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The B-spline R-matrix method is used to investigate the photoionization of neutral iron from the ground and
excited states in the energy region from the ionization thresholds to 2 Ry. The multiconfiguration Hartree-Fock
method in connection with adjustable configuration expansions and term-dependent orbitals is employed for an
accurate representation of the initial states of Fe I and the target wave functions of Fe II. The close-coupling
expansion contains 261 LS states of Fe II and includes all levels of the 3d64s, 3d54s2, 3d7, 3d64p, and 3d54s4p
configurations. Full inclusion of all terms from the principal configurations considerably changes both the low-
energy resonance structure and the energy dependence of the background cross sections. Partial cross sections
were analyzed in detail to clarify the most important scattering channels. Comparison with other calculations is
used to place uncertainty bounds on our final photoionization cross sections and to assess the likely uncertainties
in the existing data sets.

PACS numbers: 32.80.Fb, 31.15.em

I. INTRODUCTION

The enormous importance of iron-peak elements for astro-
nomical observations is well known. Neutral Fe and its ions
play important roles in many aspects of astrophysics. Due
to its large opacity contribution, Fe has come to serve as
a fundamental reference point for many chemical analyses
and their interpretations [1]. The analysis and diagnostics
of a broad range of stellar and nebular spectra requires ac-
curate radiative and collision atomic data. Accurate photo-
ionization cross sections for neutral iron are a requirement
for accurate chemical abundances in late-type stars [2]. The
cross sections for partial processes from both ground and low-
lying excited states are usually a minimum requirement for
detailed nonlocal thermodynamic equilibrium modeling. Be-
cause of the importance of these atomic data, and the complete
lack of experiments, major theoretical and computational ef-
forts have been devoted to this system over the past decades.
Presently, however, both electron-impact excitation rates and
photoionization cross sections for Fe still represent a signifi-
cant source of uncertainty in the models [3].

Over several decades, calculations of photoionization cross
sections for Fe I were carried out in a variety of approxima-
tions, with increasing size and sophistication. An early photo-
ionization calculation was reported by Kelly & Ron [4] and
Kelly [5] using a many-body perturbation method. Reilman
& Manson [6] and Verner et al. [7] employed central-field
approximations. These calculations ignored important cou-
pling effects and resonances, which in turn led to an under-
estimation of the photoionization cross sections. The earliest
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R-matrix calculation for neutral iron was reported by Baluja
et al. [8]. They considered photoionization from the ground
state and included in their approximation only the four lowest
states of the Fe II residual ion. More extensive calculations
were carried out by Sawey & Berrington [9], who used an ex-
pansion for Fe II including 3d7, 3d6(5D)4s, 3d6(5D)4p and
3d5(6S )4s2 configurations. Due to computational limitations,
these earliest R-matrix calculation also clearly missed essen-
tial coupling effects and neglected resonance series converg-
ing to higher-lying thresholds. Much more extensive R-matrix
calculations were reported by Bautista [10], who included 15
configurations and the lowest 52 LS terms of Fe II. Signifi-
cant corrections, both for the background cross sections and
the resonance structure, were obtained in comparison to the
previous results.

The cross sections of Bautista [10] were adopted in many
stellar atmosphere modeling codes and used in numerous ap-
plications. Given the significance of photoionization and elec-
tron impact excitation data for neutral iron in cool-stars re-
search and the advances in computational resources over the
past two decades, Bautista et al. [3] decided to revisit the prob-
lem of Fe photoionization and provide data of improved ac-
curacy. Their new R-matrix photoionization calculations in-
cluded 35 configurations and 134 LS close-coupling terms of
the target ion. The accuracy of the target states, however, was
not discussed. Comparison with the previous results in the 52-
state approximation showed further considerable corrections
to the total and partial cross sections.

The above discussion shows that, despite the large compu-
tational efforts devoted in the past, one still cannot state that
convergence of the predicted photoionization cross sections
for neutral iron has been achieved to date. The purpose of the
present work, therefore, is to perform even more elaborate and
extensive calculations for photoionization of Fe I than what is
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currently available. The further improvements include both
principal aspects of the collision calculations, namely the ac-
curacy of the target states and the size of the close-coupling
expansion.

The calculations of scattering processes on iron and its first
ions is a very challenging computational problem. The ac-
curate representation of the open 3d subshell target states
requires extensive configuration-interaction (CI) expansions,
whereas the very large number of energy levels and transi-
tions involved in the spectrum requires large close-coupling
(CC) expansions. As an additional complication, we note that
the individual orbitals in the 3dx4s2, 3dx+14s, 3dx+2, and other
target configurations are very term-dependent. This makes
it extremely difficult to achieve a sufficiently accurate target
description with standard CI procedures. Hence, computer
codes that require a set of orthogonal one-electron orbitals,
such as RMATRX I [11] and RMATRX II [12], can only ac-
count for such term dependence by large CI expansions that
involve a number of specially designed pseudo-orbitals. In
this case, one needs to carefully consider the balance of the
N-electron target structure and the (N+1)-electron collision
problems. This represents a serious challenge even for expe-
rienced users of these codes.

