PHYSICAL REVIEW A 99, 023430 (2019)

Photoionization of neutral iron from the ground and excited states
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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 1. The close-coupling
expansion contains 261 LS states of Fe 1T and includes all levels of the 3d%4s, 3d°4s?, 3d’, 3d®4p, and 3d’4s4p
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
are 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.

DOI: 10.1103/PhysRevA.99.023430

I. INTRODUCTION

The enormous importance of iron-peak elements for as-
tronomical 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 require accurate
radiative and collision atomic data. Accurate photoionization
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 non-
local thermodynamic equilibrium modeling. Because of the
importance of these atomic data and the complete lack of
experiments, major theoretical and computational efforts have
been devoted to this system over the past decades. Presently,
however, both electron-impact excitation rates and photoion-
ization cross sections for Fe still represent a significant source
of uncertainty in the models [3].

Over several decades, calculations of photoionization cross
sections for Fe 1 were carried out in a variety of approx-
imations with increasing size and sophistication. An early
photoionization calculation was reported by Kelly and Ron
[4,5] using a many-body perturbation method. Reilman and
Manson [6] and Verner et al. [7] employed central-field ap-
proximations. These calculations ignored important coupling
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effects and resonances, which in turn led to an underesti-
mation of the photoionization cross sections. The earliest
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 and Berrington [9], who used
an expansion for Fe 11 including 3d”, 3d®(°D)4s, 3d°(D)4p,
and 3d°(°S)4s? configurations. Due to computational limita-
tions, these earliest R-matrix calculations also clearly missed
essential coupling effects and neglected resonance series
converging 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.
Significant 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
applications. Given the significance of photoionization and
electron-impact excitation data for neutral iron in cool-stars
research and the advances in computational resources over
the past two decades, Bautista et al. [3] decided to re-
visit the problem of Fe photoionization and provide data
of improved accuracy. Their new R-matrix photoionization
calculations included 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 fur-
ther considerable corrections to the total and partial cross
sections.
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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 currently available. The further improvements include both
principal aspects of the collision calculations, namely, the
accuracy 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
accurate representation of the open 3d subshell target states
requires extensive configuration-interaction (CI) expansions,
whereas the very large number of energy levels and transitions
involved in the spectrum requires large close-coupling (CC)
expansions. As an additional complication, we note that the
individual orbitals in the 3d*4s?, 3d**'4s, 3d**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 account
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 experienced 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 repre-
sentation of the scattering functions. That, in connection with
multiconfiguration 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 1 [14] and Fe 11
[15], where the flexibility of the code allowed us to generate
a target description of unprecedented accuracy for collision
calculations. At the same time, abolishing the orthogonality
constraints imposed on the scattering orbitals in the BSR
code ensures a numerically 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 3d%4s, 3d34s2, 3d, 3d64p, and 3d54s4p configurations
of Fe I. This set of final target states covers all major channels
for the photoionization of neutral iron and thus provides a
basis for approaching convergence for the predicted photoion-
ization cross sections. As illustrated below, including all terms
from the 3d%4p and 3d34s4p configurations considerably
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
uncertainties.

II. COMPUTATIONAL METHODS

A. Structure calculations

The photoionization calculations require a consistent rep-
resentation of both the initial states of Fe 1 and the final states
of Fe 1. Modeling of atomic structure, however, is a difficult
task due to the presence of the open 3d subshell. The near
degeneracy of the 3d*, 3d*~'4s, 3d*%4s>, and other con-
figurations for the neutral elements and their lowly charged
ions results in very complex spectra that are strongly influ-
enced by configuration interaction. Therefore the calculations
become extremely cumbersome, and the spectra exhibit a
very complex structure that is difficult to analyze. Accounting
appropriately for correlation effects requires one to consider
at least single and double promotions of the valence electrons
to excited orbitals. In the case of the open 3d subshell,
inclusion of all important promotions leads to extremely large
configuration expansions and makes it very difficult to obtain
accurate wave functions through standard multiconfiguration
Hartree-Fock (MCHEF) 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 1 [14] and Fe 11 [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 concentrate only on
the specific aspects of the present calculations.

