(hv)= H(a,v), (15
2rmkT) ¥ Val
Ze=2| ———| . ® : : :
h? in which H(a,v) is the Voigt function,
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2 0.6

H(a,w)= EFWde, (16)
T) - a2+(v—x)2

05

wherea=/In 2I', /T’y andv = \In 2(hv—hwy)/Ty.

Rose’s DCA[19] method was applied to account for the — %47
bound-free contribution. The total photoionization cross sec- c
tion of ioni is a weighted sum running over all bound states:: - 03l
that are explicitly considered: g

02

api(hv)= 2 P(a)d(;;*; (17)

01

where df,,_../de is the one-configuration photoionization
oscillator density andP;(«) is the relative probability of 0 —
configurationa calculated by the Saha-Boltzmann equations. lon stage

Then the total bound-free absorption coefficient of the
plasma is FIG. 1. Populations of different charged ions at a temperature of

20 eV and the densities of 18, 103, and 10* g/cn®. The mean
ionization degrees are 6.343, 7.501, and 8.657, respectively.

poi(hv) =20 Niop(hv). (18)
w 15 u%e! 04
Except for very low energy photons, the free-free contri- RW=773 A7* (1—e™¥)2 249
bution is very small compared with the bound-bound and
bound-free absorptions, then the Kramgt8] cross section and
is used:
Wolw) 15 ule 25
16m2e’h? 2N, PlU)=—
oiihy)= —— 9 (19 m(1-e )

3\/3c(27m)32 (kT)Y4 hv)3’ _ _

In experimental research, people do not measure opacity
where the free-free Gaunt factgy; is taken as unity. Then directly but measure the transmission instead. The relation
the total free-free absorption coefficient is between opacity and transmission is

F(hy)=e Pt (26)

pri(hv) =2 Niogi(hv). (20
! wherelL is the path length traversed by the light through the

plasma. The functioif is integrated over a Gaussian func-

The scattering contribution to the absorptipcan IS 8P~ tion with the full width corresponding to the spectrometer
proximated using the Thomson scattering Cross section.  egq|ution to obtain the final transmission spectrum.
The total opacity is related to the absorption coefficient by

pr(Nv)=[ wpp(Nv) + mpi(hv) + wie(ho)] III. RESULTS AND DISCUSSION

X(1—e KTy 4+ 4 21) For the isothermal sequence Df 20 eV, we calculated
seatt the radiative opacities of iron plasma at the densities of
1072, 10 2 and 10 4 g/cn?. Figure 1 shows the population

where p is the density of plasma, and is the opacity. In oo X ) 2.
practical applications, Rosseland and Planck mean Opacitiégstnbunons of ions under different conditions. The mean

are usually required, they are defined, respectively, b ionization degrees are 6.34, 7.50, and 8.66, respectively.
yred y P e Figure 2 illustrates the contributions of bound-bound,

1 J”WR(U)dU bound-free, and free-free absorptions to the total opacity at

K (220 T=20 eV andp=0.01 g/cni. At the photon energy range of
R

o «(u) 0-300 eV, transitions fror andL shells have no contribu-
tions to the spectrum because their transition energies are
and above 730 eV. So we také andL shells as the core of the
) configurations and keep frozen in our calculations. For some
Kp= J'ﬂ[x(u)—Kscan(u)]Wp(u)du, (23) iron ions, the 8 orbital can be half-fil_led and may result in
0 a very large set even for tHeS coupling. In order to keep
the CI expansion in a manageable set, we generate our con-
whereu=hv/KkT and 4.4 IS the opacity of scatteringlVVg ~ figurations by a set of reference configurations, in which one
andW,; are Rosseland and Planck weighting functions: electron in theM shells is excited to a higher orbital. The
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107 : : : : : TABLE Il. Some calculated transitions with their excited ener-
gies and weighted oscillator strengths of\feand Feviii .
—— bound-bound

10° ¢ L o ree : Transition gf, AE (eV)
= 3s23p®3d? 3F,-3s?3p°3d°® °D3 3549 7150
g 10° 3s23p®3d? 3F,-3s23p®3d4p D 1.105  53.97
S | 3s23p®3d? 3F,-3s?3p°3d?(°F)4s °D3 0.325  94.73
£ AR e 3s?3p®3d? °F,-3s?3p®3d4f DS 0.241  84.77
g1l "3 3s23p53d3(2G) 1G9-3s3p°3d3(H) 1H? 0.479  41.73
© 35?3p%3d? 'D,-3s23p°3d%(?D) DS 1470  64.40
0 3s23p®3d? 1D,-3523p%3d4p D9 0.472  51.00
3s23p®3d? 1D,-3s?3p°3d?(*D)4s DY 0.544  97.74
3s23p°3d%('G) 2F9,-3s3p®3d?(°F) 2F;, 0.121  40.02
10° o = - o o . 3s23p°3d?(°F) 2GY,-3s3p®3d?(°F) 2F;, 0.196  37.35
Photon energy (eV) 3s23p%3d ?Dg,-3523p%4p 2PY, 0.682  62.71
. 3s?3p%3d 2Dg,-35?3p%4f 2F9, 3.480  94.27
FIG. 2. The bound-bound, bound-free, and free-free opacities a§323p63d 2D,,,35°3p°3d%(°F) 2F2, 4.424 68.60