The present calculations were carried out with the B-spline
R-matrix (BSR) code [13], where a B-spline basis is employed
to represent the one-electron orbitals. Within this method,
nonorthogonal sets of term-dependent orbitals are extensively
used in both the target description and the representation of
the scattering functions. That, in connection with multi-
configuration target expansions, provides a systematic way to
account for a variety of correlation and relaxation effects. This
feature was illustrated in detail in our recent calculations for
electron collisions with Fe I [14] and Fe II [15], where the
flexibility of the code allowed us to generate a target descrip-
tion of unprecedented accuracy for collision calculations. At
the same time, abolishing the orthogonality constraints im-
posed on the scattering orbitals in the BSR code ensures a nu-
merically consistent treatment of the N-electron target and the
(N + 1)-electron collision problems. This is very important
for an accurate description of the near-threshold resonance
structure.

The present close-coupling expansion contains all terms of
the 3d64s, 3d54s2, 3d7, 3d64p, and 3d54s4p configurations
of Fe II. This set of final target states covers all major chan-
nels for the photoionization of neutral iron and thus provides
a basis for approaching convergence for the predicted photo-
ionization cross sections. As illustrated below, including all
terms from the 3d64p and 3d54s4p configurations consider-
ably changes the calculated low-energy resonance structure
and energy dependence for photoionization of excited states
of Fe. The present calculations can thus help in assessing the
accuracy of the existing data sets and in estimating their un-
certainties.

II. COMPUTATIONAL METHODS

A. Structure Calculations

The photoionization calculations require a consistence rep-
resentation of both the initial states of Fe I and the final states
of Fe II. Modeling of atomic structure, however, is a difficult
task due to the presence of the open 3d subshell. The near
degeneracy of the 3dx, 3dx−14s, 3dx−24s2 and other configu-
rations for the neutral elements and their lowly-charged ions
results in very complex spectra that are strongly influenced
by configuration interaction. Therefore the calculations be-
come extremely cumbersome, and the spectra exhibit a very
complex structure that is difficult to analyze. Accounting ap-
propriately for correlation effects requires to consider at least
single and double promotions of the valence electrons to ex-
cited orbitals. In the case of the open 3d subshell, inclusion of
all important promotions leads to extremely large configura-
tion expansions and makes it very difficult to obtain accurate
wave functions through standard multiconfiguration Hartree-
Fock (MCHF) or configuration-interaction methods.

In the present work, we used the MCHF code of Froese
Fischer et al. [16] in combination with our CI code with
nonorthogonal orbitals to generate the target wave functions.
These calculations closely follow the structure calculations in
our recent papers on BSR calculations for electron collisions
with Fe I [14] and Fe II [15]. Since our method is the same
as that described in the above papers, we refer to the latter for
the computational details. Here we will only concentrate on
the specific aspects of the present calculations.

Our approach for the modeling of atomic wave functions
has two characteristic features, which distinguish it substan-
tially from nearly all other methods commonly used to de-
scribe electron-atom collisions or photoionization processes.
The first important aspect of the BSR approach is the possibil-
ity of using term-dependent one-electron orbitals in the multi-
configuration description of the N-electron target states. In
traditional methods with an orthogonal set of one-electron or-
bitals, a similar accuracy can, in principle, be achieved by very
large expansions using additional correlated pseudo-orbitals.
The term dependence of the valence orbitals, both in Fe I and
Fe II, was found to be noticeable but not extremely strong,
with a maximum change of the mean radius for the 3d elec-
tron up to 10%. However, the corresponding corrections in
the configuration energies are around 0.2 Ry (2.7 eV). This
makes accounting for the term dependence very important for
accurate calculations of the term energies.

As another distinctive aspect of the present approach, we
tried to account for all major correlation effects. The final
configuration expansions contained the most important one-
and two-electron excitations from the valence 3d, 4s, and 4p
orbitals of the principal configurations. Inclusion of all possi-
ble promotions for the given case of the open 3d subshell leads
to very large configuration expansions, with thousands of in-
dividual atomic configuration states that differ in the inter-
mediate terms. Such target expansions cannot be used in the
subsequent scattering calculations. Consequently, all previous
calculations included only as many configurations as possible
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TABLE I: Excitation energies (in eV) of the Fe I target levels included in the present photoionization calculations.

