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Abstract

Total and partial photoionization cross sections for ðFe XXIþ hn! Fe XXIIþ eÞ are presented for the ground and

excited bound states with np10 and lp9. Fe XXI is prevalent in high-temperature astrophysical plasmas as well as in

photoionized plasmas excited by hard X-rays. Results are reported for the first time for the high-energy photoionization

with core excitations to n ¼ 2; 3 states. Details of photoionization, especially the high-energy features that often dominate

considerably over the low energy ones, are illustrated. These prominent features will affect the photoionization and the

recombination rates in high-temperature plasmas. Calculations are carried out in the close coupling (CC) approximation

using the R-matrix method. A large CC wavefunction expansion for Fe XXII which includes the ground and 28 excited

core states from n ¼ 2 and 3 complexes and spans over a wide energy range is used. A total of 835 discrete bound states of

Fe XXI in the singlet, triplet, and quintet symmetries are obtained. Total photoionization cross sections, sPIðnLSÞ, for

ionization into all 29 states are presented for all 835 final bound states and partial photoionization cross sections,

sPIðg; nLSÞ, for ionization into the ground 2P0 state of the core are presented for 685 states. While the n ¼ 2 core

excitations are at relatively lower energy range (within 15Ry from the ionization threshold), the n ¼ 3 excitations lie at

considerably higher energy, 73Ry and above, yet introduce resonant features and enhancements more prominent than

those of n ¼ 2 states. Larger numbers of resonances are formed due to Rydberg series of autoionizing states converging on

to the 29 core states. However, most noticeable structures are formed in the excited state cross sections by the

photoexcitation-of-core (PEC) resonances in the photon energy range of 73–82Ry. All these high-energy features are

absent in the currently available results. The present results should enable more accurate modeling of the emission

spectrum of highly excited plasma from the optical to far-ultraviolet region.

r 2008 Published by Elsevier Ltd.
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1. Introduction

Fe XXI exists in high-temperature plasmas in various astronomical objects, such as in nebulae, active
galactic nuclei, stars, solar flares, etc. The 1354 Å line of Fe XXI which forms at temperature of 107 K is well
known for coronal diagnostics (e.g. [1]). Astrophysical modelings for opacities, spectral analysis, ionization
e front matter r 2008 Published by Elsevier Ltd.
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balance, recombination cascade matrix, etc., require photoionization cross sections, such as presented here,
from a large number of initial bound states (e.g. [2,3]).

Previous works on Fe XXI under the Opacity Project [4] were mainly for total photoionization cross
sections from a large number of bound states. However, since these calculations were designed to cover only
the low energy region [5,6] they considered a smaller wavefunction expansion containing only eight core states
of n ¼ 2 complex. The same set, but with fine structure, was used by Zhang [7] to calculate photoionization
cross sections from the three fine structure levels of the ground state. In contrast to the earlier works, the
present work considers a larger wavefunction which reveals a number of new and important high-energy
features. In addition, the present work reports for the first time the partial photoionization cross sections from
685 states needed for various applications such as for recombination rates.

Also being reported here, for non-fine structure modeling needs, is a large set of oscillator strengths in LS

coupling for transitions among all 835 LS terms computed using the bound state wavefunctions and dipole
matrix elements of the present work. They are consistent with the present photoionization cross sections.
These are available in electronic files at [8]. The oscillator strengths for fine structure transitions calculated
from the relativistic Breit–Pauli R-matrix method were reported earlier [9].
2. Theory

The present calculations are carried out in the close coupling (CC) approximation using the R-matrix
method as implemented in the work under the Opacity Project (OP) [4] and the Iron Project (IP) [10]. A brief
outline of the theory relevant to the present calculations is given below. The details of the R-matrix method in
the CC approximation are given in [11–14].

In the CC approximation, the ‘target’ or the ‘core’ ion is represented by an N-electron system interacting
with the ðN þ 1Þth electron. The ðN þ 1Þth electron may be bound or in the continuum depending on its
negative or positive energy ðEÞ. The total wavefunction, CE , of the ðN þ 1Þ electrons system in a symmetry
SLp is represented by an expansion as

CEðeþ ionÞ ¼ A
X

i

wiðionÞyi þ
X

j

cjFj , (1)

where the target ion eigenfunction, wi, is coupled with the ðN þ 1Þth electron function, yi. The sum is over the
ground and excited core states. The ðN þ 1Þth electron with kinetic energy k2

i is in a channel labeled as
SiLipik

2
i ‘iðSLpÞ. In the second sum, the Fj’s are bound channel functions of the ðN þ 1Þ-electron system that

account for short range correlation and the orthogonality between the continuum and the bound electron
orbitals.

