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Photoionization of FeXV
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Relativistic and resonance effects in the photoionization of Mg-like FeXV are investigated using the Breit-
Pauli R-matrix method at near-threshold and intermediate energies, complemented by the relativistic random-
phase approximation and multichannel quantum-defect theory in the energy region up to theL-shell ionization
thresholds. The cross sections exhibit extensive resonance structures that considerably enhance the effective
photoionization of FeXV. These results should be of general interest in photoionization modeling of x-ray
sources observed by space observatories.@S1050-2947~99!51012-3#

PACS number~s!: 32.80.Fb, 32.30.Rj, 98.58.Bz, 98.70.Qy
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There is particular interest in the photoionization
highly charged iron ions owing to their importance in t
modeling of astrophysical plasmas such as in active gala
nuclei and quasars, supernovae, stellar coronae, etc., a
laboratory sources such as inertial and magnetic confinem
fusion devices@1#. Among the most complex atomic speci
are those that are isoelectronic with the third row eleme
containing openn53 shells. TheK- andL-shell photoexci-
tations and photoionizations are highly topical areas of
vestigation, as they are generally in the x-ray range ac
sible to satellite observations, such as from the rece
launched Chandra X-ray Observatory~CXO!, and the up-
coming X-ray Multi-Mirror Mission ~XMM ! and Astro-E
@1#.

While previous calculations exist for the iron ions, th
are in relatively simpler approximations that neglect the m
tiplet or the fine structure, and autoionizing resonances
are known to enhance the cross sections significantly@2#.
Recently, extensive photoionization calculations were c
ried out in the close-coupling approximation using t
R-matrix method under the Opacity Project~OP! @3# for most
astrophysically abundant elements. While the OP cross
tions include the resonance effects, inLS coupling they ne-
glect fine-structure effects in the detailed cross sections
shown in this work through relativistic close-coupling calc
lations using the Breit-PauliR-matrix codes developed fo
the Iron Project@4#.

Whereas the low-energy region can be accurately con
ered with the Breit-PauliR-matrix method~BPRM! method,
at higher energies leading up to theL- andK-shell ionization
the number of coupled channels becomes very large and
computations quite prohibitive. On the other hand, there
very few studies done of the resonance structures leadin
to these ionization edges@5#. It is therefore of interest to no
only carry out the low-energy BPRM calculations, but al
to study the nature of resonances at high energies using o
methods such as the relativistic random-phase approxima
~RRPA! and relativistic multichannel quantum-defect theo
~RMQDT!. The aim is to combine the two techniques
investigate photoionization cross sections over the entire
ergy range of practical interest, as a guide to more elabo
close-coupling calculations.
PRA 601050-2947/99/60~6!/4221~4!/$15.00
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The computationally intensive BPRM calculations a
carried out as described in recent works@6#. The residual
~target! ion following photoionization is represented by a
N-electron system, and the total wave function of the init
bound (N11) electron-ion system is represented in terms
the ion eigenfunctions as

C~E!5A(
i

x iu i1(
j

cjF j , ~1!

wherex i is the ion wave function in a specific stateSiLiJip i
andu i is the wave function for the (N11)-th electron in a
channel labeled asSiLi(Ji)p iki

2l i@Jp#; ki
2 being its incident

kinetic energy. TheF j ’s are the correlation functions of th
(N11)-electron system that account for short-range corre
tion and the orthogonality between the continuum and
bound orbitals. TheF j ’s may also give rise to bound chann
resonances at intermediate energies due to inner-shell ph
excitation autoionization, as described in this work.

The eigenfunctionsx i of the residual ion FeXVI are ob-
tained through atomic-structure calculations using the p
gram SUPERSTRUCTURE@7#. Table I lists thex i correspond-
ing to 17 levels dominated by configurations 2p6(1S)nl , up
to n55. The calculated eigenenergies are compared with
experimental values. Although the FeXVI levels included in
the close-coupling expansion span then55 levels, most of
the relevant resonance structure appears below the firs
cited fine-structure levels2P01/2,3/2. However, owing to the
high ion charge then complexes are well separated and t
coupling effects, including resonances at higher energies
weak.