Index Configuration Term Present NIST [17] Diff. Index Configuration Term Present NIST [17] Diff.
1 3d64s2 a 5D 0.00000 0.00000 0.000 23 3d7(2H)4s a 1H 3.52020 3.52326 −0.003
2 3d7(4F)4s a 5F 0.86082 0.87493 −0.014 24 3d64s2 a 1I 3.48480 3.58439 −0.003
3 3d7(4F)4s a 3F 1.48145 1.48836 −0.007 25 3d6(5D)4s4p z 5Po 3.54575 3.58639 0.005
4 3d7(4P)4s a 5P 2.16087 2.14265 0.018 26 3d64s2 b 3D 3.56252 3.58977 −0.003
5 3d64s2 a 3P 2.28122 2.30004 −0.019 27 3d64s2 b 1G 3.60328 3.64464 −0.004
6 3d64s2 a 3H 2.36601 2.37711 −0.011 28 3d6(5D)4s4p z 3Do 3.77607 3.86382 −0.003
7 3d6(5D)4s4p z 7Do 2.40412 2.38311 0.021 29 3d6(5D)4s4p z 3Fo 3.82394 3.87662 0.030
8 3d64s2 b 3F 2.54367 2.53060 0.013 30 3d8 c 3F 4.05592 4.07445 0.015
9 3d64s2 a 3G 2.67804 2.67132 0.007 31 3d7(4F)4p y 5Do 4.13847 4.10398 −0.006
10 3d7(4P)4s b 3P 2.77262 2.78906 −0.016 32 3d7(4F)4p y 5Fo 4.16598 4.18009 −0.018
11 3d6(5D)4s4p z 7Fo 2.77755 2.79275 −0.015 33 3d6(5D)4s4p z 3Po 4.16824 4.18450 −0.064
12 3d64s2 a 1S 2.80530 34 3d7(2D)4s b 1D 4.23998 4.24445 0.005
13 3d7(2G)4s b 3G 2.93034 2.93053 −0.000 35 3d7(4F)4p z 5Go 4.32527 4.30728 −0.017
14 3d6(5D)4s4p z 7Po 2.93705 2.93277 0.004 36 3d7(4F)4p z 3Go 4.37188 4.37506 −0.019
15 3d7(2P)4s c 3P 2.98683 2.99573 −0.009 37 3d7(2F)4s d 3F 4.51238 4.53713 −0.000
16 3d7(2G)4s a 1G 3.00166 2.99691 0.005 38 3d6(5D)4s4p y 5Po 4.57776 4.54064 −0.014
17 3d6(5D)4s4p z 5Do 3.17777 3.19232 −0.015 39 3d7(4F)4p y 3Fo 4.49736 4.54289 −0.062
18 3d7(2H4s b 3H 3.20414 3.21453 −0.010 40 3d7(2F)4s 1F 4.53208
19 3d7(2D)4s a 3D 3.21687 3.22250 −0.006 41 3d7(4F)4p y 3Do 4.76043 4.72430 0.024
20 3d6(5D)4s4p z 5Fo 3.30659 3.32482 −0.018 42 3d8 1D 4.73248
21 3d7(2P)4s a 1P 3.35960 3.36494 −0.005 43 3d6(5D)4s4p x 5Do 4.86200 4.90585 −0.006
22 3d64s2 a 1D 3.49993 3.49656 0.003 44 3d6(5D)4s4p x 5Fo 4.97766 4.98932 −0.012

with the available computational resources, without analyzing
the convergence of the target expansions. In the present ap-
proach, we attempted to include the most important correla-
tion effects. To do that, we first analyzed the full target expan-
sions, which contained all double promotions, to determine
the correlation configurations that matter most. This analy-
sis allowed us to choose the configurations that should be in-
cluded in the final target expansions while, at the same time,
keeping these expansions to a manageable size that was still
appropriate for the subsequent scattering calculations.

For the Fe I wave functions, the list of most important con-
figurations is discussed in Ref. [14]. In the present calcula-
tions, we chose to keep all configurations with mixing co-
efficients of magnitude larger than ∼ 0.01. This cut-off pa-
rameter is smaller than in our treatment of electron scattering
from Fe I. The resulting CI expansions with sizes between 400
to 1200 for each LS target state are still suitable for photo-
ionization calculations on modern state-of-the art computa-
tional facilities. We also applied a semi-empirical correction
using the cut-off parameter to adjust the theoretical LS ener-
gies to the experimental values obtained by taking a weighted
average over the fine-structure levels [17]. Due to different
convergence rates for the individual terms, this required us to
vary the cut-off parameters in the magnitude range between
0.008 and 0.015 for the various terms. The fastest conver-
gence was achieved for states with high multiplicity, 7L and
5L terms, whereas the singlet and triplet states exhibit a very
slow convergence pattern.

Table I compares the calculated LS excitation energies with
the experimental values for all Fe I states included in the
present photoionization calculations. The experimental exci-
tation energies were taken from the NIST compilation [17]
where possible. For some of the higher-lying levels, however,

no observed values are available. As seen from the table, the
above procedure allowed us to obtain agreement with the ob-
served LS energies to better than 0.1 eV for all states included.
The agreement with the experimental energy levels is con-
siderably better than in any other previous scattering calcu-
lation for collisions with Fe II that we are aware of. Using the
larger configuration expansions also improved the agreement
in comparison to our previous calculation [14]. One important
consequence is the shift of the 3d64s2 1S state to higher ener-
gies. The exact position of this state is still an open question
and calls for additional experimental data.

The target representation of the Fe II states was constructed
following the one used in our recent work on electron impact
excitation of singly ionized iron [15]. We included all LS
terms of the 3d64s, 3d54s2, 3d7, 3d64p, and 3d54s4p con-
figurations, with 261 terms overall. Table II lists the lowest
predicted 98 LS terms of Fe II and compares the calculated
energies with the experimental values. The full list of levels
included in the present scattering calculations is given in the
Supplemental Material [18]. Again, in constructing the target
wave functions, we first checked all double promotions for
the principal configurations and kept in the final expansions
only the configurations with coefficients of magnitude larger
than ∼0.025. The convergence of the target expansions for
Fe II is faster than for neutral iron. The cut-off parameters
for Fe II were chosen to i) ensure consistency between the
Fe I and Fe II expansions and ii) to obtain the best possible
agreement with the experimental photoionization thresholds.
As seen from Table II, the agreement with the observed LS
energies is better than 0.1 eV for most states, except for some
doublet terms, for which the convergence was found to be go-
ing extremely slowly.
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B. Photoionization calculations

For the photoionization calculations we employed a paral-
lelized version of the BSR code [13], which is based on the
R-matrix method to solve the close-coupling equations. The
distinctive feature of the code is the use of B-splines as a uni-
versal basis to represent the scattering orbitals in the inner re-
gion, r ≤ a. Hence, the R-matrix expansion in this region
takes the form