T=20 eV andp=0.01 g/cni. The solid line refers to the bound- 2e By 2 2e 5o 1730 200
bound opacity, the dashed line refers to the bound-free opacity, an?éls 3p°3d "Dz 3573p3d("F*)4s “F7p, 0.577 106.39

the dotted line to the free-free opacity.

reference configurations are shown in Table I. For the boundM shell toM shell (An=0) andM shell toN shell transi-
bound absorption, the peaks are caused by the transitiof®ns.

among the orbitals ok andN shells. Their transition ener- ~ Since the DCA[19] model does not consider the term
gies are listed in Table Il. In the photon energy range of 0—2%plitting of configurations, the photoionization cross section
eV, the opacities are mainly contributed by the abundanshown in Fig. 2 has no complex line structures such as the
transitions between thel andn’l’ orbitals of high excited bound-bound absorptions but a smooth background with
states witm,n’ >3. In the range of 25—47 eV, the absorption many thresholds. Table Il shows the ionization energies of
peak is caused by the transition frors ® 3p. From 47 to  the orbitals of the ground states of Ve Fevil, and Fevii.

89 eV the absorption is dominated by the transitions pf 3 When the photon energy increases to the ionization threshold
—3d and 3—4p. The peak in the range of 89—103 eV is Of an orbital, the absorption increases immediately and then
due to the absorption ofd3—4f. The opacity above 103 eV decreases slowly till the next threshold. The thresholds be-
is mainly attributed to the transitions froms33p to nl  low 76 eV are caused by thel (n>3) orbitals. Near 76.5
(nl=4) orbitals and 8 ton’l’ (n’l'=5) orbitals. From Eq. €V, the photon energy reaches the ionization threshold of the
(24) and (25), we know that the Rosseland and Planck3ds, and 33, orbitals of the ground state of Fe This
weighting functions reach their maxima at 76.6 eV and 58.ghreshold has a slight splitting due to the splitting afs3

eV, respectively, for a temperature of 20 eV. So the Rosseand 3z, orbitals, which have the ionization energies of

land and Planck mean opacities are mainly dominated by thé6.549 eV and 76.352 eV, respectively. At these two thresh-
olds, the opacity of photoionization increases sharply from

TABLE I. Choices of reference configurations for Vg Fevii, 1113 cnt/g to 4880 cr/g. The thresholds near 99.3 eV and
Feix, Fex. All configurations have a core ofst2s?2p°®. 123.5 eV belong to the®orbitals of Fevii and Feviil . After
these three thresholds, the absorption of photoionization
lon References reaches the same order of the bound-bound absorption. With
Feui 3523p°3d2, 3s23p53dnl®, 3s23p53d°, continuous increase of the photon energy, the &d 3

orbitals are opened sequentially and the photoionization be-
comes the dominant contribution to the total opacity while
the bound-bound absorption decreases quickly. Because the

3s?3p°3d?nl?, 3s3p®3d3, 3s3pf3d?nlC,
3s?3p*3d*, 3s?3p*3d°nl®, 3s?3p33d°®

2 6 2 612 2 5 2
Fevil 8s 3p23d,53s 35’ nl’, 3;5 3pC3d ’ photoionization cross section is small near the maximum of
3s°3p~3dnl”, 3s3p°3dnl’, the Planck and Rosseland weighting functions, it has only a
3s?3p33d*
Felx 3s?3p8, 3s?3p°nl® 3s23p*3d?,

TABLE lIl. Calculated ionization energie®V) of the orbitals

3s?3p*3dnl®, 3s3p°3d?, 3s3p°>3dnl,
P b P of the ground states of ke, Fevil, and Feviil .

