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We have performed a series of calculations of the photoabsorption cross sectidfi'on&ar the ! and
25! edges, within the framework d®-matrix theory. We find the unexpected result that the inclusion in the
calculation of such effects as the spin-orbit interaction and higher-order correlations leads to a mere redistri-
bution of flux among the various final channels, while the tatahvolutedphotoabsorption cross section
remains virtually unchanged. Hence, an appropriate minimal configurat®wooupling representation can
adequately describe inner-shital photoabsorption cross sections, leading to a saving in computational effort
by orders of magnitude compared to more elaborate calculations.
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Photoionization of multiply charged ions near their inner-  In the lowest-order treatment, the following photoabsorp-
shell thresholds is an important field of study, particularly fortion processes are possible near thghell edge of F&*:
systems that are crucial to the investigation of stellar atmo-

sphered1,2] and the modeling of laboratory plasmigs4], oo 6y | 25°2P°38%KI’

such as the iron ions. Most of the available studies of iron hv+2s°2p°3s®— 252p®3s%k|”

ions to date have dealt almost exclusively with outer-shell

excitation and ionization. This is due in part to processor —2s%2p%3s+e”, 1)
power and, to a lesser extent, memory and storage limita-

tions. The multiple open shell nature of inner-shell pro- —.2522p%kI’ +e". )

cesses, and the larger magnitude of the spin-orbit operator

for inner-shell excited highly charged ions, would suggestHere k denotes a bound electranbelow threshold, and a
the need for a highly correlated, relativistic theoretical ap-continuum electrore above threshold. The first of these de-
proach, and indeed recent studies have considered this ty paths in Eq(1) is known as participator decay, and is
some extent for the case of & photoionization5,6]. accounted for by including the s32p®3s target state of
The initial motivation of the present paper was to confirm,Fet>" in the close-coupling expansion, whereas the spectator
for Fe'", our previous findings for photoionization of Ne decay represented by E®) (for k=n only, below thresh-
[7] and Ne-like iron[8], where we established that relativis- old) is accounted for with an optical potenti{#l]; the decay
tic effects can be efficiently taken into account within thewidth of the latter is independent of so that the resonance
framework ofL S-coupledR-matrix theory, and without hav- profiles converging to each inner-shell threshold smoothly
ing to resort to extensive fully or semirelativistic calcula- blend into the above-threshold ionization cross section. In-
tions, such as Dirac or Breit-PauR-matrix methods. The termediate states can be included via the inner-shell excited

idea is to combine ahS Rmatrix calculation with an inter- F€'°" target states £2p°3s” and 22p°3s”. _
mediate coupling-S-JK frame transformation using multi-  With this lowest-order treatment in mind, we first per-
channel quantum defect theofylQDT) and computed term formed three sets d®-matrix calculations(1) LS, (2) Breit-

coupling coefficients, as was described in our earlier work orf 2Uli; and3) LS-JK frame transformation. AIR-matrix cal-
Ne[7]. The Fé5" final ionic states are described by a highly culations utilized the Belfast suite of codg0,11], and the

converged configuration-interactidl) basis(a full Breit- frame transformation methdd 2,13 included an additional

Pauli calculation would have been too memory intensive forCOde _developed initially for_ the treatment of relativistic ef-
the available computer resourges fects in Ne[7] and Ne-I+|ke iron[8]. For theN-eIectrog de-
Unexpectedly, we found that even the simplBatatrix ~ Scription of the F&' target states, the s22p°3s,

calculation, including only the minimal CI representation of 14s - ) .

the F&5 targets, and neglecting relativistic effects, repro- | ABLE I. Fe™ and Fé>" energies from the minimal-
duced the energy-averaged results from the more eIaborat%?nf'gurat'On basis.
highly correlated L S-JK frame transformation calculation.
We discuss this below as being due to a redistribution of

Absolute(a.u) hv (eV)

oscillator strengths among the final channels, leaving theet** 2522p83s? 15, —1182.982 0.00
sum essentially unaltered. We first describe the problenges* 2s%2pf3s2S —1166.092 459.61
then briefly detail the various sets of calculations, comparing-¢!5+ 2522p®3s? 2p° —1139.408 1185.74
both detailed and energy-averaged results of the various legls+ 2s2p®3s22S —1134.559 1317.68

els of calculations, and finally discuss their implications.
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] TABLE II. Fe®®" radial orbitals.