Ψk(x1, . . . , xN+1) =

A
∑

i j

Φ̄i(x1, . . . , xN ; r̂N+1σN+1) r−1
N+1 B j(rN+1) ai jk

+
∑

i

χi(x1, . . . , xN+1) bik . (1)

Here A denotes the antisymmetrization operator, Φ̄i are the
channel functions, and the splines B j(r) represent the contin-
uum orbitals. The principal advantage of B-splines is that they
form an effectively complete basis, and hence no Buttle cor-
rection to the R-matrix is needed in this case. The amplitudes
of the wave functions at the boundary, which are required for
the evaluation of the R-matrix, are given by the coefficient of
the last spline, which is the only spline with nonzero value at
the boundary.

The other important feature of the present code concerns the
orthogonality requirements for the one-electron radial func-
tions. We impose only limited orthogonal conditions between
the bound and continuum orbitals. Specifically for the present
calculations, we only require the orthogonality of the contin-
uum orbitals to the bound orbitals in the filled 1s, 2s, 2p,
3s, and 3p subshells. No orthogonality constraints were im-
posed to the spectroscopic excited orbitals or the correlated
orbitals. As a result, the (N + 1)-electron configurations χi in
the second part of Eq. (1) can be completely avoided. This
facilitates keeping the scattering and bound parts of the close-
coupling expansions consistent with each other, and avoids the
pseudo-resonance structure that sometimes appears in stan-
dard R-matrix calculations due to an inconsistency between
the scattering and bound parts of the close-coupling expan-
sions.

The close-coupling expansion in our calculations included
the 261 states of singly ionized iron listed in Table II. While
some of these states, mainly with configuration 3d54s4p, are
located above the ionization threshold, they may have a large
influence due to the strong 3d − 4p and 4s − 4p dipole transi-
tion. This model is referred to as BSR-261 below. The partial-
wave CC expansions in this model contained up to 359 dif-
ferent scattering channels in the LS -coupling scheme, when
restricting the scattering functions to include only ks, kp, kd,
and k f continuum orbitals. In the internal region with radius
a = 25 a0 (where a0 = 0.529 × 10−10 m is the Bohr radius),
the continuum orbitals were represented by 78 B-splines of
order 8. The most complex features of the present e-Fe II cal-
culation are the large configuration expansions for the total
scattering functions (∼100000 terms) and the extremely large
number of two-electron matrix elements. This is partly due
to the open 3d subshell configurations, but the principal com-

plication originates in the huge number of overlap factors due
to the nonorthogonal orbitals. In order to deal with this situa-
tion, a further optimization of the code for the determination
of the angular coefficients and the subsequent construction of
the Hamiltonian matrix was required.

In R-matrix theory, the photoionization cross section is de-
fined through the dipole matrix elements between the initial
state Ψ0 and the R-matrix basis states Ψk, provided that all ra-
dial orbitals of the initial state are well confined to the inner
region. The total photoionization cross section (in a2

0) for a
photon energy ω (in Rydberg) and an initial state with total
orbital angular momentum L0 is given by

σ(ω) =
8
3
π2 αω±1 1

(2L0 + 1)

∑
j

|(Ψ−j ‖D‖Ψ0)|2, (2)

where α ≈ 1/137 is the fine-structure constant and D is the
electric dipole operator. The powers of ω (+1 or −1) cor-
respond to the length and velocity forms, respectively. The
index j runs over the various open channels. The solutions
Ψ−j correspond to asymptotic conditions with a plane wave in
the direction of the ejected electron momentum k and ingoing
waves in all open channels.

Expanding the Ψ−j in terms of the R-matrix states, we find

(Ψ−j ‖D‖Ψ0) =
1
a

∑
k

(Ψk‖D‖Ψ0)
Ek − E0 − ω

wT
k R−1F−j (a), (3)

where (Ψk‖D‖Ψ0) are reduced matrix elements between the
initial state and the R-matrix basis functions, wT

k stands for the
surface amplitudes of the inner-region solutions at r = a, and
R−1 is the inverse of the R-matrix [13]. The energies Ek and E0
are also in Rydberg. Fi(r) stands for the radial wave function
of the scattered electron. The program ASYPCK [19], which
can directly use the BSR inner-region results as input, was
used to generate the asymptotic solutions F.

III. RESULTS AND DISCUSSION

We begin our discussion with photoionization of some low-
lying metastable states of Fe I. Figure 1 presents the predicted
photoionization cross sections as a function of photon energy
for a sample of even-parity states. These examples include
both the 3d64s2 and 3d74s configurations with quintet, triplet,
and singlet terms. The figure also presents a thorough com-
parison with the most recent 134-states R-matrix calculations
of Bautista et al [3]. This model is referred to as RM-134 be-
low. Earlier calculations mentioned in the introduction were
discussed in Refs. [3, 10], where large differences with the
extended R-matrix results were found. The early calculations
are not considered reliable and hence will not be discussed
any further.

All panels in Fig. 1 show a complex resonance structure.
In order to delineate in detail the autoionization resonances
near the ionization thresholds, we used a fine energy step of
10−4 Ry in the range of up to 2.0 Ry for the ejected electron.
This covers all states of the residual Fe II ion considered here.
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TABLE II: Excitation energies (in eV) of the Fe II final target levels included in the present photoionization calculations.