The Hamiltonian of the ðN þ 1Þ-electrons system is given by

HBP
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XNþ1
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where the last three terms are relativistic corrections, the mass correction (Hmass), Darwin (HDar) and
spin–orbit interaction (Hso), respectively (e.g. [20]). Present calculations are carried out in LS coupling, that is,
no spin–orbit interaction is considered. However, contributions from relativistic corrections Hmass and HDar

are included. Substitution of CEðeþ ionÞ in the Schrodinger equation

HNþ1CE ¼ ECE (3)

introduces a set of coupled equations that are solved using the R-matrix approach. The solution is a continuun
wavefunction, CF , for an electron with positive energies ðE40Þ, or a bound state, CB, at a negative total
energy ðEp0Þ. The complex resonant structures in photoionization result from channel couplings between
continuum channels that are open ðk2

i 40Þ, and ones that are closed ðk2
i o0Þ, at electron energies k2

i

corresponding to autoionizing states of the Rydberg series, SiLipin‘ where n is the effective quantum number,
converging to the target thresholds.



ARTICLE IN PRESS
S.N. Nahar / Journal of Quantitative Spectroscopy & Radiative Transfer 109 (2008) 2417–2426 2419
Transition matrix elements for photoionization, hCBkDkCF i where D ¼
P

i ri is the dipole operator and the
sum is over the number of electrons, are obtained from the bound and continuum wavefunctions. For
bound–bound transitions, CF is replaced by another bound state. The transition matrix element can be
reduced to generalized line strength as

S ¼ jhCjkDLkCiij
2 ¼ cf

XNþ1
j¼1

rj

�����
�����ci

* +�����
�����
2

, (4)

where Ci and Cf are the initial and final state wavefunctions. The photoionization cross section (sPI) is
proportional to the generalized line strength as

sPI ¼
4p2

3c

1

gi

oS, (5)

where g is the statistical weight factor of the bound state and o is the incident photon energy. The oscillator
strengths can be obtained from

f ij ¼
Eij

3gi

Sði; jÞ.

3. Computations

Computation for photoionization cross sections of Fe XXI is carried out using the R-matrix suite of codes
from the OP and IP [13–15] that proceeds through a number of stages. The initial stage is to obtain through
atomic structure calculations the target or core wavefunction which forms the first term of the ion
wavefunction CE . The target orbitals are the input for stage 1 of R-matrix codes.

The present wavefunction for Fe XXI includes 29 target terms of Fe XXII, eight from n ¼ 2 and 21 from
n ¼ 3 complexes as given in Table 1. The table lists the energies used in the R-matrix calculations. For
accurate energy positions of the resonances the calculated target (Fe XXII) energies were replaced by the
observed energies, whenever available [16], during diagonalization of the ðN þ 1Þ-electron Hamiltonian. The
Table 1

Terms and energies of Fe XXII in the eigenfunction expansion of Fe XXI

Term E (Ry) Term E (Ry)

n ¼ 2 states 15 2s2p3pð4SÞ 78.08464�

1 2s22pð2P0
1=2Þ

0.0 16 2s2p3pð4PÞ 78.38718�

2 2s2p2ð4PeÞ 4.350891 17 2s2p3pð2PÞ 78.85499

3 2s2p2ð2DeÞ 6.837967 18 2s2p3pð2SÞ 79.09630�

4 2s2p2ð2SeÞ 8.620770 19 2s2p3sð2P0Þ 79.41596�

5 2s2p2ð2PeÞ 8.914198 20 2s2p3pð2DÞ 80.21885

6 2p3ð4S0Þ 11.442782 21 2s2p3dð2P0Þ 80.53455�

7 2p3ð2D0Þ 12.891660 22 2s2p3dð4F0Þ 80.77472

8 2p3ð2P0Þ 14.656426 23 2s2p3pð2PÞ 80.90579�

n ¼ 3 states 24 2s2p3pð2DÞ 80.97771�

9 2s23sð2SÞ 73.24894� 25 2s2p3dð4P0Þ 81.31389

10 2s23pð2P0Þ 74.83334� 26 2s2p3pð2SÞ 81.39861�

11 2s2p3sð4P0Þ 76.37739� 27 2s2p3dð2D0Þ 81.44906

12 2s2p3sð2P0Þ 77.20010� 28 2s2p3dð4D0Þ 81.48460

13 2s23dð2DÞ 77.48869 29 2s2p3dð2F0Þ 82.45406

14 2s2p3pð4DÞ 77.81568

A large energy gap (�60Ry) can be noticed between n ¼ 2 and 3 states. The asterisks indicate calculated energies since the measured values

are not available.
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observed term energies were obtained from the statistical average of the observed fine structure levels and are
scaled relative to the actual ground level of Fe XXII which is 2s22pð2P0