|
1000 F ! (a) Eg’ _______ 3
L ] Slater-type
5 100 & i 3 Orbital coefficient Power of Exponent
= At T
_g 10 i ! ! ] 1s 252.938 863 4 1 26.0375000
g Mk i b ] 7.4040570 1 42.1053000
2 ‘[‘ l y 1‘ i 0.336 7036 2 10.380 1000
§ Rt N i f ] 123.4480509 2 22.6185000
i R AR
0.1 LA 1|| ,'_" I AVRL L ] 2s —79.897 6535 1 26.0375000
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800 900 1000 1100 1200 1300 —464.663 6280 2 22.618 5000
Photon Energy (eV)
: : : : : : 3s 36.7036018 1 19.289 3650
1000 | ) ,LSJKET, — ] —0.624 6463 1 3.3763315
I 1 —185.818376 4 2 11.1771824
= 100 | —42.5932202 2 7.9941586
= r 325.268 003 6 3 5.967604 0
é 10 —419.816 1593 3 9.4598657
[$3 L
& 2p 217.2320955 2 10.646 7000
g 1t 187.119 067 7 2 16.7234000
S [ 117.296 0819 2 9.464 8500
0.1 119180319 2 36.8749000
oot | . . , , , 3p 249.670557 0 2 10.787 7579
' 800 900 1000 1100 1200 1300 —204.1217894 3 5.6318772
Photon Energy (eV)
3d 177.4342121 3 5.7199555
9 ' A ' ' ' BP — 135.1477214 3 10.654 3132
8F () LSJKFT' ------- -
, I LS e
’g sl i basis are pre_sen_ted in Fig. 1, all preconvolutts] with_ a
= 1-Ry Lorentzian in order to allow for a better resolution of
25T 7 the resonance strengths that become narrower near threshold.
& al - By comparing the full Breit-Pauli to thé S results in Fig.
§ sl | 1(a), it is seen that the semirelativistic effects included in the
5 former cause a splitting of thes22p®3s?ns,md resonance
2r 7 series due to the 12-eV fine-structure splitting between the
1} - 2p,;, and 2P, parent levels. Otherwise, the overall reso-
o I — nance strengths appear to be the same. In Ky, the re-

sults from anLS-JK Frame Transformation are seen to be
quite similar, on this scale, to the Breit-Pauli ones except for
the lowest-lying members of thes22p®3s?ns,md series;
minimal-configuration basis description. Comparisons betw@egn E)nly f,(?r these'lowest members, which reside in Iﬂamgtrlx
Breit-Pauli(solid line) andLS (dashed lingresults,(b) Breit-Pauli  POX,” have fine-structure effects not been taken into ac-
(solid line) and LS-JK frame transformatioridashed ling results, ~ count through the frame transformatiph8]. The discrepan-
and (c) all three, convoluted with a 30-eV FWHM Gaussian. The Cies are mostly due to slightly different resonance positions
independent-particle results of Reilman and Man&®Nl) are also 1N the two results, causing relative differences in the cross
shown. section that oscillate about zero; even so, for the higher-lying
resonances in the energy regibm=1000 eV, we found
2s?2p®3s?, and %2p®3s? configurations were used. Con- that the maximum absolute difference was 5% or less. When
figurations consistent with single and double promotions ouenergy averaged with a 30 eV full width at half maximum
of the 25?2p®3s? ground state were used for the correspond{FWHM) Gaussian, all three give essentially the same cross
ing (N+1)-electron states of E& , and the orbitals were section due to the asymmetric nature of the cross-section
generated from a Hartree-Fodkl4] calculation on the differenceqFig. 1(c)]; semirelativistic interactions have little
1s%2s?2p®3s ground state configuration of B¢ . Resultant effect on the energy-averaged cross sections, and merely
energies are given in Table I. cause a splitting of resonance series. Above thie*2hresh-
Computed cross sections from this minimal configurationold, all three agree with the earlier independent partti
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FIG. 1. Photoabsorption cross sections of*4feusing the
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TABLE III. Fe!*" and Fé®" energies from the highly correlated . T T T LSUKET ]

basis. 1000 - LY —mmmme- 5

Absolute(a.u)  hv (eV) g 100 - -

Fet4* 2522p®3s? s, —1182.999 0.00 g -

FelS*  2s?2p%3s %S —1166.120 459.34 5 10F

Fets* 2s%2p®3p 2po —1164.759 496.37 @

Fels 2s?2pf3d  2D®  —1162.989 544.52 g 1F

Fels* 2s22p°3s?  2P°  —1139.582  1181.46 © i

FéS"  2s22p°3s3p 2D —1138.445  1212.40 0.1 J

Fet"  25?2p®3s3p  ?p® —1138.408 1213.41 I f ]

Fet>"  2s?2p®3s3p  2S° —1138.379 1214.22 0.01 860 960 10-00 11'0 . 12-00 13'00

Fet>"  2s?2p®3s3p  2D°® —1138.043 1223.34 Photon Energy {eV)

Fet>*  2s?2p®3s3p  2p® —1137.954 1225.77

FelS*  2s22p°3s3p  2S° —1137.521 1237.54 FIG. 2. Comparison betwedr-JK frame transformatiogsolid

Felst 2s22p°3s3d  2P° —1137.260 1244.67 line) using the highly correlated configuration basis description and

Fels+ 222p53s3d 2po —1137.154 124753 LS (dashed ling photoabsorption cross sections of‘te

Fe't  2s?2p®3s3d  2D° —1137.049 1250.40 . . _ . . .

