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Inner-shell photoabsorption of Fe14¿: Unimportance of correlation and relativistic effects
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We have performed a series of calculations of the photoabsorption cross section of Fe141 near the 2p21 and
2s21 edges, within the framework ofR-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 totalconvolutedphotoabsorption cross section
remains virtually unchanged. Hence, an appropriate minimal configurationLS coupling representation can
adequately describe inner-shelltotal 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 inne
shell thresholds is an important field of study, particularly
systems that are crucial to the investigation of stellar atm
spheres@1,2# and the modeling of laboratory plasmas@3,4#,
such as the iron ions. Most of the available studies of i
ions to date have dealt almost exclusively with outer-sh
excitation and ionization. This is due in part to proces
power and, to a lesser extent, memory and storage lim
tions. The multiple open shell nature of inner-shell pr
cesses, and the larger magnitude of the spin-orbit oper
for inner-shell excited highly charged ions, would sugg
the need for a highly correlated, relativistic theoretical a
proach, and indeed recent studies have considered th
some extent for the case of Fe141 photoionization@5,6#.

The initial motivation of the present paper was to confir
for Fe141, our previous findings for photoionization of N
@7# and Ne-like iron@8#, where we established that relativi
tic effects can be efficiently taken into account within t
framework ofLS-coupledR-matrix theory, and without hav
ing to resort to extensive fully or semirelativistic calcul
tions, such as Dirac or Breit-PauliR-matrix methods. The
idea is to combine anLS R-matrix calculation with an inter-
mediate couplingLS-JK frame transformation using multi
channel quantum defect theory~MQDT! and computed term
coupling coefficients, as was described in our earlier work
Ne @7#. The Fe151 final ionic states are described by a high
converged configuration-interaction~CI! basis~a full Breit-
Pauli calculation would have been too memory intensive
the available computer resources!.

Unexpectedly, we found that even the simplestR-matrix
calculation, including only the minimal CI representation
the Fe151 targets, and neglecting relativistic effects, rep
duced the energy-averaged results from the more elabo
highly correlated,LS-JK frame transformation calculation
We discuss this below as being due to a redistribution
oscillator strengths among the final channels, leaving
sum essentially unaltered. We first describe the probl
then briefly detail the various sets of calculations, compar
both detailed and energy-averaged results of the various
els of calculations, and finally discuss their implications.
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In the lowest-order treatment, the following photoabso
tion processes are possible near theL-shell edge of Fe141:

hn12s22p63s2→H 2s22p53s2kl8

2s2p63s2kl9 J
→2s22p63s1e2, ~1!

→2s22p6kl81e2. ~2!

Here k denotes a bound electronn below threshold, and a
continuum electrone above threshold. The first of these d
cay paths in Eq.~1! is known as participator decay, and
accounted for by including the 2s22p63s target state of
Fe151 in the close-coupling expansion, whereas the spect
decay represented by Eq.~2! ~for k5n only, below thresh-
old! is accounted for with an optical potential@9#; the decay
width of the latter is independent ofn, so that the resonanc
profiles converging to each inner-shell threshold smoot
blend into the above-threshold ionization cross section.
termediate states can be included via the inner-shell exc
Fe151 target states 2s22p53s2 and 2s2p63s2.

With this lowest-order treatment in mind, we first pe
formed three sets ofR-matrix calculations:~1! LS, ~2! Breit-
Pauli, and~3! LS-JK frame transformation. AllR-matrix cal-
culations utilized the Belfast suite of codes@10,11#, and the
frame transformation method@12,13# included an additional
code developed initially for the treatment of relativistic e
fects in Ne@7# and Ne-like iron@8#. For theN-electron de-
scription of the Fe151 target states, the 2s22p63s,

TABLE I. Fe141 and Fe151 energies from the minimal-
configuration basis.

Absolute~a.u.! hn (eV)

Fe141 2s22p63s2 1S0 21182.982 0.00
Fe151 2s22p63s 2S 21166.092 459.61
Fe151 2s22p53s2 2Po 21139.408 1185.74
Fe151 2s2p63s2 2S 21134.559 1317.68
©2000 The American Physical Society02-1
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2s22p53s2, and 2s2p63s2 configurations were used. Con
figurations consistent with single and double promotions
of the 2s22p63s2 ground state were used for the correspon
ing (N11)-electron states of Fe141, and the orbitals were
generated from a Hartree-Fock@14# calculation on the
1s22s22p63s ground state configuration of Fe151. Resultant
energies are given in Table I.

