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a b s t r a c t

Results for electron–ion recombination and photoionization of

ðFe XXIþ hn2 Fe XXIIþ eÞ, with emphasis in high-temperature region, are presented

from ab initio unified method. The unified method, based on close coupling (CC)

approximation and R-matrix method, (i) subsumes both the radiative recombination

(RR) and dielectronic recombination (DR), (ii) enables self-consistent sets of photo-

ionization and recombination cross sections from using an identical wavefunction for

both the processes, and (iii) provides state-specific recombination rates of a large

number of bound states. A large CC wavefunction expansion, which includes the ground

and 28 core excitations of n ¼ 2 and 3 complexes and span a wide energy range, has

been used. Compared to Dn ¼ 222, Dn ¼ 223 core excitations are found to introduce

strong resonant structures and enhance the background photoionization cross sections

ðsPIÞ in the high-energy region. These features along with prominent photoexcitation-

of-core (PEC) resonances at n ¼ 3 core thresholds have increased the unified total

recombination rate coefficients ðaRðTÞÞ at temperatures T4106 K, region of maximum

abundance of the ion in collisional equilibrium, by a factor of 1.6 over previous

calculations. State-specific recombination rate coefficients aRðnLSÞ, which include both

the RR and DR, are presented for the first time for 685 bound states with np10 and lp9.

The unified total recombination rate with photoelectron energy aRðEÞ is presented and

the role of low-energy near-threshold fine structure resonances is illustrated. The

present results should provide a reasonably complete self-consistent set of recombina-

tion rates and photoionization cross sections for astrophysical modelings of high-

temperature plasmas from optical to far-ultraviolet wavelength regions.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon-like iron ion, Fe XXI, is astrophysically abundant in variety of high-temperature sources such as sun, nebulae,
active galactic nuclei, stars, etc. Fe XXI lines in solar flares are used in determination of electron densities (e.g. [1]). It may
also exist in low temperature photoionized plasmas. Soft X-ray line 12:282 Å ð3d22pÞ of Fe XXI has been detected in the
photoionized plasmas of a number of nearby obscured active galactic nuclei by XMM-Newton [2]. Modeling of
astrophysical spectra requires total ðeþ ionÞ recombination rates, incorporating both the radiative recombination (RR) and
dielectric recombination (DR), to calculate quantities such as ionization fractions of elements [3,4]. The aim of the present
work is to provide self-consistent results for photoionization and electron–ion recombination (e.g. [5]) for accurate
astrophysical applications.
ll rights reserved.
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In contrast to the unified method of ðeþ ionÞ recombination [6–9] the available rates are for RR and DR calculated
separately. The total rates are then approximated by summing the non-resonant RR and the resonant DR rate coefficients,
often supplemented by a very low temperature DR component. The earlier works on Fe XXI were carried out for RR rates
obtained using central-field and/or hydrogenic approximations, for example, by Arnaud and Raymond [3], Gu [10], Badnell
[11], and for DR rates obtained using isolated resonance approximation (IRA), for example, by Jacobs et al. [12], Badnell [13],
Altun et al. [14], Gu [15]. A recent measurement for Fe XXI recombination was carried out in the low energy region by Savin
et al. [16] using the facility at the Test Storage Ring (TST) in Heidelberg. They provide the fit for DR rate coefficient, aDRðTÞ,
for n ¼ 2 excitations.

The present calculation employs a wavefunction expansion that includes core excitations of both n ¼ 2 and 3 states
spanning over an energy range of about 83 Ry. The details of the total photoionization cross sections of a large number of
bound states, 835 in total, for Fe XXI have been reported earlier by Nahar [17] while present report provides results of
electron–ion recombination and partial photoionization cross sections needed for recombination. Unified method was used
earlier for total and state-specific recombination rate coefficients for other carbon-like ions, from C I to S XI [18,19], Ar XIII
[20].
2. Theory

The computational framework of unified method for total electron–ion recombination is based on the close coupling
(CC) approximation and R-matrix method as implemented in the Opacity Project (OP) [21] and the Iron Project (IP) [22]. A
brief outline of the theory relevant to the present calculations is given below.

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-electrons system that account for short range correlation and the
orthogonality between the continuum and the bound electron orbitals.