3s?3p33d?, 3p®3d?
Fex 3s%3p°®, 3s?3p*nl? 3s3p®, 3s3p°nl¢,

lon 3d 3d 3 3 3s
3s23p%3d2, 3s23p°3dnl® 5/2 32 P32 P12 1/2
Fewvi 76.352 76.549 130.442 132.155 165.349
:n<9,|<4. Fevil 99.059 99.279 153.500 155.297 188.751

n<5|<4. Fevii 123.728 123972 178.228 180.118 213.801
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1.0

shift from experiment. Take thep33d? configuration as an
Our work example, it has a wide energy extension. For some lower
~To-OPAL states of this configuration, the HF levels are lower than that
| of MCHF and agree better with the experiment. For ex-
amples, the HF energy levels of pBd®(!G) 2F2,,
3p°3d?(!G) 2F2,, and P°3d*('D) 2F9, are 430817,
434367, and 448 676 cm, respectively, and in good agree-
ment with the corresponding experimental values of 431 250,
434555, and 447 656 cm. But for higher levels such as
3p°3d?(®F) 2Fg, 7 and P°3d?(°P) 2PY, 4. the HF en-
ergies are 562 075, 567 621, 614 741, and 617 587 ¢cme-
spectively, while the experimental values are 535909,
541755, 591 964, and 595 152 ciand the corresponding
, , , MCHF levels are 550169, 555261, 609560, and
OPhotoﬁognergﬂ%V) 120 130 612548 c_:nTl._ The high MCHF levels behave more like a
global shift with experiment. From Table V one can see that
FIG. 3. Comparison of transmissions at a temperature of 22 e\the weighted oscillator strengths calculated by single con-
and a density of 0.01 g/ch The solid line refers to the present figuration HF method are considerably larger than that cal-
work, the dotted line refers to the experim¢ht], and the dashed ¢ylated by MCHF. So the absorption calculated by MCHF
line to the result obpaL [1]. method is much lower than that by HF method. Generally,
one believes that the MCHF method can give better energy
minor contribution to the mean opacities compared with thdevels than the HF does. In particular, the oscillator strengths
bound-bound absorption. calculated by the MCHF method are much more reliable than
The free-free absorption illustrated in Fig. 2 shows us thathose by the HF method.
this part is important only when photon energy is small and Although several experimental measurements of iron
plays rather a minor role compared with the other two partsopacity had been done, lower plasma density and more reli-
Figure 5(a) shows the sum of the bound-bound, bound-freeable LTE conditions had not been realized until Springer
and free-free opacities of iron opacity at the temperature oét al. [15] reported their experiment in 1997. They per-
20 eV and the density of 0.01 g/ém formed a measurement of the x-ray transmission of LTE iron
Experiments are extremely important to the developmenplasma at the conditions of a temperature of 20 eV and a
and validation of opacity models. A number of crucial ex- density of 10“ g/cn? quite close to the temperature and
periments 10-15,24,2% have been performed over the last density in a real astrophysical plasma. For the iron plasma of
decade and have served to test, in some manner, virtually dbbw densities, the Rosseland mean opacity is sensitive to the
of today’s sophisticated opacity codes. First, we have simutreatment of individual lines and then more detailed struc-
lated Winhart's experimeritl1] for the transmission of iron tures need to be measured. With improved experimental in-
plasma at a temperature of 22 eV and the density ostruments and techniques they obtained a high resolved
0.01 g/cni. Figure 3 shows the comparisons among ourtransmission spectrum. The photon energy ranges from 62.5
work, OPAL[1] and the experimental spectrum. From Fig. 3eV to 90 eV, which are in the vicinity of th/ shell An
one can see that in the photon energy range of 70—90 e 0 bump. The comparison between our result and the ex-
which is mainly dominated by the®B-3d transitions, the periment is plotted in Fig. 4. An excellent agreement be-
absorptions calculated by OPAL are much larger than that ofween experimental and theoretical data has been achieved.
the experiment and ourspPAL obtained their atomic data by Our DTA results have convoluted with an instrumental re-
single configuration Hartree-Fo¢kiF) method while the ClI  solving power according to the experiment and have been
with other configurations was not included. In our calcula-systematically shifted by 2.7 eV to the lower photon energy
tion we found that the single configuration HF method gaveto fit the major absorption structures. The spectrum has so
a relatively worse set of energy levels than the MCHFmany lines that it is unpracticable to accurately calculate all
method did, and would overestimate the oscillator strengththe transition energies. At 82.6 eV and 85.2 eV, both experi-
especially for the B— 3d transitions from the ground states. mental and theoretical spectra have strong absorption, but
Take Fevill as an example, Table 1V gives the energy levelsthey are not exactly the same. The experimental absorption at
calculated by MCHF and HF, respectively, as well as the82.6 eV is much stronger than DTA result while it is reversed
experimental level§26] for comparison. The same radial at 85.2 eV. The Planck and Rosseland mean opacities are
wave functions have been used in both methods. In MCHFRveraged integrations with photon energy, such slight differ-
calculation, we found that thep8-3d® and 32-3d? electron  ences can generally be negligible.
correlations are very important to the calculation of energy Many groups have developed theoretical models and
levels and oscillator strengths. Although some lower energgomputer codegl—3] to calculate the iron opacities and pub-
levels calculated by HF method agree better with experimerilished their results of different temperatures and densities.
than by MCHF, the higher levels of HF tend to get higherLarge disagreement was found among the results when the
and higher than that of MCHF, which keeps nearly a constantiensity was lower than 1 g/cn?. Agreement improves as