Computed cross sections from this minimal configurat

FIG. 1. Photoabsorption cross sections of Fe141 using the
minimal-configuration basis description. Comparisons between~a!
Breit-Pauli~solid line! andLS ~dashed line! results,~b! Breit-Pauli
~solid line! and LS-JK frame transformation~dashed line! results,
and ~c! all three, convoluted with a 30-eV FWHM Gaussian. T
independent-particle results of Reilman and Manson~RM! are also
shown.
01070
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basis are presented in Fig. 1, all preconvoluted@15# with a
1-Ry Lorentzian in order to allow for a better resolution
the resonance strengths that become narrower near thres
By comparing the full Breit-Pauli to theLS results in Fig.
1~a!, it is seen that the semirelativistic effects included in t
former cause a splitting of the 2s22p53s2ns,md resonance
series due to the 12-eV fine-structure splitting between
2P3/2 and 2P1/2 parent levels. Otherwise, the overall res
nance strengths appear to be the same. In Fig. 1~b!, the re-
sults from anLS-JK Frame Transformation are seen to
quite similar, on this scale, to the Breit-Pauli ones except
the lowest-lying members of the 2s22p53s2ns,md series;
only for these lowest members, which reside in theR-matrix
‘‘box,’’ have fine-structure effects not been taken into a
count through the frame transformation@7,8#. The discrepan-
cies are mostly due to slightly different resonance positio
in the two results, causing relative differences in the cr
section that oscillate about zero; even so, for the higher-ly
resonances in the energy regionhn>1000 eV, we found
that the maximum absolute difference was 5% or less. W
energy averaged with a 30 eV full width at half maximu
~FWHM! Gaussian, all three give essentially the same cr
section due to the asymmetric nature of the cross-sec
differences@Fig. 1~c!#; semirelativistic interactions have little
effect on the energy-averaged cross sections, and me
cause a splitting of resonance series. Above the 2s21 thresh-
old, all three agree with the earlier independent particle~IP!

TABLE II. Fe151 radial orbitals.

Slater-type
Orbital coefficient Power ofr Exponent

1s 252.938 863 4 1 26.037 500
7.404 057 0 1 42.105 300 0
0.336 703 6 2 10.380 100 0

123.448 050 9 2 22.618 500

2s 279.897 653 5 1 26.037 500 0
20.092 893 4 1 42.105 300 0
459.718 259 8 2 10.380 100

2464.663 628 0 2 22.618 500

3s 36.703 601 8 1 19.289 365 0
20.624 646 3 1 3.376 331 5

2185.818 376 4 2 11.177 182
242.593 220 2 2 7.994 158 6
325.268 003 6 3 5.967 604 0

2419.816 159 3 3 9.459 865 7

2p 217.232 095 5 2 10.646 700
187.119 067 7 2 16.723 400
117.296 081 9 2 9.464 850 0
11.918 031 9 2 36.874 900 0

3p 249.670 557 0 2 10.787 757
2204.121 789 4 3 5.631 877 2

3d 177.434 212 1 3 5.719 955 5
135.147 721 4 3 10.654 313
2-2
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results of Reilman and Manson@16#, validating their results
above threshold. Clearly, the inner-shell resonances, w
are not taken into account in the Reilman and Manson
sults, are a dominant contribution to the cross section be
the 2p21 and 2s21 thresholds.

We next consider the effects of higher-order correlatio
A target wave function, now including the 3p and 3d orbit-
als, was generated using the programCIV3 @17# with the
Clementi and Roetti@18# orbitals as input to describ
N-electron configurations consistent with single and dou
promotions out of the 2s22p63s, 2s22p53s2, and 2s2p63s2

configurations. The 3p and 3d orbitals were optimized on
the energies of the 2s22p63p 2Po and 2s22p63d 2D levels,
respectively. The parameters of the radial orbitals of the
get wave function are given in Table II. In addition to th
usual electron-electron Hamiltonian, relativistic effec
namely the spin-orbit, spin-other-orbit, spin-spin, mass c
rection, and Darwin terms, were included. The diagonal e
ments of the Hamiltonian matrix were adjusted slightly
reproduce the experimental energies@19# as close as pos
sible. Each radial function is a sum of Slater-type orbita
the square of each orbital, integrated from 0 to`, is unity.
Resultant energies of this larger calculation, which inclu
all CI states that differ from the minimal configuration d
scription by at most one electron, are given in Table III. F
the (N11)-electron description, all configurations consiste
with single, double, and triple promotions out of th
2s22p63s2 ground-state configuration were used.