The relativistic Hamiltonian in the Breit–Pauli R-matrix (BPRM) method under the IP is given by
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where the additional one-body terms
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are the relativistic mass correction, Darwin, and spin–orbit interaction terms, respectively. The present calculations are
carried out in LS coupling, but including mass correction and Darwin terms. Due to strong fine structure couplings in low
energy, relativistic calculations with the three correction terms were carried out only for 2s2p35S0 state.

Substitution of CEðeþ ionÞ expansion in the Schrodinger equation

HNþ1CE ¼ ECE (4)

results a set of coupled equations that are solved using the R-matrix method. The solution is a continuum wavefunction,
CF, for an electron at positive energies ðE40Þ, or a bound state, CB, at a negative total energy ðEp0Þ. The complex resonant
structures in photoionization and recombination 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 the Rydberg series converging on to the
target thresholds.

Transition matrix elements for photoionization or electron–ion recombination can be obtained using the bound and
continuum wavefunctions as hCBkDkCFi where D ¼

P
i ri is the dipole operator, and the sum represents the number of

electrons. The transition matrix element can be reduced to generalized line strength as

S ¼ jhCjjjDLjjCiij
2 ¼ Cf

XNþ1
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, (5)
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where Ci and Cf are the initial and final state wavefunctions. Photoionization cross section (sPI) is proportional to the
generalized line strength as

sPI ¼
4p2

3c

1

gi

oS, (6)

where gi is the statistical weight factor of the bound state and o is the incident photon energy.
Recombination cross sections, sRC, can be obtained from detailed partial photoionization cross section using the Milne

relation,

sRC ¼ sPI
gi

gj

h2o2

4p2m2c2v2
, (7)

where gj is the statistical weight factor of the recombined state and v is the photoelectron velocity. The recombining ion is
assumed to be in the ground state. The detailed autoionizing structures in photoionization cross sections are integrated to
recombination cross sections through the Milne relations. Hence the sum corresponds to inclusion of both the RR and DR in
an unified and ab initio manner.

The state-specific recombination rate coefficient of state i is obtained by averaging the recombination cross sections
over the Maxwellian electron distribution, f ðvÞ ¼ ð4=

ffiffiffiffi
p
p
Þðm=2kTÞ3=2v2e�mv2=2kT , as

aRði; TÞ ¼

Z 1
0

vf ðvÞsRCðiÞdv. (8)

The total recombination rate can be obtained from sum of these individual rates, that is, aRðTÞ ¼
P

i aRði; TÞ where the sum
is over infinite number of recombined states.

The unified method divides the infinite recombined states into two groups: group (A) states with npn0, and group (B)
states with n0onp1, with n0�10. The recombination rate coefficients of group (A) states are obtained from the
photoionization cross sections as described above.

Recombination into group (B) states, which are in a small energy range, is dominated by DR via high-n resonances
belonging to various core thresholds while the background recombination, that is, RR is negligibly small. The precise DR
theory by Bell and Seaton [23], based on quantum defect theory and CC approximation, was extended by Nahar and
Pradhan [7] for DR collision strengths, OðDRÞ, as

OðDRÞ ¼
X
SLp

X
n

1

2
ð2Sþ 1Þð2Lþ 1ÞPSLp

n ðDRÞ, (9)

where PSLp
n ðDRÞ ¼ ð1�SyeeSeeÞn is the DR probability in entrance channel n. See is the electron scattering matrix including

radiation damping. Calculations for OðDRÞ are carried out in the CC approximation using the same wavefunction expansion
used for photoionization cross sections. The recombination cross section is related to OðDRÞ as

sRCðDRÞ ¼
p

gik
2
OðDRÞa2

0, (10)

OðDRÞ is summed over all contributing symmetries SLp. The total DR contributions of n410 states is usually much smaller
than that for no10 states except at the DR peak where it can still be smaller but of the same order.

The RR-type ‘background’ contributions from the high-n group (B) states, n0onp1, to the total recombination rate are
included in hydrogenic approximation [24]. These contributions are usually negligible except at very low temperatures
where electron energies are not high enough for core excitations.

The unified total recombination rate coefficients with photoelectron energy, aRðEÞ, can be obtained as

aRðEÞ ¼ vsRCðEÞ, (11)

where v is the photoelectron energy. aRðEÞ, being proportional directly to sRCðEÞ, reveals detailed resonant features in
electron–ion recombination spectrum and is of considerable interest as it is a measurable quantity at facilities such as Test
Storage Ring at Heidelberg.