We consider the photoionization of the ground level
FeXV, 3s2(1S0)1hn→e13s(2S1/2), coupled to the con-
tinua of the ground and the excited levels of FeXVI . Figure 1
shows the detailed cross section with the Rydberg serie
resonances in the region up to, and slightly above, the
two excited thresholds 3p(2P1/2,3/2

o ). For comparison, the
nonrelativistic cross sections from the Opacity Project wo
by Butler et al. @8# are also shown~dashed lines!. It is seen
that the OP results, inLS coupling, did not resolve the ex
tensive resonance structures obtained in the present cal
R4221 ©1999 The American Physical Society
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tions including relativistic fine structure. In the regio
2P1/2

o -2P3/2
o the resonances are considerably weaker tha

the region below the2P1/2
o owing to autoionization into the

excited 3p 2P1/2
o continuum, in addition to the ground leve

continuum 3s(2S1/2). Figure 2 shows the photoionizatio
cross section in an extended energy range that spans a
cited FeXVI levels in the close-coupling expansion~Table I!.
Above the 3p 2P1/2,3/2

o thresholds however, resonance stru
tures are fairly isolated and relatively far apart. The ba
ground cross sections and some resonance positions a
well with the earlierLS coupling OP results@8#.

BPRM calculations can be further extended in the int
mediate energy range, from the highest target level to thn

TABLE I. FeXVI target level energies~Ry! in the wave-function
expansion.

Index Configuration@Term# J E~Obs.! E~Calc.!

1 2p6(1S)3s @2S# 1/2 0.000 00 0.000 00
2 2p6(1S)3p @2Po# 1/2 2.525 96 2.521 86
3 2p6(1S)3p @2Po# 3/2 2.716 88 2.690 95
4 2p6(1S)3d @2D# 3/2 6.155 44 6.216 37
5 2p6(1S)3d @2D# 5/2 6.181 98 6.254 59
6 2p6(1S)4s @2S# 1/2 17.0182 17.0836
7 2p6(1S)4p @2Po# 1/2 18.0252 18.0643
8 2p6(1S)4p @2Po# 3/2 18.0980 18.1269
9 2p6(1S)4d @2D# 3/2 19.3570 19.4013
10 2p6(1S)4d @2D# 5/2 19.3677 19.4186
11 2p6(1S)4 f @2Fo# 5/2 19.9077 19.9638
12 2p6(1S)4 f @2Fo# 7/2 19.9125 19.9703
13 2p6(1S)5s @2S# 1/2 24.2500 24.3164
14 2p6(1S)5p @2Po# 1/2 24.7606 24.8020
15 2p6(1S)5p @2Po# 3/2 24.7970 24.8357
16 2p6(1S)5d @2D# 3/2 25.4065 25.4552
17 2p6(1S)4d @2D# 5/2 25.4116 25.4639
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52 inner-shell ionization thresholds. This region does n
include the target levels that would correspond to the fi
sum in the close-coupling expansion@Eq. ~1!#. However, a
number of (N11)-electron configurations,F j (FeXV), are
included in the BPRM calculations in the second sum in E
@1#! with eigenvalues in this range. These FeXV configura-
tions correspond to outer 3s electron excitation, as well a
the inner 2p electron excitations, i.e.,@1s22s22p6#3l 2

13l ,nl ; n<5,l <2, and the inner-shell excitation con
figurations:@1s22s22p5#3l 2nl ; n<5,l <2. Although the
2p-shell ionizations are not explicitly represented in t
BPRM calculations, the 2p-shell excitation autoionization is
included to some extent via resonances corresponding
theseF j (FeXV). Some of the resonances in the 30–80
region, due to inner-shell photoexcitations, are much str
ger than those due to the valence 3s-shell excitations in Figs.
1 and 2, as discussed below~Fig. 4!.

Close to the ionization threshold of then52, we carry out
RRPA1RMQDT calculations, with the detailed resonan
strucutures shown in Fig. 3. The RRPA and RMQDT calc
lations are carried out as described in@9# and @10#. In the
autoionization resonance spectrum region between 80 an
Ry, the photoionization cross section in open dissociat
channels, that is, the 3s photoionization cross section, is ca
culated and plotted as a function of photon energy in Fig
The seven interacting relativistic dipole channels cons
ered for the RRPA1RMQDT calculations are
3s→e(p3/2),e(p1/2); 2p3/2→nd5/2,3/2,ns1/2; and 2p1/2
→nd3/2,ns1/2. The theoretical single-configuration Dirac
Fock thresholds for 3s,2p3/2,2p1/2 are at 33.314, 86.26, an
87.21 Ry, respectively. Below the 2p3/2 threshold there are
five interacting Rydberg series corresponding to discrete
citation from 2p3/2 and 2p1/2 levels. Coupling between thes
excitation channels and the ionization channels from thes
levels causes configuration interaction between the disc
and continuum states, which in turn leads to autoionizat
resonances seen in Fig. 3.
f