Index Configuration Term Present NIST [17] Diff. Index Configuration Term Present NIST [17] Diff.
1 3d6(5D)4s a 6D 0.00000 0.00000 0.000 51 3d6(3P)4p y 4Do 7.68767 7.67642 0.012
2 3d7 a 4F 0.22873 0.23746 -0.008 52 3d6(3H)4p z 2Io 7.75384 7.68254 0.071
3 3d6(5D)4s a 4D 1.00085 0.98236 0.019 53 3d6(3F)4p x 4Do 7.79919 7.78729 0.012
4 3d7 a 4P 1.61611 1.64122 -0.025 54 3d6(3F)4p z 2Fo 7.93216 7.92629 0.006
5 3d7 a 2G 1.97335 1.93060 0.042 55 3d6(3F)4p y 4Go 7.96447 7.87869 0.086
6 3d7 a 2P 2.15249 2.25549 -0.102 56 3d6(3P)4p z 2Po 7.98689 7.98813 -0.001
7 3d7 a 2H 2.45967 2.48451 -0.025 57 3d6(3F)4p y 2Go 8.02078 7.99718 0.024
8 3d7 a 2D 2.52821 2.52757 0.000 58 3d6(3H)4p z 2Ho 8.05252 8.05993 -0.007
9 3d6(3H)4s a 4H 2.59340 2.60163 -0.009 59 3d6(3G)4p x 4Go 8.14564 8.09909 0.047

10 3d6(3P)4s b 4P 2.62235 2.61313 0.009 60 3d54s2 2I 8.16405
11 3d6(3F)4s b 4F 2.78328 2.77477 0.008 61 3d6(3G)4p x 4Fo 8.16627 8.16450 0.002
12 3d54s2 a 6S 2.94341 2.84212 0.101 62 3d6(3P)4p z 2S o 8.18361 8.16489 0.019
13 3d6(3G)4s a 4G 3.12934 3.13143 -0.002 63 3d6(3G)4p y 4Ho 8.19170 8.19302 -0.001
14 3d6(3P)4s b 2P 3.13657 3.20920 -0.072 64 3d6(3F)4p y 2Do 8.27347 8.26940 0.005
15 3d6(3H)4s b 2H 3.16495 3.20032 -0.035 65 3d6(3G)4p y 2Ho 8.35303 8.33407 0.019
16 3d6(3F)4s a 2F 3.33076 3.34805 -0.017 66 3d5(6S )4s4p x 4Po 8.53341 8.53496 -0.001
17 3d6(3G)4s b 2G 3.77259 3.72956 0.043 67 3d6(3G)4p y 2Fo 8.58723 8.58270 0.004
18 3d6(3D)4s b 4D 3.84077 3.84398 -0.003 68 3d6(3G)4p x 2Go 8.70428 8.67498 0.029
19 3d7 b 2F 3.88267 3.90300 -0.020 69 3d6(1I)4p z 2Ko 8.76101 8.76208 -0.001
20 3d6(1I)4s a 2I 3.97082 4.02791 -0.057 70 3d6(3D)4p w 4Po 8.84826 8.88371 -0.036
21 3d6(1G)4s c 2G 4.08447 4.10141 -0.016 71 3d6(1G)4p x 2Ho 8.85140 8.89788 -0.047
22 3d6(3D)4s b 2D 4.43813 4.43693 0.001 72 3d6(3D)4p w 4Fo 8.90035 8.91993 -0.020
23 3d6(1S )4s a 2S 4.58154 4.56669 0.015 73 3d54s2 2D 8.92103
24 3d6(1D)4s c 2D 4.69523 4.68494 0.010 74 3d6(3D)4p y 2Po 8.97058 9.02530 -0.054
25 3d6(5D)4p z 6Do 4.75973 4.74993 0.010 75 3d6(3D)4p w 4Do 8.99030 8.94838 0.042
26 3d6(5D)4p z 6Fo 5.16594 5.17773 -0.012 76 3d6(1G)4p x 2Fo 9.01599 9.00526 0.011
27 3d6(5D)4p z 6Po 5.20962 5.28105 -0.071 77 3d54s2 4F 9.03412 9.05750 -0.024
28 3d6(5D)4p z 4Do 5.50673 5.49889 0.008 78 3d6(1G)4p w 2Go 9.06308 9.01479 0.048
29 3d6(5D)4p z 4Fo 5.53536 5.48273 0.052 79 3d6(1I)4p w 2Ho 9.17151 9.08044 0.092
30 3d6(1F)4s c 2F 5.55258 5.52035 0.033 80 3d6(1I)4p y 2Io 9.17182 9.12188 0.050
31 3d6(5D)4p z 4Po 5.81800 5.80783 0.010 81 3d6(3D)4p x 2Do 9.27329 9.19346 0.080
32 3d7 d 2D 5.88559 5.88137 0.005 82 3d6(3D)4p w 2Fo 9.37622 9.33504 0.041
33 3d6(3P)4s c 4P 6.12668 6.10941 0.018 83 3d54s2 2H 9.46116
34 3d6(3F)4s c 4F 6.14797 6.16717 -0.019 84 3d6(1S )4p x 2Po 9.50251 9.41375 0.089
35 3d5(6S )4s4p z 8Po 6.41902 6.46488 -0.046 85 3d6(1D)4p w 2Do 9.64397 9.69309 -0.049
36 3d54s2 b 4G 6.63719 6.67744 -0.040 86 3d54s2 2G 9.66463 9.65807 0.007
37 3d6(3P)4s c 2P 6.68545 6.71651 -0.031 87 3d6(1D)4p v 2Fo 9.74585 9.60628 0.140
38 3d6(3F)4s d 2F 6.78306 6.75557 0.027 88 3d6(1D)4p w 2Po 9.74831 9.75612 -0.008
39 3d54s2 d 4P 7.09130 7.07691 0.014 89 3d5(6S )4s4p x 6Po 9.82455 9.78097 0.044
40 3d6(1G)4s d 2G 7.23205 7.22148 0.011 90 3d6(1D)4s 2D 9.86203
41 3d54s2 c 4D 7.45346 7.43373 0.020 91 3d54s2 2F 10.09509 10.07702 0.018
42 3d6(3P)4p y 4Po 7.47165 7.48849 -0.016 92 3d5(4P)4s4p 6S o 10.20182
43 3d6(3P)4p z 2Do 7.50941 7.56838 -0.059 93 3d54s2 2S 10.23813
44 3d6(3H)4p z 4Go 7.51363 7.48416 0.030 94 3d5(4G)4s4p 6Ho 10.25531
45 3d6(3H)4p z 4Ho 7.52415 7.50242 0.022 95 3d6(1F)4p v 2Go 10.28818 10.29877 -0.011
46 3d6(3H)4p z 4Io 7.54401 7.56593 -0.022 96 3d5(4G)4s4p 6Go 10.31784
47 3d6(3P)4p z 4S o 7.60257 7.34842 0.255 97 3d6(1F)4p v 2Do 10.36428 10.36977 -0.006
48 3d5(6S )4s4p y 6Po 7.61886 7.64508 -0.026 98 3d6(1F)4p u 2Fo 10.70068 10.67576 0.025
49 3d6(3F)4p y 4Fo 7.62258 7.65407 -0.031 ...
50 3d6(3H)4p z 2Go 7.65804 7.65527 0.003 261 3d5(2D)4s4p 2Po 24.10451