1=2Þ. The reason for choosing the ground
level 2P0

1=2, instead of the ground term 2P0, is that all fine structure levels are relative to the 2P0
1=2. An asterisk

next to an energy in the column indicates use of the calculated energy, that is, no measured value is available
for the state. The atomic structure calculation for the target Fe XXII included spectroscopic configurations
2s22p, 2s2p2, 2p3, 2s23s, 2s23p, 2s23d, 2s2p3s, 2s2p3p, 2s2p3d and correlation configurations 2s3d2, 2p23s,
2p23p, 2p23d. The wavefunction for Fe XXII was obtained from atomic structure calculations using the code
SUPERSTRUCTURE [17] which employs Thomas–Fermi–Dirac potential to generate the one-electron
orbitals. The target was optimized with various sets of configurations. The calculated higher energies are in
better agreement with the observed term energies than are the lower energies. Hence, the final set was chosen
that showed the best overall agreement with measured values.

The second sum in the wavefunction expansion, Eq. (1), includes all possible ðN þ 1Þ-electron
configurations with range of minimum and maximum occupancies listed within parentheses of the orbitals
as 2sð0� 2Þ, 2pð0� 4Þ, 3sð0� 2Þ, 3pð0� 2Þ, and 3dð0� 2Þ of Fe XXI. All SLp symmetries of the ðeþ ionÞ

system formed from the 29 target states coupled with an interacting electron with partial waves 0 plp 9 are
included.

Due to large memory and CPU time requirements, the computation on Cray machines was carried out
separately for singlets, triplets, and quintets and in four energy ranges. Total and partial photoionization cross
sections are computed independently as R-matrix codes employ different storage algorithms for them.

All bound state energies of Fe XXI were identified using quantum defect analysis and percentage channel
contributions to the states. The near threshold resonances of sPI were resolved in a finer energy mesh, with
4000 energies up to 0.4Ry above the ionization threshold. sPI at higher photoelectron energies, beyond the
highest target threshold, are extrapolated as in [18] and were processed by the code ELEVID [19].
4. Results and discussions

Results from detailed study of photoionization of the highly charged iron ion, Fe XXI, are presented. The
work emphasizes on high-energy photoionization cross sections that show dominant features for the ion
obtained for the first time.

An explanation is needed for the choice of the size of the wavefunction. For any ion, the high lying excited
core states do not form bound states and the effects of their correlations with lower energy channels are
usually weak. Hence, for practical computation, a wavefunction expansion is limited to an excited core state
when a large energy gap is found with the higher ones. For the Fe XXI core, the eight n ¼ 2 states are
relatively close and lie within 14.5Ry, but n ¼ 3 states start after a large energy gap of about 60Ry. Hence, the
electron–electron correlation effects from n ¼ 3 terms are expected to be negligible, and this was the reason for
them to be excluded in the previous calculations for photoionization cross sections [5,6]. These existing cross
sections show smooth decay in the high-energy region. It has turned out that the B-like core Fe XXII is found
to be an exception to the correlation effects. It was noticed from atomic structure calculations that the
radiative decay rates (A-values) for n ¼ 3 terms are a few orders of magnitude higher than those of n ¼ 2 terms
[21] providing the incentive to study the effect of strong dipole transitions in the core in the high-energy region.
4.1. Bound energy states of Fe XXI

A total of 835 bound states of Fe XXI are found with np 10 and 0plp 9. Of these only 27 states have been
observed (e.g. compilation by NIST [16]). These states have the core either in the ground and in one of seven
excited states of n ¼ 2 complex (Table 1). No bound state with excited n ¼ 3 core states are formed for Fe
XXI. The complete set of 835 energies with spectroscopic designation will be available electronically [8].