Our approach for the modeling of atomic wave functions
has two characteristic features, that distinguish it substantially
from nearly all other methods commonly used to describe
electron-atom collisions or photoionization processes. The
first important aspect of the BSR approach is the possibility
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
orbitals, a similar accuracy, in principle, can be achieved
by very large expansions using additional correlated pseudo-
orbitals. The term dependence of the valence orbitals, both in
Fe 1 and Fe 11, was found to be noticeable but not extremely
strong, with a maximum change of the mean radius for the 3d
electron 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
possible promotions for the given case of the open 3d subshell
leads to very large configuration expansions, with thousands
of individual atomic configuration states that differ in the
intermediate terms. Such target expansions cannot be used
in the subsequent scattering calculations. Consequently, all
previous calculations included only as many configurations as
possible with the available computational resources, without
analyzing the convergence of the target expansions. In the
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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 3d%4s? a’D  0.00000  0.00000 0.000 23 3d7 (*H )4s a'H 352020 3.52326  —0.003
2 3d7 (*F )4s a’F 086082  0.87493  —0.014 24 3d%4s? a'l 3.48480  3.58439  —0.003
3 3d7(“F)4s a’F 148145 14883  —0.007 25 3d°(CD)dsdp  z°P°  3.54575  3.58639 0.005
4 3d7(*P)4s a’P  2.16087  2.14265 0.018 26 3d%4s? b°D 356252  3.58977  —0.003
5 3d%4s? a’P 228122 230004 —0.019 27 3d%4s? b'G  3.60328  3.64464  —0.004
6 3d%4s? a’H 236601 237711  —0.011 28 3d°CD)4s4p  z°D° 3.77607  3.86382  —0.003
7 3d°(CD)asdp z'D° 240412  2.38311 0.021 29 3d°(CD)dsdp  z3F° 3.82394  3.87662 0.030
8 3d%4s? b3F 254367  2.53060 0.013 30 3d® c3F  4.05592  4.07445 0.015
9 3d%4s? a’G  2.67804  2.67132 0.007 31 3d7¢*F)dp  y°D° 4.13847  4.10398  —0.006
10 3d7(*P)4s b3P 277262 278906  —0.016 32 3d7(*F)dp  y F° 4.16598  4.18009  —0.018
11 3d°CDYasdp  z'F° 277755 279275  —0.015 33 3d°CDYAsdp  z3P°  4.16824  4.18450  —0.064
12 3d%4s? a'S  2.80530 34 3d7 (*D)4s b'D 423998  4.24445 0.005
13 3d7 (*G)ds b3G 293034 293053 —0.000 35 3d7(*Fydp  z°G° 432527 430728  —0.017
14 3d°(D)4sdp  z'P° 293705  2.93277 0.004 36 3d7(*Fydp  z3G° 437188  4.37506  —0.019
15 3d"(*P)4s c3P 298683 299573  —0.009 37 3d7 (*F Y4s d3F 451238 453713 —0.000
16 3d7 (*G)ds a'G  3.00166  2.99691 0.005 38 3d°CDYAsdp  y P° 457776 454064  —0.014
17 3d°(CDYs4p  z°D° 3.17777  3.19232  —0.015 39 3d7(*F)dp  y3F° 449736  4.54289  —0.062
18 3d7(*H4s b3H 320414 321453  —0.010 40 3d7(*F)4s 'F 453208

19 3d’(®D)4s a’D 321687 322250 —0.006 41 3d7¢CF)dp  y3D° 476043 4.72430 0.024
20 3d°(CD)as4p  zSF° 330659  3.32482  —0.018 42 3d® 'D 473248