As seen from the figure, the resonance structure consists of a
few wide and strong resonances at low photon energies and
numerous narrow but extensive resonances over a wide range
of energies. The background cross sections for all transitions
are very similar, both in shape and magnitude. As will be
shown below, they are mainly defined by direct ionization of
the 3d electron, and hence all of them have approximately the

same value of about 10 Mb at higher energies.

While there is close agreement between the present BSR-
261 calculations and the RM-137 results [3] regarding the
background cross sections, the present cross sections ex-
hibit a much more extensive resonance structure, especially
at higher energies. This is directly connected to the more ex-
tensive close-coupling expansions in our calculation. For ex-
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FIG. 1: Photoionization cross sections as a function of photon energy for a sample of low-lying even-parity states of Fe I. The present BSR-
261 (BSR in the legend, first and third row) predictions are compared with the RM-134 (RM in the legend, second and fourth row) results of
Bautista et al. [3].

ample, the photoionization cross section for the ground state,
3d64s2 5D, exhibits two strong and wide resonance peaks at
low energies and a set of narrow resonances at higher ener-
gies. They cover the entire region up to the highest ionization
threshold, 3d5(2D)4s4p 2Po, included in the present expan-
sion. Qualitatively, the same structure is also found in the
RM-137 calculations, approximately with the same height of
the resonance peaks, but over a smaller range of energies. The
differences in the positions of the resonances are related to the
different position of the ionizations thresholds. As discussed
above, the present ionization thresholds agree with the exper-
imental values to generally better than 0.1 eV.

As seen from Fig. 1, the most extensive resonance structure
was found for photoionization of the triplet states. Examples
are given for the 3d74s 3F and 3d54s2 3P and 3P states. In the
LS approximation, photoionization of the triplet states leads
to the largest close-coupling expansions and, consequently, to

the most complex resonance structure. The largest difference
between the BSR and RM predictions was found for photo-
ionization of the singlet states. This suggests that the RM-134
model missed many important final states of the residual ion.
Overall, the comparison the BSR-261 and RM-134 models
shows that inclusion of the entire set of terms for the final
states has a significant influence on the details of the reso-
nance structure.

In practical applications, particularly for nonlocal thermo-
dynamic equilibrium modeling, it is important to accurately
determine the population in the excited levels of the residual
ion following photoionization. In this respect, the cross sec-
tions for partial processes from both the ground and the low-
lying excited states are required. Our calculations revealed
that photoionization of Fe I leads to population of many levels
of Fe II, generally with no dominant channel in the photo-
ionization of the given initial state. This is due to the complex
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FIG. 2: Photoionization cross section of the 3d64s2 5D ground state of Fe I (a), along with the contributions from different subsets (b−f) of
final ionic configurations indicated in the legend.