Results from this more extensive calculation are shown
Fig. 2, using bothLS andLS-JK frame transformation meth

TABLE III. Fe141 and Fe151 energies from the highly correlate
basis.

Absolute~a.u.! hn (eV)

Fe141 2s22p63s2 1S0 21182.999 0.00
Fe151 2s22p63s 2Se 21166.120 459.34
Fe151 2s22p63p 2Po 21164.759 496.37
Fe151 2s22p63d 2De 21162.989 544.52
Fe151 2s22p53s2 2Po 21139.582 1181.46
Fe151 2s22p53s3p 2De 21138.445 1212.40
Fe151 2s22p53s3p 2Pe 21138.408 1213.41
Fe151 2s22p53s3p 2Se 21138.379 1214.22
Fe151 2s22p53s3p 2De 21138.043 1223.34
Fe151 2s22p53s3p 2Pe 21137.954 1225.77
Fe151 2s22p53s3p 2Se 21137.521 1237.54
Fe151 2s22p53s3d 2Po 21137.260 1244.67
Fe151 2s22p53s3d 2Fo 21137.154 1247.53
Fe151 2s22p53s3d 2Do 21137.049 1250.40
Fe151 2s22p53s3d 2Do 21136.973 1252.45
Fe151 2s22p53s3d 2Po 21136.698 1259.95
Fe151 2s22p53s3d 2Fo 21136.562 1263.66
Fe151 2s2p63s2 2Se 21134.688 1314.63
Fe151 2s2p63s3p 2Po 21132.992 1360.79
Fe151 2s2p63s3p 2Po 21132.841 1364.90
Fe151 2s2p63s3d 2De 21132.268 1380.49
Fe151 2s2p63s3d 2De 21131.578 1399.28
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ods; a full Breit-Pauli calculation using this basis would ha
been too memory-intensive for the available computatio
facilities ~see, for instance, Refs.@7# and @8#!. Again it is
seen that, apart from the fine-structure splitting of the 2p3/2

21

and 2p1/2
21 series, the nonrelativistic and semirelativistic r

sults are essentially the same. Finally, we compare in Fig
the energy-averaged results from both the minim
configuration LS calculation and the more complex C
LS-JK frame transformation calculation. It can be seen t
these two methods give essentially the same cross sec
however, the former required a four-channel close-coupl
expansion and took less than a minute of CPU time to co
pute the 100 000 energy points used, whereas the latte
quired 102 channels and took more than two days.

We now consider the actual effect of CI and/or the sp
orbit interaction on the computation of total photoabsorpt
cross sections. These can be expressed as

FIG. 2. Comparison betweenLS-JK frame transformation~solid
line! using the highly correlated configuration basis description a
LS ~dashed line! photoabsorption cross sections of Fe141.

FIG. 3. Comparison between theLS-JK frame transformation
~solid line! photoabsorption cross sections of Fe141 using the highly
correlated basis and theLS results~dashed line! using the minimal-
configuration description, both convoluted with a 30-eV FWH
Gaussian. The former took more than two days of CPU time
complete the MQDT outer-region calculation for 100 000 ene
points, whereas the latter took less than 1 min. The Reilman
Manson~RM! results are also shown.
2-3
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s total5
4p2v

3c (
i

^C i uDuC0&^C0uDuC i&, ~3!

wherev is the photon energy,C0 denotes the initial wave
function of the 2s22p63s2(1S0) ground state, andC i is the
wave function for each of the final continua~including em-
bedded resonances!. The principal effect of introducing ad
ditional CI wave functions, or the spin-orbit operator into t
Hamiltonian, is to mix, or rotate, the various final wave fun
tions C i . However, this orthogonal transformation does n
affect thetotal sum given in Eq.~3!. Hence, these effects
while certainly important for individualpartial cross sections
@each of the separate terms in the sum of Eq.~3!#, are unim-
portant fortotal cross sections.

In conclusion, we have found that a minimal configur
tion basis description, guided by independent-particle c
siderations, is sufficient for calculating the total inner-sh
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photoabsorption cross section of Fe141, even though the high
charge would suggest that relativistic effects should be
portant, and the open shell nature would suggest the im
tance of higher correlations. These results also confirm
above-threshold IP results of Reilman and Manson@16#, al-
though here we have also included the dominating contri
tions from inner-shell excited resonances, which are imp
tant for accurately modeling astrophysical plasmas.
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