The observed and calculated energies of Fe XXI are compared in Table 2. The agreement is good in general.
However, discrepancies are found for some excited states as seen in the table, with the largest one being 6.8%
for 2s22p5dð1F0Þ state. There could be a few reasons for the differences. Although a large number of
configurations were considered in the calculations, the set still may not be large enough for higher accuracy.
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Table 2

Comparison of calculated energies, Ec, of Fe XXI with the measured values, E0 [16]

Conf. Term E0 (Ry) Ec (Ry)

2s22p2 3P 123.30 124.09

2s22p2 1D 121.89 123.11

2s22p2 1S 120.73 121.99

2s2p3 5S0 119.68 120.55

2s2p3 3D0 116.92 117.72

2s2p3 3P0 115.61 116.71

2s2p3 3S0 114.13 114.88

2s2p3 1D0 113.85 114.89

2s2p3 1P0 112.62 113.87

2p4 3P 108.74 109.48

2p4 1D 107.56 108.57

2p4 1S 105.45 106.65

2s22p3d 1D0 50.32 50.65

2p3d 3F0� 50.29 50.63

2s22p3d 3D0� 49.46 50.21

2s22p3d 3P0� 49.11 50.14

2s22p3d 1P0 48.54 49.53

2s22p3d 1F0 48.36 49.48

2s22p4d 3F0� 27.94 28.16

2s22p4d 3P0� 27.33 27.99

2s22p4d 3D0 27.01 28.02

2s22p4d 1D0 26.84 28.16

2s22p4d 1F0 26.78 27.76

2s22p5d 3D0 16.57 17.27

2s22p5d 3P0 16.49 15.96

2s22p5d 1D0 16.49 17.16

2s22p5d 1F0 16.46 17.59
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The target may have needed better optimization. The present LS coupling approximation includes only two
relativistic corrections terms. Energies should have improved with more relativistic corrections.

As mentioned earlier, the calculated states were identified spectroscopically through quantum defect
analysis. However, identification of all states cannot be ascertained because of mixed states and having
similarities in quantum defects. For example, a series of Rydberg states can be singled out from quantum
defect and increment of effective quantum numbers by unity. However, for an ion with large number of bound
states, such as Fe XXI, some uncertainty is introduced since two or more nl series can have very similar
effective quantum numbers. Also in the computation, the order of two core states 2s2p2ð

2S;2PÞ (Table 1) was
reversed to the observed order and hence some shifting is assumed in excited states with these two core
excitations.

4.2. Total and partial photoionization cross sections of Fe XXI

The total photoionization cross sections sPIðnLSÞ, which include contributions from all channels leaving the
ion in all 29 core states are presented for all 835 bound states of Fe XXI. The partial photoionization cross
sections, for ionization into the ground 2s22pð2P0Þ state of the residual ion Fe XXII, are obtained for all 684
states of the singlets and the triplets that couple to the target ground state. Quintets do not couple to the core
ground state in LS coupling. Since partial photoionization does not include contributions of ionization with
an excited core, sPIðg; nLSÞ has a background that is lower than that of the total and lacks the corresponding
resonances. Some important characteristic features of these cross sections are illustrated below.
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Fig. 1. Photoionization cross sections, sPI, of the three states of the ground configuration, 1s22s22p2 of Fe XXI: (a) the ground state, 3P,

(b) excited state 1D, and (c) excited state, 1S. The prominent resonances in the low energy region are due to autoionizing states of the

Rydberg series belonging to the eight core states of the n ¼ 2 complex and the sparsely distributed weak resonances in the high energy

belong to the n ¼ 3 complex. The highest thresholds of the n ¼ 2 and 3 (29-CC) complexes are designated by arrows.
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Fig. 1 presents the total sPI for the three states 3P;1D;1S of the ground configuration 1s22s22p2 of Fe XXI.
Each state shows significant resonances in the near threshold energy region extending over to the eight core
states of n ¼ 2 complex. These resonances will affect both photoionization and recombination rates in the low
energy and low temperature regions. The highly excited n ¼ 3 core states in the 29-CC expansion do not affect
sPI except introducing some very weak small resonances on the smooth background. Comparison of the
present cross sections is made with those from the Opacity Project in Fig. 2. The two states, ground state
and metastable state 2s2p3ð

3D0Þ, are selected where the high-energy background show some differences with
and without n ¼ 3 core excitations. However, the present resolution in cross sections is much finer than that in
the OP and should be more accurate.