3. Computations

The computations for photoionization and electron–ion recombination are carried out through a number of stages
starting with determination of target wavefunction. The wavefunction for target Fe XXII was obtained from atomic
structure calculations using code SUPERSTRUCTURE [25]. It includes the ground and 28 excited states of Fe XXII from n ¼ 2
and 3 complexes as given in Table 1. The table and computation of photoionization cross sections have been explained in
Nahar [17].

State-specific recombination rate coefficients for all bound states with np10 are obtained from code RECOMB [24] and
are added together for the total. The contributions of high-n states below the target thresholds are obtained from the
resonance averaged DR collision strength OðDRÞ using code STGFDR [7]. Values of OðDRÞwere calculated using the radiative
decay rates (A-values) for the dipole allowed transitions to the core ground state 2s22pð2P0

Þ. These A-values, given in
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Table 2

Radiative decay rates, Aji , for dipole allowed transitions from various excited states to the ground state 2s22pð2P0
Þ of core Fe XXII

Target state:f Afg (a.u.) hOðDRÞf i

Dn ¼ 0ð222Þ transitions

2s2p2ð
2DÞ 1.12(–7) 0.411

2s2p2ð
2P Þ 4.79(–7) 0.186

2s2p2ð
2SÞ 8.62(–7) 0.787

Dn ¼ 1ð322Þ transitions

2s23sð2SÞ 5.53(–5) 0.0052

2s23dð2DÞ 4.38(–4) 0.1735

2s2p3pð2P Þ 1.84(–4) 0.015

2s2p3pð2SÞ 2.33(–4) 0.004

2s2p3pð2DÞ 2.32(–4) 0.027

2s2p3pð2P Þ 6.00(–5) 0.0033

2s2p3pð2DÞ 1.23(–5) 0.0003

2s2p3pð2SÞ 2.17(–5) 0.0013

hOðDRÞi is the DR collision strength at these excited thresholds.

Table 1
Terms and energies of Fe XXII in the eigenfunction expansion of Fe XXI

Term E (Ry)

n ¼ 2 states

1 2s22pð2P0
1=2Þ

0.0

2 2s2p2ð
4Pe
Þ 4.350891

3 2s2p2ð
2De
Þ 6.837967

4 2s2p2ð
2Se
Þ 8.620770

5 2s2p2ð
2Pe
Þ 8.914198

6 2p3ð
4S0
Þ 11.442782

7 2p3ð
2D0
Þ 12.891660

8 2p3ð
2P0
Þ 14.6564263

n ¼ 3 states

9 2s23sð2SÞ 73.24894*

10 2s23pð2P0
Þ 74.83334*

11 2s2p3sð4P0
Þ 76.37739*

12 2s2p3sð2P0
Þ 77.20010*

13 2s23dð2DÞ 77.48869

14 2s2p3pð4DÞ 77.81568

15 2s2p3pð4SÞ 78.08464*

16 2s2p3pð4P Þ 78.38718*

17 2s2p3pð2P Þ 78.85499

18 2s2p3pð2SÞ 79.09630*

19 2s2p3sð2P0
Þ 79.41596*

20 2s2p3pð2DÞ 80.21885

21 2s2p3dð2P0
Þ 80.53455*

22 2s2p3dð4F0
Þ 80.77472

23 2s2p3pð2P Þ 80.90579*

24 2s2p3pð2DÞ 80.97771*

25 2s2p3dð4P0
Þ 81.31389

26 2s2p3pð2SÞ 81.39861*

27 2s2p3dð2D0
Þ 81.44906

28 2s2p3dð4D0
Þ 81.48460

29 2s2p3dð2F0
Þ 82.45406

A large energy gap ð�60 RyÞ 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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Table 2, were obtained from atomic structure code SUPERSTRUCTURE. The contributions from all np1 were added for the
total unified aRðEÞ and aRðTÞ using program RECXS.

4. Results and discussions

The inverse processes of photoionization and electron–ion recombination of the highly charged Fe XXI are studied in
detail. The aim of the large 29 CC wavefunction expansion is to study their properties in high temperature. Fe XXI is
abundant in high temperature, T�106�7 K, in collisional plasmas (e.g. [3]). Although the n ¼ 2 and 3 core states separated
by about 60 Ry (Table 1), the radiative decay rates (A-values) for Dn ¼ 322 transitions are found to be much stronger than
those for Dn ¼ 222 transitions, by up to a few orders of magnitude (Table 2) predicting considerable resonant effects from
n ¼ 3 excitations.