-

FIG. 1. Photoionization cross
section of the ground level o
FeXV 3s2(1S0) in the near-
threshold region; solid line, rela
tivistic BPRM results; dashed
line, nonrelativistic results~OP
@8#!.
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FIG. 2. Comparison of the
present BPRM cross sections wit
the earlier OP nonrelativistic cal
culations over an extended rang
spanning all target thresholds i
the close-coupling expansion.
nd
c

on
s

tu

si
g

8.
el

est

o-
e

an
ns.

the
Finally, Fig. 4 shows the complete set of BPRM a
RMQDT1RRPA results obtained. The strongest resonan
in the middle range between 54 and 70 Ry corresp
mainly to inner-shell excitation configuration
2p53s2(3p,3d), particularly to the 2p→3d excitation. We
identify these resonances from an extensive atomic-struc
configuration-interaction calculation for FeXV using SUPER-

STRUCTURE, employing the same one-electron orbital ba
set as the target ion FeXVI . For example, the autoionizin
levels 2p53s23p@3,1(S1 ,P0,1,2,D0,1,2,3)# lie between 54.49
and 56.83 Ry. The large resonance complex between 5
and 59.76 Ry corresponds to the autoionizing lev
2p53s23d@3,1(S1 ,P0,1,2,D0,1,2,3)#. The experimental first
es
d

re

s

26
s

ionization potential of FeXV is 33.58 Ry~the present BPRM
calculated value is 33.56 Ry!, and the highest FeXVI target
threshold is at 25.41 Ry. This implies that theL-shell reso-
nance complex just below 60 Ry coincides with the high
target levels 5d(2D3/2,5/2) in the wave-function expansion
~Table I!. It is clear that the inner-shell photoexcitation aut
ionization would be a major contributor to the effectiv
photoionization cross sectionsbelow the L-shell ionization
threshold~s!.

The RRPA and RMQDT results in Figs. 3 and 4 show
excellent match with the background BPRM cross sectio
The resonances just below the 2p ionization threshold form a
pseudocontinuum whose effective area corresponds to
s

FIG. 3. RRPA and RMQDT

cross sections with resonance
converging on to theL-shell ion-
ization thresholds.
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FIG. 4. The BPRM and
~RRPA1RMQDT! cross sections
in the energy range up toL-shell
ionization. The arrow at 59.98 Ry
is the highest target threshold i
the BPRM calculations. The tota
subshell photoionization cros
sections s(2p) and s(2s) are
computed using the RRPA.
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total photoabsorption in this region, which in turn rises to t
threshold value at the 2p ionization energy of 86.26 Ry. The
total photoabsorption cross section should be continu
across ionization thresholds. Therefore the cross sectio
and above threshold~s! is, in principle, comparable in mag
nitude to the effective resonance averaged photoexcitat
autoionization cross section below threshold~s!. The energy
region up to the 2p and 2s ionization thresholds in Fig. 4 is
dominated by resonance structures, many of which are
yet considered. The inner-shell ionization edges in particu
are not sharp jumps, as often obtained in nonresonant ca
lations, but as diffuse pseudocontinua rising up to the
evant threshold cross sections.

As these first detailed calculations including relativis
and resonance effects show, the BPRM close-coupling
culations with the large number of levels and channels in
e
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on-
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intermediate-energy range should considerably enhance
photoionization cross section of FeXV. Thus, calculations
that neglect the extensive inner-shell excitation resonan
are likely to underestimate the cross sections by large fac
~as has been shown, for example, in the case of photoion
tion of neutral iron@10#!. Although likely to be much more
extensive, the present work emphasizes the urgent nee
more elaborate BPRM calculations leading up to theL- and
K-shell ionization thresholds, as these data would be es
tial requirements for photoionization modeling of astrophy
cal x-ray sources observed by CXO, XMM, and Astro-E.

This work was partially supported by the National Sc
ence Foundation and the NASA Astrophysical Theory P
gram. N.H. would like to thank Professor Walter Johnson
the use of his RRPA and RMQDT codes.
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