6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 61 0 - 1

1 0 0

1 0 1

1 0 2

6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 61 0 - 1

1 0 0

1 0 1

1 0 2

6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 61 0 - 1

1 0 0

1 0 1

1 0 2

6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 61 0 - 1

1 0 0

1 0 1

1 0 2

6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 61 0 - 1

1 0 0

1 0 1

1 0 2

6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 61 0 - 1

1 0 0

1 0 1

1 0 2

( a )

 

 

Cr
os

s S
ec

tio
n (

Mb
)

3 d 7 4 s   a 5 P

( b )

 

 

3 d 5 4 s 2   

( c )

 

 

3 d 7

 

 

Cr
os

s S
ec

tio
n (

Mb
)

P h o t o n  E n e r g y  ( e V )

3 d 6 4 s

( d ) ( e )

 

 

P h o t o n  E n e r g y  ( e V )

3 d 6 4 p ( f )

 

 

P h o t o n  E n e r g y  ( e V )

3 d 5 4 s 4 p

FIG. 3: Photoionization cross section of the 3d74s 5P excited state of Fe I (a), along with the contributions from different subsets (b−f) of final
ionic configurations indicated in the legend.

spectra of Fe II, where the ionic configurations with an open
3d subshell contain many states with different total and inter-
mediate terms. To illustrate this point, Figs. 2 and 3 present
partial cross sections for the lowest-lying states of two im-
portant configurations, 5d64s2 5D and 5d74s 5P, respectively.
Due to numerous possible final states, the figures present the
summed cross sections from various subsets of levels of Fe II

belonging to a given configuration. Our electronically avail-
able tables, however, contain partial cross sections for all in-
dividual states of Fe II.

For photoionization of the ground state 3d64s2 5D, pre-
sented in Fig. 2, the dominant channel at low energies is
4s ionization, leading to final ionic states with configuration
3d64s. As shown in a more detailed comparison, the cross sec-
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FIG. 4: Photoionization cross section for transitions from the first few odd-parity excited terms of Fe I. The present BSR-261 (BSR in the
legend, first and third row) predictions are compared with the RM-134 (RM in the legend, second and fourth row) results of Bautista et al. [3].

tion is dominated by ionization to the ground state 3d64s 6D
of Fe II. These channels also exhibit the most extensive res-
onance structure. Above 11 eV, channels with 3d ionization
open up, and ionization to final ionic states with configuration
3d54s2 becomes dominant. These channels define the magni-
tude of the total photoionization cross sections at higher ener-
gies. As illustrated in the other panels, ionization with addi-
tional excitation to the 3d64p and 3d54s4p target states is also
noticeable. This process is expected to be important due to the
strong 4s − 4p and 3d − 4p transitions. These cross sections
exhibit a different energy dependence of the background. Ion-
ization of 4s with excitation to the 3d64p target states shows a
near-threshold maximum with subsequent decrease in value,
whereas 3d ionization with excitation to the 3d54s4p target
states shows increasing cross sections over a wide range of
energies. We also see a considerable population of the 3d7

states, something that is not possible in a one-electron approx-
imation. Such transitions occur due to channel coupling and

the decay of resonances into these states.
A similar picture for the partial cross sections is also ob-

served for photoionization of the 3d74s 5P state shown in
Fig. 3. Ionization of the 4s electron here leads to the 3d7 final
ionic states. However, 3d ionization, with the 3d64s final ionic
states, dominates in this case for all energies. Ionization with
excitation is also an important factor here and leads to notice-
able population of the 3d64p and 3d54s4p target states. Direct
(one-electron) photoionization to the 3d54s2 states is forbid-
den but occurs due to close-coupling effects. These cross sec-
tion show a very small background. We emphasize again that
the above comparison shows summed partial cross sections.
These include numerous individual final states but generally
have no dominant ionization channel.

We now turn to the discussion of the photoionization of the
odd-parity 3d64p and 3d54s4p states of Fe I. The comparison
of the present BSR cross sections with the R-matrix calcula-
tions of Bautista et al. [3] is given in Fig. 4. The examples in-
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FIG. 5: Photoionization cross section of the 3d64s4p z3F state of Fe I (a), along with the contributions from different subsets (b−f) of final
ionic configurations indicated in the legend.
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FIG. 6: Photoionization cross section of the 3d74p z3G state of Fe I (a), along with the contributions from different subsets (b−f) of final ionic
configurations indicated in the legend.

clude terms with different multiplicity, from 2S + 1 = 3 − 7.
In all cases we see many differences in the predicted cross
sections, both regarding the energy dependence and the mag-
nitude. The largest difference was found for ionization of the
septet states, 3d64s4p 7D and 7F. The RM-137 cross sec-
tions are much smaller (up to two orders of magnitude) than
the present results for all energies and also reveal a different

resonance structure. The RM-137 cross sections for the septet
states also differ considerably from the previous R-matrix cal-
culations [10] in the 55-state approximation. We suggest that
the differences here may be due to some numerical issues,
rather than modeling the problem. For photoionization of the
quintet and triplet states, the agreement between the BSR-261
and RM-134 results is much closer. At low energies, they
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agree at least in the magnitude, while they exhibit different
resonance structures that agree only qualitatively. At higher
energies, the BSR and RM calculations show a different en-
ergy dependence for the background cross sections. Whereas
the BSR cross sections approach a near-constant plateau, the
RM cross sections quickly decrease with increasing energy.
This indicates that the RM close-coupling expansions omitted
some important scattering channels connected to the 3d54s4p
final ionic stats. Furthermore, the RM cross sections indicate
considerable resonance contributions at high energies above
20 eV, which is above the highest ionization threshold in their
close-coupling expansion. Most likely, this resonance struc-
ture is unphysical and due to (N+1)-electron bound config-
urations in their R-matrix expansion. Recall that our BSR
expansions (1) do not contain any such bound channels, and
hence the photoionization cross sections behave smoothly at
high energies.