The results are obtained in LS coupling. This ion has large number of bound states, a total of 835 with np10, 0plp9
[17]. Spectroscopic identification of these bound states of Fe XXI was carried out using quantum defect analysis. However,
due to similar quantum defects of closely lying core states and mixing of states some uncertainties are expected for proper
identification of the states.

4.1. Photoionization cross sections

Detail study of total photoionization cross sections sPI of a large number of bound states of Fe XXI is presented in Nahar
[17]. However, recombination rate coefficients require partial photoionization cross sections sPIðg;nLSÞwhere the core ion is
left in the ground state. Important features in sPIðnLSÞ that affect the recombination cross sections are illustrated below.
sPIðg;nLSÞ of all 685 states that couple to the core ground state are available electronically at NORAD website [27].
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Fig. 1. Partial photoionization cross sections, sPI, of the excited metastable states of Fe XXI: (a) 2s2p3ð
3D0
Þ, (b) 2p4ð

1DÞ. These states contribute

considerably to recombination due to extensive low energy resonances and slow decay of the background cross sections at higher energy.
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The existing sPI available at TOPbase (vizier.u-strasbg.fr/topbase/topbase.html) under the OP [28] correspond to only
total photoionization. Comparison of the present total sPI made with those from TOPbase showed considerable
improvement of accuracy and higher resolution in the present work [17]. In addition, the energy region beyond n ¼ 2 core
states, where TOPbase data are extrapolated with hydrogenic behavior, is filled with rich resonant features due to core
n ¼ 3 complex indicating that the photoionization rates from OP cross sections will be grossly underestimated.

Metastable states play an important role in photoionization and electron–ion recombination rates because of low
energy resonances and slow decay of the background cross section with energies. Fig. 1 presents partial sPI of metastable
states (a) 2s2p3ð

3D0
Þ and (b) 2p4ð

1DÞ illustrating their dominance. The low energy region of each state is filled with strong
and dense resonances belonging to eight core states of n ¼ 2 complex and contribute considerably to recombination rates.
The contributions may exceed to that of the ground state. In contrast to the ground state where n ¼ 3 core states do not
affect the background feature [17], these metastable states show significant number the resonances belonging to the 21
core states of n ¼ 3 complex. These states continue to dominate the rates in to the high-temperature region.

Fig. 2 presents partial photoionization cross sections of two excited valence electron states, (a) 2s22p3dð3D0
Þ and (b)

2s22p3dð3F0
Þ of Fe XXI. Features for these states are quite different from those of equivalent electron states. Here the role of

n ¼ 3 core states becomes more prominent. The arrows, for each state in the figure, point the energy limits of the n ¼ 2 and
3 core thresholds. The extensive resonant features due to n ¼ 3 states in the wide energy range are considerably more
prominent than those due to n ¼ 2 core states. This feature was noted earlier for other ions [7,20]. But such prominence was
not expected for highly charged Fe XXI where the core states of n ¼ 2 and 3 complexes are separated by about 60 Ry. The
figures indicate strong correlations of various higher channels of excited n ¼ 3 core states for excited valence electron
states. The large radiative decay rates of n ¼ 3 states are the reasons for introduction of these prominent resonances and
have caused a shoulder in the total recombination rate.
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Fig. 2. Partial photoionization cross sections, sPI, of the excited states of Fe XXI: (a) 2s22p3dð3D0
Þ, (b) 2s22p3dð3F0

Þ. The prominent Seaton or PEC (named

by Seaton) resonances in the photon energy range between 73 and 82 Ry are due to various core transitions, e.g., 2s23sð2SÞ ! 2s22pð2P0
Þ,

2s2p3pð2SÞ ! 2s22pð2P0
Þ.
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The prominent resonances in the energy range from about 73 to 82 Ry for each state in Fig. 2 are PEC (photoexcitation-
of-core) or Seaton resonances. These resonances were interpreted in detail and named PEC resonances by Seaton [9,29].
They are formed when the core ion absorbs photons for dipole allowed excitations which eventually follow to ionization as
the core drops down to the ground state. The outer electron remains temporarily attached to a highly excited level as a
spectator during this process. The phenomenon is inverse to DR, and manifests in a resonance, often wider, at the excited
core threshold. Table 2 of core states indicates that there are eight possible PEC resonances in the energy range from about
73 Ry for 2s23sð2SÞ ! 2s22pð2P0

Þ transition to about 82 Ry for 2s2p3pð2SÞ ! 2s22pð2P0
Þ transition. These resonances

contribute considerably to recombination rate and introduce a bump in the total recombination rate, as noted in the next
section. Rest of the resonances are due to Rydberg series of autoionizing states belonging to n ¼ 3 core states.