Transmission

0.0 L \ . I

70 80 el
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TABLE IV. Energy levels(in cm 1) of Fevii. Experimental dat§26] are given for the comparison with
the energy levels calculated by the MCHF and HF methods. All configurations have a caf@st2p®3s2.

Configuration Term J MCHF HF Expt.
3p®3d D 3/2 0.00 0.00 0.00
3p®3d 2D 5/2 1934 1833 1836
3p°3d3(1G) 2o 5/2 435696 430817 431250
3p®3d?(*D) 2pe 5/2 436369 430007
3/2 439677 431868
3p®3d?(1G) 2Fo 712 439993 434367 434555
3p°3d?(!D) 2po 1/2 443121 440416
3/2 445953 443374
3p®3d?('D) 2Fo 712 456069 448676 447656
5/2 465622 460472 459367
3p®3d?(1s) 2po 3/2 519755 519200 508518
1/2 529111 529054 520822
3p®3d?(°F) 2Fo 5/2 550169 562075 535909
712 555261 567621 541755
3p°3d?(3P) 2po 1/2 609560 614741 591964
3/2 612548 617587 595152
3p®3d?(3F) 2pe 5/2 610998 628819 596463
3/2 611250 629102 597065
3p®4af 2Fo 5/2 762179 772315 763703
712 762291 772361 763799
3p°3d(3P°)4s 2po 1/2 840465 846245 837661
3/2 841460 851326 842829
3p®3d(°F°)4s 4po 9/2 849074 852776
712 852776 855258 847145
5/2 855660 857899 849899
3/2 857723 860585 852849
3p®3d(3F°)4s 2F© 712 860029 864845 855100
5/2 866205 870220 860615

a density of 0.1 g/crhbeing approached but then tends to
degrade a bit at higher densities. We have calculated an iso-
thermal sequence of iron opacities at the temperature of 20
eV with the density ranging from 10 to 10 2 g/cnt. The
results are shown in Fig. 5. From E@3) we see that the
Doppler HWHM depends only on the temperature and tran-
sition energy. AfT=20 eV, the typical Doppler HWHM has

an order of 102 eV. The electron impact HWHM calculated

by Eq. (14) is mainly determined by the temperature and §

TABLE V. Weighted oscillator strengths for the transitions of
3p—3d from the ground configuration of Reil. They are calcu-
lated by the MCHF and HF methods, respectively. All configura-
tions have a core of £2522p%3s?.

Transmissi

0.6 [

04 -

0.2 |

75 80
Photon energy (eV)

Transition MCHF(CI) HF

3p%3d 2D4,-3p°3d%(°F) 2FY, 2.8715 4.9089
3p®3d 2D4,-3p°3d%(3P) 2PY, 2.0431 2.6984
3p%3d 2D4,-3p°3d?(3F) 2D, 4.5698 6.0357
3p®3d 2Ds-3p®3d%(%F) 2F9, 4.1323 7.0949
3p%3d 2Dg,-3p°3d%(3P) 2PY, 3.6792 4.8754
3p%3d 2Dg,-3p°3d%(3F) 2D, 7.0900 9.3605

FIG. 4. Comparison between the calculated and experimental
[15] transmission of iron plasma at a temperature of 20 eV and a
density of 104 g/cn®. The dashed line refers to the experiment
and the solid line to the theoretical result of DTA.
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Mean opacity (cm’/g)

Z|@—a OurKp
-|®— LEDCOP Kif -
__________ A—ALEDCOPKp__________

Density (g/cme)

FIG. 6. Comparison of the results among our wagpcor|2],
andorpaL [15] for the isothermal Rosseland and Planck mean opaci-
ties of the iron plasma ak=20 eV.