21 3d"(*P)4s a'P 335960  3.36494  —0.005 43 3d°(CD)4sdp  x°D°  4.86200  4.90585  —0.006
22 3d%4s? a'D  3.49993  3.49656 0.003 44 3d°(CD)Asdp  x°F° 497766  4.98932  —0.012

present approach, we attempted to include the most important
correlation effects. To do that, we first analyzed the full target
expansions, which contained all double promotions, to de-
termine the correlation configurations that matter most. This
analysis allowed us to choose the configurations that should
be included 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 1 wave functions, the list of most important
configurations is discussed in Ref. [14]. In the present calcula-
tions, we chose to keep all configurations with mixing coeffi-
cients of magnitude larger than ~0.01. This cut-off parameter
is smaller than in our treatment of electron scattering from
Fe 1. The resulting CI expansions with sizes between 400 and
1200 for each LS target state are still suitable for photoion-
ization calculations on modern state-of-the-art computational
facilities. We also applied a semiempirical correction using
the cut-off parameter to adjust the theoretical LS energies
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 convergence
was achieved for states with high multiplicity, 'L and °L
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 observed LS energies to better than 0.1 eV for all states
included. The agreement with the experimental energy levels
is considerably better than in any other previous scattering
calculation for collisions with Fe 11 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 3d%4s*> 'S
state to higher energies. 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 3d%4s, 3d°4s?, 3d”, 3d%4p, and 3d’4s4p con-
figurations, with 261 terms overall. Table II lists the lowest
predicted 98 LS terms of Fe Il 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 11 is faster than for neutral iron. The cut-off parameters
for Fe 11 were chosen to (i) ensure consistency between the
Fe 1 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
going extremely slowly.
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TABLE II. Excitation energies (in eV) of the Fe 1I final target levels included in the present photoionization calculations.

Index Configuration Term  Present NIST [17] Diff. Index Configuration  Term Present NIST [17] Diff.