4.2. Total and state-specific recombination rate coefficients

Both total and state-specific recombination rate coefficients of Fe XXI are reported. The state-specific recombination
rates ðaRðnLSÞÞ for 685 bound states with np10 and 0plp9 are obtained for the first time. aRðnLSÞ are needed for
determination of level populations and formation of cascade matrices.

The values of individual state recombination rates at various temperatures depend on resonant and background features
in the photoionization cross sections. Illustrative examples of aRðnLSÞ are given in Fig. 3 for states (a) 2s22p2ð

3PÞ, (b)
2s2p3ð

3D0
Þ, (c) 2s22p3dð3F0

Þ, (d) 2p4ð
1DÞ, and (e) 2s2p3ð

5S0
Þ. Except for the ground state (Fig. 3a), all excited states exhibit

explicit DR bumps generated by the resonant features in sPIðnLSÞ. The equivalent electron states, such as in Figs. 3(b) and
(d), provide dominant contributors to total recombination rate below 106 T because of their low energy resonances in sPI.
The valence electron states, such as 2s22p3dð3F0

Þ in Fig. 3c, contribute depending on the strength of the resonances and
enhanced background. In the example, 2s22p3dð3F0

Þ dominates in high temperature via dielectronic recombination
because of the strong n ¼ 3 resonances in the high-energy region. The DR bump in the low temperature for 5S0 state is
formed by the high-peak autoionizing resonances due to fine structure couplings (explained in the next section).
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Fig. 3. State-specific recombination rate coefficients aRðnLSÞ, including contributions of both RR and DR, of states (a) 2s22p2ð
3P Þ: ground, (b) 2s2p3ð

3D0
Þ,

(c) 2s22p3dð3F0
Þ, (d) 2p4ð

1DÞ, and (e) 2s2p3ð
5S0
Þ.
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Table 3
Total recombination rate coefficients, aR for ðeþ Fe XXII ! Fe XXIÞ

log T (K) aR (cm3 s�1)

6.0 7:86E� 11

6.1 7:04E� 11

6.2 6:41E� 11

6.3 5:97E� 11

6.4 5:70E� 11

6.5 5:52E� 11

6.6 5:35E� 11

6.7 5:10E� 11

6.8 4:70E� 11

6.9 4:20E� 11

7.0 3:62E� 11

7.1 3:02E� 11

7.2 2:45E� 11

7.3 1:94E� 11

7.4 1:51E� 11

7.5 1:15E� 11

7.6 8:72E� 12

7.7 6:53E� 12

7.8 4:84E� 12

7.9 3:57E� 12

8.0 2:63E� 12

8.1 1:91E� 12

8.2 1:40E� 12

8.3 1:02E� 12

8.4 7:43E� 13

8.5 5:40E� 13

8.6 3:93E� 13

8.7 2:86E� 13

8.8 2:08E� 13

8.9 1:52E� 13

9.0 1:10E� 13

S.N. Nahar / Journal of Quantitative Spectroscopy & Radiative Transfer 109 (2008) 2731–27422738
The present state-specific rates should be accurate for most of the temperature range except at lower temperature
where uncertainty may be introduced if resonances are not highly resolved and by slight shift of resonance positions. At
higher temperature detailed features are damped out by the exponential factor in the aRðnLSÞ integral. Based on the
accuracy of the R-matrix method, energy comparison, and inclusion of interference effects, these rates are expected to be
accurate within 50–70% above 4P threshold, that is, above 6:7� 105 K, especially for dominant contributing states.