Felst 2s22p53s3d  2D° 1136.973 125245 (t))ds, atfull Brelt—PaqlltcaIc_ulat]Lon tL;]smg th.||s tk))IaS|s wouI;j paveI
Fe'S*  2s?2p3s3d  2P°  —1136.698  1259.95 een oo memory-intensive for the avalable computationa
5 o s oo facilities (see, for instance, Ref§7] and [8]). Again it is

Fe 25°2p"3s3d - F 1136562 1263.66 seen that, apart from the fine-structure splitting of tipg,2
Fetst 252p®3s? 2ge —1134.688 1314.63 -1 P: e pitting of tis,
Fels 252p%3s3p  2P° 1132992 1360.79 and 24, series, the nonrelat|V|§t|c and sem|relat|V|§t|c re-
Fe=" 2s2p°3s3d  *D¢ ~1132.268 1380.49 configurat?gn LS c%lculation and the more complex CI
Fets* 2s2p%3s3d  ?D°® —1131.578 1399.28

LS-JK frame transformation calculation. It can be seen that
these two methods give essentially the same cross section;
however, the former required a four-channel close-coupling
ﬁxpansion and took less than a minute of CPU time to com-

are not taken into account in the Reilman and Manson repute the 100000 energy points used, whereas the latter re-

sults, are a dominant contribution to the cross section belovglJIreOl 102 chan_nels and took more than two days. .
the 20~ and 22 thresholds. We now consider the actual effect of Cl and/or the spin-

We next consider the effects of higher-order correlations.orb't interaction on the computation of total photoabsorption

A target wave function, now including thep3and 3 orbit- cross sections. These can be expressed as
als, was generated using the program3 [17] with the

results of Reilman and Mansd@6], validating their results
above threshold. Clearly, the inner-shell resonances, whic

Clementi and Roetti{18] orbitals as input to describe 10 ' ' " LSJKFTbig ——
N-electron configurations consistent with single and double or "—SS[";(?\/:: B
promotions out of the £2p®3s, 2s?2p°3s?, and %2p°®3s? 8

configurations. The 8 and 3 orbitals were optimized on g 7+ -
the energies of thes#2p®3p 2P° and 222p°3d 2D levels, < sl i
respectively. The parameters of the radial orbitals of the tar- % 5L ]
get wave function are given in Table II. In addition to the &

usual electron-electron Hamiltonian, relativistic effects, 8 4r T
namely the spin-orbit, spin-other-orbit, spin-spin, mass cor- & 3 [ 7
rection, and Darwin terms, were included. The diagonal ele- 2+ -
ments of the Hamiltonian matrix were adjusted slightly to 1k 4
reproduce the experimental energ{d®] as close as pos- 0 : v P

sible. Each radial function is a sum of Slater-type orbitals; 800 900 1000 1100 1200 1300

the square of each orbital, integrated from Odpis unity. Photon Energy (eV)

Resultant energies of this larger calculation, which include 5 5 Comparison between theS-JK frame transformation

all Cl states that differ from the minimal configuration de- (sqjiq jing) photoabsorption cross sections ofeusing the highly

scription by at most one electron, are given in Table Ill. Forcorrelated basis and thes results(dashed lingusing the minimal-

the (N+1)-electron description, all configurations consistentconfiguration description, both convoluted with a 30-eV FWHM

with single, double, and triple promotions out of the Gaussian. The former took more than two days of CPU time to

2s%2p®3s? ground-state configuration were used. complete the MQDT outer-region calculation for 100 000 energy
Results from this more extensive calculation are shown irpoints, whereas the latter took less than 1 min. The Reilman and

Fig. 2, using both. S andL S-JK frame transformation meth- Manson(RM) results are also shown.
010702-3
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41w photoabsorption cross section of'fe, even though the high
Ttotal = "3 EI (Wi[D[Wo)(Wo|D| W), ©) charge would suggest that relativistic effects should be im-
portant, and the open shell nature would suggest the impor-
wherew is the photon energy¥, denotes the initial wave tance of higher correlations. These results also confirm the
function of the 2?2p®3s?(1S;) ground state, an®; is the ~ above-threshold IP results of Reilman and Mangbsl, al-
wave function for each of the final Continlg?mduding em- thOUgh here we have also included the dominating contribu-
bedded resonancesThe principal effect of introducing ad- tions from inner-shell excited resonances, which are impor-
ditional Cl wave functions, or the spin-orbit operator into thetant for accurately modeling astrophysical plasmas.
Hamiltonian, is to mix, or rotate, the various final wave func-
tions ¥, . However, this othogonaI transformation does not ACKNOWLEDGMENTS
affect thetotal sum given in Eq.(3). Hence, these effects,
while certainly important for individugbartial cross sections T.W.G. was supported in part by NASA Grant No.
[each of the separate terms in the sum of @Bg, are unim-  NAG5-9581. Work at Clark Atlanta U. was supported by the
portant fortotal cross sections. U.S. Department of Energy, Office of Basic Energy Science,
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