1 3d°(CD)ds a®D  0.00000  0.00000 0.000 51 3d°(P)4p y*D°  7.68767 7.67642 0.012
2 3d’ a*F 022873  0.23746  —0.008 52 3d°CH)4p z2° 7.75384 7.68254 0.071
3 3d°CD)4s a*D  1.00085  0.98236 0.019 53 3d°CF)4p x*D°  7.79919 7.78729 0.012
4 3d’ a*P  1.61611 1.64122  —0.025 54 3d°CF)4p Z2F° 793216 7.92629 0.006
5 3d’ a’G 197335  1.93060 0.042 55 3d°CF)4p y4G® 796447  7.87869 0.086
6 3d’ a’P 215249 225549  —0.102 56 3d°(P)4p z?P° 798689  7.98813  —0.001
7 3d’ a’H 245967 248451 —0.025 57 3d°CF)4p y2G°  8.02078  7.99718 0.024
8 3d7 a’D 252821  2.52757 0.000 58 3d°CH)4p  z?H°  8.05252  8.05993  —0.007
9 3d°(CH )4s a*H 259340 2.60163 —0.009 59 3d°CGYp  x*G°  8.14564  8.09909 0.047
10 3d°(3P)4s b*P 262235 261313 0.009 60 3d%4s? 27 8.16405
11 3d°CF)4s b*F 278328 277477 0.008 61 3d°CGYp  x*F°  8.16627 8.16450 0.002
12 3d%4s? als 294341  2.84212 0.101 62 3d°(P)4p z28°  8.18361 8.16489 0.019
13 3d°CG)4s a*G  3.12934  3.13143  —0.002 63 3d°CG)4p y*H?  8.19170 8.19302  —0.001
14 3d°(CP)4s b2P 313657 320920 —0.072 64 3d°CFYdp  y2D°  8.27347 8.26940 0.005
15 3d°(CH )4s b2H 3.16495 320032 —0.035 65 3d°CGyp  y*H° 835303 8.33407 0.019
16 3d°CF)4s a’F 333076  3.34805 —0017 66 3d°(°S)4sdp  x*P° 853341 8.53496  —0.001
17 3d°CG)4s b2G 377259  3.72956 0.043 67 3d°CGHap y2F° 858723 8.58270 0.004
18 3d°(CD)4s b*D 3.84077  3.84398  —0.003 68 3d°CGYap x2G°  8.70428 8.67498 0.029
19 3d7 b2F 3.88267  3.90300 —0.020 69 3d°(‘dp z2K°  8.76101 8.76208  —0.001
20 3d°('T4s a’l 397082  4.02791 —0.057 70 3d°CDYdp  w*P° 884826  8.88371  —0.036
21 3d°('G)ds c2G  4.08447 410141  —0.016 71 3d°('Gydp  x?*H° 885140 889788  —0.047
22 3d°(CD)4s b2D 443813  4.43693 0.001 72 3d°CDYdp  w?*F°  8.90035 891993  —0.020
23 3d°('S)4s a’s 458154  4.56669 0.015 73 3d%4s? ’D 8.92103
24 3d°('D)4s 2D 4.69523  4.68494 0.010 74 3d°CD)4p y2P° 897058  9.02530  —0.054
25 3d°CD)4p  z°D° 475973  4.74993 0.010 75 3d°CDydp  w*D° 899030  8.94838 0.042
26 3d°CDYp  z°F° 516594 517773 —0.012 76 3d°('Gydp  x2F°  9.01599  9.00526 0.011
27 3d°CDYdp  z°P° 520962 528105 —0.071 77 3d%4s? M 9.03412  9.05750  —0.024
28 3d°CD)p  z*D° 550673  5.49889 0.008 78 3d°('GYdp  w?G®  9.06308  9.01479 0.048
29 3d°CD)4p  z*F° 553536  5.48273 0.052 79 3d°("dp w?H®  9.17151 9.08044 0.092
30 3d°('F)ds c?F 555258  5.52035 0.033 80 3d°('D4p y2° 917182  9.12188 0.050
31 3d°CDYp  z*P° 581800  5.80783 0.010 8l 3d°CDYdp  x2D° 927329  9.19346 0.080
32 3d’ d?D 5.88559  5.88137 0.005 82 3d°CDYdp w?iF° 937622  9.33504 0.041
33 3d°(CP)4s c*P  6.12668  6.10941 0.018 83 3d°4s? ’H 9.46116
34 3d°CF)4s c*F 614797 6.16717 —0.019 84 3d°('S)dp x2P°  9.50251 9.41375 0.089
35 3d°(°S)dsdp  z®P° 641902 646488  —0.046 85 3d°('Dydp  w?D°  9.64397  9.69309  —0.049
36 3d%4s? b*G  6.63719  6.67744  —0.040 86 3d%4s? G 9.66463 9.65807 0.007
37 3d°(3P)4s c?P  6.68545 671651  —0.031 87 3d°('Dy4p v2F°  9.74585 9.60628 0.140
38 3d°CF)4s d*F 678306  6.75557 0.027 88 3d°('Dydp  w?P°  9.74831 975612 —0.008
39 3d%4s? d*P  7.09130  7.07691 0.014 89 3d°(°S)dsdp  xOP°  9.82455 9.78097 0.044
40 3d°('G)4s d*G 723205  7.22148 0.011 90 3d°('D)4s ’D 9.86203
41 3d°4s? c*D 745346 743373 0.020 91 3d°4s? ’F 10.09509  10.07702 0.018
42 3d°CPydp  y*P° 747165 748849  —0016 92 3d°(*P)4s4p 650 10.20182
43 3d°CPydp  z?*D°  7.50941 756838  —0.059 93 3d%4s? s 10.23813
44 3d°CHYdp  z*G° 751363  7.48416 0.030 94 3d°¢*Gydsdp  °H°  10.25531
45 3d°CH)4p  z*H° 7.52415  7.50242 0.022 95 3d°('F)dp v2G° 1028818  10.29877 —0.011
46 3d°CH)4p z4° 754401 756593  —0.022 96 3d°(*G)4s4p 6Ge 10.31784
47 3d°CCP)4p z48°  7.60257  7.34842 0255 97 3d°('F)dp v2D° 1036428  10.36977  —0.006
48 3d°(°S)4sdp  yO°P°  7.61886  7.64508  —0.026 98 3d°('Fdp u?F°  10.70068  10.67576 0.025
49 3d°CF)p  y*F° 7.62258  7.65407  —0.031
50 3d°CH)p  zG° 7.65804  7.65527 0.003 261  3d°(*D)4sdp 2pe 24.10451
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B. Photoionization calculations