Values at various temperatures of the present unified total aRðTÞ, which include contributions of both the RR and DR, are
presented in Table 3. The features are illustrated in Fig. 4 (solid curve) along with comparison with rates obtained by others.
The top panel (a) of Fig. 4 presents aRðTÞ over the temperature range 102109 K while the bottom panel (b) details the high-
temperature behavior, especially around the temperature TM of the ion’s coronal abundance. The present aRðTÞ (solid curve)
is showing a characteristic rapid rise with decreasing temperature caused by very low energy recombination to the infinite
number of high-n states, mainly due to RR. However, the DR rate coefficient aDRðTÞ (long dashed curve) provided by Savin et
al. [16], who integrated the measured low energy recombination spectrum, show very sharp rise with lower temperature
and a broad structure. The present total aRðTÞ is much lower than those by Savin et al. The largest difference is at about
2500 K where the recombination rate by Savin et al. peaks to 9:3� 109 while the present rate is 1:1� 109 cm3=s. This could
have resulted by some very sharp peak resonances in the near-threshold region seen in the experiment. Due to this
discrepancy, Table 3 presents only high-temperature rates.

However, unified total aRC should be more accurate in the high-temperature region, especially around the temperature
of abundance TM�107 K, as it includes contributions of both the RR and DR and their interference effects in an ab initio
manner. The DR rate by Savin et al. [16] merges with the present results at about 106 K and decays quickly since the
experiment was confined to low energy region only. DR rates using IRA by Gu [15] show almost complete agreement with
the sharp rise in the low temperature rate obtained by Savin et al. The RR rate coefficient by Arnaud and Raymond [3] (dot-
dashed) is considerably lower since it does not include any autoionizing resonances. However, at lower temperature it
tends to merge with the present rates. The RR rates by Gu [10] and Badnell [11], which are basically equal to each other, are
higher than those by Arnaud and Raymond at high temperature, but merge with the present rates at low temperature. The
calculated DR rates from isolated resonance approach by Jacobs et al. [12] (dotted) and by Altun et al. [14] (short dash),
which are similar to the earlier DR rates by Badnell [13], high-temperature rates by Gu [15] are in better agreement with
the unified rates, but are lower. The enhancement in the recombination rate by 60% around the temperature of abundance
is mainly due to the n ¼ 3 resonances in photoionization cross sections and may affect considerably the ionization balance
of Fe XXI in plasmas in coronal equilibrium. As discussed in Nahar [17], present calculations included all channels with 28
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core excitations (Table 1) and outer electron with lp9. Photoionization includes autoionization to all levels via couplings of
channels. Since all excited states are included for recombination, unified method essentially includes autoionization
branching to ground as well as excited states. They were added by n410 contributions resulting in the final DR peaks.
Hence present calculation is complete with inclusion of all contributing channels to give rise the enhancement by a factor
of 1.6.

Total recombination rate coefficient with photoelectron energy, aRðEÞ, of ðeþ Fe XXII ! Fe XXIÞ can reveal detailed
resonant structures in recombination process and the resonant part can be measured in storage rings. Fig. 5 presents
unified aRðEÞ going up to 2s2p2ð

2DÞ threshold of Fe XXII. Panel (a) presents the contribution of 2s2p3ð
5S0
Þ state alone

(discussed in next section), panel (b) presents summed contributions of all triplets and singlets (3,1L) states of Fe XXI, and
panel (c) is the total sum of (a) and (b). The arrow in Fig. 5c points the converging threshold 2s2p2ð

2DÞwhere DR peaks and
then drops almost to zero due to core excitation. The figure shows considerable contributions by 5S0 state at very low
energy compared to summed contributions of all triplets and singlets.

4.3. Relativistic effects in low energy region

Fe XXI can exist in low temperature photoionized plasmas. The low energy experiment for recombination of Fe XXI
showed narrow and high-peak resonances near the ionization threshold [16] produced mainly by fine structure couplings
of states that not allowed in LS coupling. In order to study these near-threshold resonant features in recombination rates,
relativistic BPRM method with radiation damping [30] is employed to calculate the partial photoionization cross sections of
2s22p3ð

5S0
Þ state of Fe XXI. In LS coupling, 5S0 does not couple to core ground 2s22pð2P0

Þ state of Fe XXII and hence cannot
photoionize into it. However, in the low energy photoionization spectrum of carbon like O III, prominent narrow
resonances were observed by Champeaux et al. [31] and was analyzed to arise through fine structure coupling of
metastable 2s2p3ð

5S0
Þ state [32]. Ionization potential of 5S0 is close to that of the ground state 2s22p2ð

3PÞ, and hence can be
ionized by photons of comparable energy.
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The partial photoionization cross sections of 5S0 are shown in Fig. 6. sPI below the 2s2p2ð
4PÞ core threshold (energy

position is pointed by an arrow) is due to fine structure couplings only, that is, LS coupling will give no cross sections in this
energy region. The 2p electron of 2s2p3ð