A more detailed analysis of different scattering channels for
the photoionization of the odd-parity states is given in Fig. 5
for the 3d64s4p z3F state and in Fig. 6 for the 3d74p z3G state,
to provide just two examples. The 3d64s4p states have three
main photoionization channels, related to ionization of the 3d,
4s, or 4p electrons. Ionization of the outer 4p electron leads
mostly to the 3d64s ionic states. As seen from the example for
the 3d64s4p z3F state, the corresponding partial cross sections
provide the main contribution in the near-threshold region, but
they quickly decrease with increasing energy. The ionization
of the 4s electron, on the other hand leads to the 3d64p ionic
states. The background cross sections for this partial wave
change slowly with energy. Overall, the contribution from
4s ionization to the total cross section is ∼25%. The main
contribution to the total cross sections at higher energies orig-
inates from 3d ionization, which leads to the 3d64s4p final
ionic states. Omitting some of these states in the RM-134 cal-
culations is likely the principal reason for the differences at
higher energies. The contribution of the 3d7 and 3d64s2 chan-
nels is also considerable and results mainly in an additional
resonance structure. The background cross sections are very
small in this case and are due to close-coupling effects.

Partial cross sections for photoionization of the 3d74p z3G
state are shown in Fig. 6 and exhibit a similar energy de-
pendence. In this case, 4p ionizations leads to the 3d7 ionic
states and contributes mainly in the near-threshold region. The
main contribution at higher energies is again due to 3d ioniza-
tion leading to the 3d64p ionic states. We also see a con-
siderable contribution of the 3d64s channels, which is due to
close-coupling effects and strong configuration mixing of the
ionic states. The 3d54s2 and 3d54s4p ionic states are pop-
ulated mainly through resonant excitation. Overall, we note
that photoionization of neutral iron leads to numerous scat-
tering channels, and the relative population of the ionic states
changes considerably when varying the photon energy.

IV. SUMMARY

We have presented predictions of photoionization cross sec-
tions for the ground and first excited states of Fe I. The cho-

sen states cover all principal configurations and angular sym-
metries of neutral iron. The calculations were performed
with the advanced BSR code [13], which employs the R-
matrix method in a B-spline basis to solve the close-coupling
equations. To represent the target states, we used extensive
multiconfiguration expansions with carefully chosen configu-
rations. We also employed term-dependent one-electron or-
bitals to accurately represent relaxation effects. This distinc-
tive feature of the present calculations allowed us to generate
a more accurate description of the Fe I and Fe II target states
than those employed before.

The present calculations adopted a much larger close-
coupling expansion than in previous works. Our expansion
contains 261 LS states of Fe II and includes all levels of the
3d64s, 3d54s2, 3d7, 3d64p, and 3d54s4p configurations. The
predicted photoionization cross sections exhibit significant
differences with respect to earlier results, in particular with
the most recent R-matrix calculations of Bautista et al. [3].
We argue what none of the previous calculations can be con-
sidered converged due to the omissions of important states in
the residual-ion expansions. For example, photoionozation of
the 3d64s4p states of Fe I can occur in the one-electron ap-
proximation through ionization of the 3d, 4s, or 4p electron,
respectively, thus leading to the 3d54s4p, 3d64p, and 3d64s
final ionic states of Fe II. To obtain the convergence results,
all these channels should be considered on equal footing. In
particular, we found that 3d-ionization becomes the dominant
channel for higher energies. This leads to approximately the
same value of the photoionization cross sections for all Fe I
states.

We obtained total and partial photoionization cross sections
for the first 44 bound states of Fe I. The photoionization of
neutral iron exhibits numerous scattering channels. We per-
formed a detailed analysis of the different channels, showing
that the relative population of the different ionic states change
considerably when varying the photon energy. In addition, we
carefully delineated the autoionizing resonance structures.

Both the BSR and RM photoionization cross sections dis-
cussed above were obtained in the LS approximation and
hence provide data for transitions between LS terms. We
are planning to extend the present calculations to the semi-
relativistic Breit-Pauli approach, which includes the spin-orbit
term mixing and will produce more detailed data for the tran-
sitions between LS J fine-structure levels. Such calculations,
however, are much more extensive and time-consuming. Our
preliminary results for photoionization of the J-levels of the
ground-state term suggest that the absolute magnitude of most
fine-structure cross sections can be very accurately repro-
duced from the LS results by using the appropriate recoupling
transformation. In general, Breit-Pauli calculations would
only be needed for photoionization of the excited states with
strong term mixing, but even for those it may well be sufficient
to obtain the mixing coefficients from structure calculations
and combine them with the recoupling procedure.

We also note that further extensive calculations for Fe
photoionization are currently being carried out by the Belfast
group [20]. In line with the above arguments, for an
“intermediate-Z” target like Fe with a nuclear charge of Z =
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26, the preliminary results from semi-relativistic Breit-Pauli
and full-relativistic Dirac approaches were found to be very
similar. We would expect the remaining differences to be
mainly due to differences in the structure models than to the
collision parts of the calculation.

The numerical data for the total and partial cross sections
are available from the authors upon request. For the rea-
sons given above, especially regarding the structure part, the
present results are expected to be considerably more accurate
than those obtained before. We hope that they will be used as
benchmark data in applications as well as to asses the quality
of other calculations. Comparison with these results can be
used to assess the uncertainties in the existing data sets.
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