The structure of the photoionization cross section at high energies changes considerably for excited valence
electron states when the effect of the n ¼ 3 excited states of the core is included. This is illustrated in Fig. 3.
The figure presents total photoionization cross sections of two excited states of Fe XXI: 2s22p3dð3D0Þ

(a—present 29-CC calculations, b—from the OP) and 2s22p3pð3DÞ (c—present 29-CC calculations, d—from
the OP). Comparison between the present sPI with those from the OP [5] shows gross underestimation by the
latter. The first resonant complex in the low energy region, appearing less prominent in the figure, belongs to
Rydberg series of autoionizing states of n ¼ 2 core states. Rest of the features, which are more extensive and
stronger than the n ¼ 2 ones, spanning over a large energy range are due to n ¼ 3 core states. These resonances
have enhanced the background considerably. Larger radiative decay rates of n ¼ 3 states have caused these
strong resonances. Important effects of n ¼ 3 core states of other carbon-like ions were noted earlier [18].
However, such prominent effects were not unexpected for Fe XXI because of large energy gaps between n ¼ 2
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Fig. 2. Comparison of present photoionization cross sections, sPI, from 29-CC calculations with those from the OP [5]: (a,b) ground state
3P, (c,d) metastable state 2s2p3ð3D0Þ. Present sPI is much more highly resolved than those given by the Opacity Project.
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and 3 complexes. The present features indicate that the correlations of channels with excited n ¼ 3 core states
contribute considerably to photoionization contradicting the earlier assumption of weaker couplings.

The resonances due to n ¼ 3 core states can be divided into two types: narrow Rydberg resonances and
broader photoexcitation-of-core (PEC) resonances. The enhanced resonant complex region in the photon
energy range of 73–82Ry noted in Figs. 3(a,c) is due mainly to the PEC resonances. PEC resonances were first
explained and named by Seaton in [22]. They are the important characteristic features of valence electron
excited states. A PEC resonance is formed when the ion absorbs a photon in a dipole allowed core excitation
from the ground state. During this process the outer electron remains temporarily attached to a highly excited
level and autoionizes as the core drops to the ground state. This process is inverse to dielectronic
recombination and is manifested in a large resonance at the excitation threshold energy. A PEC resonance is
wider than the narrow Rydberg resonances and can enhance the background cross section by orders of
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magnitude. Table 1 indicates that core Fe XXII can cause eight possible PEC resonances in the energy range
from about 73Ry due to dipole allowed core excitation of 2s22pð2P0Þ ! 2s23sð2SÞ to about 82Ry for
excitation 2s22pð2P0Þ ! 2s2p3pð2SÞ. PEC resonances contribute considerably and introduce a ‘bump’ in the
total recombination rates [21]. The narrow resonances up to energy corresponding to the highest target n ¼ 3
threshold are Rydberg series of resonances.

Fe XXI is a highly ionized ion that exists more abundantly at high temperatures around �1062107 K in
plasmas [2]. Hence study of this ion in the high-energy or temperature region is highly appropriate. The
computed cross section can be a factor 10 or larger than the OP cross section at high energies. This may have
important effect on increased opacities in plasmas, such as, the interior opacity of the sun and hence to
determination of abundances. Precise determination of solar chemical composition, from opacities or from
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seismology, to explain the observation has been under considerable investigation in recent years [23,24].
Studies on other iron ions, similar to the present one, may provide the crucial key information to the
investigation.

In purely photoionized plasmas Fe XXI could exist at temperatures down to 105 K. Fine structure
couplings, especially from the quintet states that do not allow ionization below the 2s2p2ð

4PÞ core state in LS

coupling, will be more important in the low energy region. Inclusion of relativistic fine structures is in the plan
for future work.

As mentioned earlier, oscillator strengths and radiative decay rates for Fe XXI obtained from the bound
state wavefunctions and dipole matrices are also available electronically [8]. They correspond to a total of
28,775 transitions among the 835 bound LS terms of Fe XXI.

5. Conclusion

Photoionization of hnþ Fe XXI! eþ Fe XXII is studied in detail with emphasis on the features at high
energy relevant to abundance of Fe XXI in high temperatures in most astrophysical sources. Prominent
resonant features due to PEC resonances of n ¼ 3 core excitations in the photon energy range of 73–82Ry are
seen for the first time. Other new high-energy features have also been identified. Total and partial
photoionization cross sections are presented for bound states with np10 and lp9. Various features arising
from coupling of channels are discussed.

The inclusion of relativistic effects in the calculations will improve the accuracy of the cross sections and
rates, especially in low energy region. Coupling of channels not allowed in LS coupling, but allowed in fine
structure, will introduce resonances in the low energy region and can have significant effects on low
temperature photoionization and recombination rates. Study of this ion in the high-energy region for the first
time in LS coupling is the most practical way since the ion has a large number of bound states requiring
extensive computation.

Files for photoionization cross sections, energy levels, and oscillator strengths are available electronically
from CDS and from NORAD website: www.astronomy.ohio-state.edu/nahar/nahar_radiativeatomicdata.
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