5S0
Þ state can photoionize only to 2s2p2ð

4PÞnd;nsð5PÞ states by leaving the core at
2s2p2ð

4PÞ state. However, through fine structure coupling 2s2p2ð
4PÞnd;nsð5P3;2;1Þ levels can couple to the J-levels of

2P0
1=2;3=2npð1;3P3;2;1Þ and hence is allowed to radiationless transitions or autoionization. These relativistic mixings of

channels generate below the threshold 4P many narrow but high-peak resonances with almost zero background cross
sections as seen Fig. 6. These resonances correspond to the extensive resonant structures in recombination rates in Fig. 5a
and provide significant contributions to recombination rates at low temperatures. Above 4P threshold, the contribution of
the state to recombination is almost zero.

Fig. 5c shows the detailed resonances in the recombination spectrum arising from recombination in to 5S0 state. Due to
existence of an energy bandwidth or variable bandwidths in experimental measurements, each individual narrow
resonances may not be detected, except features convolved with the bandwidths. However, the positions of resonant
features observed in the experimental recombination spectrum [16] agree with those in Fig. 5c although some resonances
close to the ionization threshold appear stronger in the experiment than the present calculated ones and are believed to be
reasons for the differences in the total recombination rates. Although 5S0 provided significant contributions in low
temperature, this state alone was not sufficient to match the high-peak broadened structure of aRðTÞ obtained by Savin
et al. [16]. Such broaden structure has not been seen for any other ion studied theoretically by the author. Summation of
fine structure contributions by other states, not allowed in LS coupling, is expected to raise the total aR at low temperature.
Nonetheless, the high-temperature rates are not affected by the fine structure details as they get damped by the
exponential factor in recombination rate integral. The accuracy of those rates can be inferred from the general agreement
among all other calculations.

Detailed comparison of the present aRðEÞ with an experiment will require carrying out full scale relativistic calculations
for the low energy narrow resonances and then convolution of the resonances with the experimental beam function. The
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resonances due to fine structure couplings are very narrow compared to those in LS coupling. Considerable effort was
needed with repeated calculations in various small energy bins, with very fine energy meshes ranging from 10�5 to
10�9 Ry, to resolve these narrow resonances of 5S0 state. Resonances become denser, narrower and more in number with
fine structure. Each LS term of the core will have one or more number of fine structure components and each component
will correspond to a Rydberg series making the computation a major task. It is in the future plan to carry out extensive
relativistic BPRM calculations.

5. Conclusion

Electron–ion recombination and photoionization of ðhnþ Fe XXI 2eþ Fe XXIIÞ are studied in detail with special
emphasis on high-temperature recombination relevant to abundance of Fe XXI in most astrophysical sources. Unified total
recombination rate coefficients aRðTÞ, which include both RR and DR and the interference between them, are presented for
the first time for Fe‘XXI. State-specific recombination rate coefficients are presented for 685 bound states with np10 and
lp9 and are expected to be accurate within 50–70% for dominant states except probably at low temperature.

Photoionization cross sections with PEC resonances due to n ¼ 3 core thresholds in the energy region 73–82 Ry have
introduced an enhanced shoulder in the recombination rates aRðTÞ. The enhancement is over 1.6 times of earlier rates at all
temperatures T4106 K. This will have a bearing on the current two different interpretations of solar opacities.

The importance of fine structure couplings at very low energies is demonstrated through 2s2p3ð
5S0
Þ state. Although

present recombination rate coefficient with photoelectron energy, aRðEÞ, agrees well with the experiment, the differences in
peaks of some resonances in low energy region have introduced large difference in the integrated rate coefficients in low
temperature region. Contributions from fine structure couplings from other levels are expected to raise the low
temperature total rates.

The present results can be improved in two ways: (i) using relativistic fine structure couplings, especially in the low
temperature region, and (ii) resolving resonances with finer energy mesh. Neither of these should have a significant effect
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on present results at high temperature. Inclusion of relativistic fine structure will double the number of 835 bound states to
1611 bound fine structure levels [33]. In addition, fine structure will increase the number of core excitations leading to
increment of Rydberg series of autoionizing resonances and hence will require finer resolution. These improvement will
require extensive computations and is a part of the future work.

Photoionization and recombination data will be available electronically at NORAD website: www.astronomy.
ohio-state.edu/nahar/nahar_radiativeatomicdata/index.html.
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