For the photoionization calculations we employed a par-
allelized 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
universal basis to represent the scattering orbitals in the inner
region, r < a. Hence, the R-matrix expansion in this region
takes the form

WXt ...y XN41)

= ﬂz ®i(x1, - Xy By o) Tyt Bi(rvgn) aije
ij
+ ) X ) bk (1)
i

Here A denotes the antisymmetrization operator, ®; are
the channel functions, and the splines B;(r) represent the
continuum orbitals. The principal advantage of B splines is
that they form an effectively complete basis, and hence no
Buttle correction 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
functions. We impose only limited orthogonal conditions
between the bound and continuum orbitals. Specifically, for
the present calculations, we only require the orthogonality
of the continuum orbitals to the bound orbitals in the filled
1s, 2s, 2p, 3s, and 3p subshells. No orthogonality constraints
were imposed to the spectroscopic excited orbitals or the
correlated orbitals. As a result, the (N + 1)-electron config-
urations x; 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 some-
times appears in standard R-matrix calculations due to an
inconsistency between the scattering and bound parts of the
close-coupling expansions.

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 3d°4s4p,
are located above the ionization threshold, they may have a
large influence due to the strong 3d — 4p and 45 — 4p dipole
transition. This model is referred to as BSR-261 below. The
partial-wave CC expansions in this model contained up to 359
different scattering channels in the LS-coupling scheme when
restricting the scattering functions to include only ks, kp, kd,
and kf continuum orbitals. In the internal region with radius
a = 25ay (where ap = 0.529 x 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 11
calculation are the large configuration expansions for the total
scattering functions (~100 000 terms) and the extremely large
number of two-electron matrix elements. This is partly due to
the open 3d subshell configurations, but the principal compli-
cation originates in the huge number of overlap factors due to
the nonorthogonal orbitals. In order to deal with this situation,

a further optimization of the code for the determination of
the angular coefficients and the subsequent construction of the
Hamiltonian matrix were required.

In R-matrix theory, the photoionization cross section is
defined through the dipole matrix elements between the initial
state W, and the R-matrix basis states Wy, provided that all
radial orbitals of the initial state are well confined to the inner
region. The total photoionization cross section (in a%) for a
photon energy @ (in Rydberg) and an initial state with total
orbital angular momentum Ly is given by

o(w) = En'z aw*!

! - 2
3 Q%+D%]wAmwm, @
where a ~ 1/137 is the fine-structure constant and D is
the electric dipole operator. The powers of @ (+1 or —1)
correspond to the length and velocity forms, respectively. The
index j runs over the various open channels. The solutions
tIJj_ 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 W in terms of the R-matrix states, we find

¥ (W[ D[1Wo)

1
W || DY) = —
(¥ D] W) T —

- w/R'F; (@), @3)

k

where (Wi||D|| W) are reduced matrix elements between the
initial state and the R-matrix basis functions, w] stands for
the surface amplitudes of the inner-region solutions at r = a,
and R~! is the inverse of the R matrix [13]. The energies Ej
and Ej are also in Rydberg. F;(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 1. 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 3d®4s? and 3d”4s configurations with quintet, triplet,
and singlet terms. The figure also presents a thorough compar-
ison with the most recent 134-state R-matrix calculations of
Bautista et al. [3]. This model is referred to as RM-134 or RM
below. 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~* Ry in the range of up to 2.0 Ry for the ejected electron.
This covers all states of the residual Fe 11 ions considered here.
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
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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 1. 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].