peaks. The Planck mean opacity is not sensitive to the line
shapes and keeps nearly constant when different line profiles
are applied. But the situation is different for the Rosseland
mean. When the density of the plasma is lower than
103 g/cnt, the Rosseland mean opacity strongly depends
on the line shapes since in such a case the line wings deter-
mine the background of the spectrum. Since many line
broadening mechanisms exist in hot plasma, the calculation
of line broadening using full quantum theory is so complex
and time consuming that it is not applicable for the line by
line calculation of opacity. The errors brought by simplified
formulas of line width can influence the line wings and the
Rosseland mean opacity. The comparisons of our opacities
with other results generated by the codesLebcop and
OPAL are shown in Fig. 6. AT =20 eV, our mean opacities
increase at the densities ranging from %o 10 2 g/cn?.
For Planck mean opacity, the difference betweencopr re-
sults and the results in our work is small at the densities of
b ] 10°° and 103g/cnf. At 10 % glen?, our result is
0 50 100 150 200 250 300 31186 cm/g, Whlch2 is 13193 crilg smaller than that of
Photon energy (eV) LEDCOR, but at 10 glent, our work is 56624 cAig,
which is 15515 crf{g larger than that of EDCOP. For Ros-

FIG. 5. Spectrally resolved isothermal iron opacities at a tem-Seland mean opacity, our results are systematically smaller
perature of 20 eV and the densities (@ p=10"2g/cn?, (b) p  than that ofLEDCOP and oPAL. At 10~ 2 g/cn?, our Rosse-
=102 g/en?, and(c) p=10"* g/cn®. The Rosseland and Planck land mean opacity is 8797 &fy, which is only half of the
mean opacities arda) K,=21283 andK,=56624 cmi/g, (b) K,  LEDCOPs value, but at 102 g/cn® our result is
=8797 andK,=41258 cm/g, (c) K,=4348 andK,=31185 21283 cmi/g, which is close to theEDCOPs 23671 cri/g.
cn?/g. Although all these results are obtained by DTA model, the

methods of the calculations of atomic data, level populations
electron density. The typical electron impact HWHMs areand spectral line shapes, and so on are not the saineor
10 teV at p=10"2g/cn?, 10 2eV at p=10 3 g/lcn?,  code obtained most of the atomic energy levels using single
and 103%eV at p=10* glcn?. At p=10"2 g/cn?, the  configurationL S Hartree-Fock schemes with relativistic cor-
individual lines near to each other are merged togetherections. In order to reduce the calculation of the massive
so that the spectrum shows crude structures. Whpen atomic data,LEDCOP used an unresolved transition array
<10 2 g/cn?, the spectra show more details. model for many bound-bound transitions and replaced the

From the Eqgs(22) and(23) we know that the Rosseland actual transition array with a single Gaussian profile to ap-
mean opacity is determined by the depth of the valleys of theproximate all the actual lines, which would lead to an over-
spectrum while the Planck mean is determined mainly by thestimate for the opacities at low densities. In the present
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work, we performed an extensive Cl calculation to optimizeKramers approximation is used to evaluate the free-free ab-
the atomic levels. For iron, the relativistic effects on energysorptions. To validate our model, we simulated the experi-
levels and level splitting are obvious so that the Breit-Paulimental transmissions at the conditions of 22 eV, 4@/cnt
relativistic corrections have been included in our calculationand 20 eV, 10* g/cn?. In the current work, the multi-
As we have mentioned when discussing the transmissiongpnfiguration interaction was applied and better energy lev-
the MCHF method gives relatively better energy levels ancels and oscillator strengths were generated resulting in a
smaller oscillator strengths compared to the HF method. Thgood agreement between experiment and our theoretical re-
transmission spectra just need a 2.7-eV shift toward theult for the transmission spectrum. Difference still exists be-
lower photon energy in order to fit the main absorption structween the present and other theoretical models for the mean
ture of the experiment. Such a spectra shift could cause onlgpacities, and the calculation complexity of the atomic data
little changes in the mean opacities. The uncertainty involvednd line broadening effects are the main sources for these
in the line broadening is another important source for thediscrepancies.
large difference of the Rosseland mean opacities. TAt
=20 eV and p=10 *g/cn?, if we double the Lorentz
HWHM, the Rosseland mean opacity will be increased from
4349 to 5201 crflg. It is because the increase of linewidth ~ This work was supported by the National Science Fund
can raise the line wing and then the Rosseland mean opacitfpr Distinguished Young Scholars under Grant No.
In summary, we developed a DTA model to calculate thel0025416, the National Natural Science Foundation of China
iron opacities. The MCHF method is applied to obtain theunder Grants Nos. 19974075 and 10204024, the National
bound-bound absorption cross sections. A DCA model iHigh-Tech ICF Committee in China, and the China Research
used to calculate the photoionization cross sections and th&ssociation of Atomic and Molecular Data.
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