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
exhibit a much more extensive resonance structure, especially
at higher energies. This is directly connected to the more
extensive close-coupling expansions in our calculation. For
example, the photoionization cross section for the ground
state, 3d%4s? D, exhibits two strong and wide resonance
peaks at low energies and a set of narrow resonances at
higher energies. They cover the entire region up to the high-
est ionization threshold, 3d° (2D)4s4p 2P°, included in the
present expansion. 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 ionization thresholds. As
discussed above, the present ionization thresholds agree with
the experimental 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 3d”4s 3F and 3d°4s® P and P states. In
the LS approximation, photoionization of the triplet states
leads to the largest close-coupling expansions and, conse-
quently, to the most complex resonance structure. The largest
difference between the BSR and RM predictions was found
for photoionization 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 resonance structure.

In practical applications, particularly for nonlocal
thermodynamic 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 sections 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
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FIG. 2. Photoionization cross section of the 3d°4s” °D ground state of Fe I (a), along with the contributions from different subsets (b)—(f)
of final ionic configurations indicated in the legend.

many levels of Fe I, generally with no dominant channel in
the photoionization of the given initial state. This is due to
the complex spectra of Fe 11, where the ionic configurations
with an open 3d subshell contain many states with different
total and intermediate terms. To illustrate this point, Figs. 2
and 3 present partial cross sections for the lowest-lying states
of two important configurations, 5d%4s>3D and 5d74s°P,

respectively. Due to numerous possible final states, the figures
present the summed cross sections from various subsets
of levels of Fe 11 belonging to a given configuration. Our
electronically available tables, however, contain partial cross
sections for all individual states of Fe 1I.

For photoionization of the ground state 3d%4s® D, pre-
sented in Fig. 2, the dominant channel at low energies is
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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 ez al. [3].

4s ionization, leading to final ionic states with configuration
3d%4s. As shown in a more detailed comparison, the cross sec-
tion is dominated by ionization to the ground state 3d%4s D
of Fe 1. These channels also exhibit the most extensive
resonance structure. Above 11 eV, channels with 3d ionization
open up and ionization to final ionic states with configuration
3d’4s* becomes dominant. These channels define the mag-
nitude of the total photoionization cross sections at higher
energies. As illustrated in the other panels, ionization with
additional excitation to the 3d®4p and 3d°4s4p 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. Ionization of 4s with excitation to the 3d®4p
target states shows a near-threshold maximum with subse-
quent decrease in value, whereas 3d ionization with excitation
to the 3d°4s4p target states shows increasing cross sections
over a wide range of energies. We also see a considerable
population of the 3d” states, something that is not possible
in a one-electron approximation. 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
observed for photoionization of the 3d”4s >P state shown in
Fig. 3. Ionization of the 4s electron here leads to the 3d’
final ionic states. However, 3d ionization, with the 3d%4s final
ionic states, dominates in this case for all energies. Ionization
with excitation is also an important factor here and leads to
noticeable population of the 3d®4p and 3d°4s4p target states.
Direct (one-electron) photoionization to the 3d’4s? states is
forbidden but occurs due to close-coupling effects. These
cross sections 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 3d®4p and 3d°4s4p states of Fe 1. The
comparison of the present BSR cross sections with the R-
matrix calculations of Bautista et al. [3] is given in Fig. 4.
The examples include terms with different multiplicities, from
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FIG. 5. Photoionization cross section of the 3d%4s4p z3F state of Fe I (a), along with the contributions from different subsets (b)—(f) of

final ionic configurations indicated in the legend.

25 +1 =3 —7. In all cases we see many differences in the
predicted cross sections, both regarding the energy depen-
dence and the magnitude. The largest difference was found
for ionization of the septet states, 3d®4s4p "D and "F. The
RM-137 cross sections 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 calculations [10] in the 55-state approxi-
mation. 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 agree at least in the magnitude, while
they exhibit different resonance structures that agree only
qualitatively. At higher energies, the BSR and RM calcula-
tions show a different energy dependence for the background
cross sections. Whereas the BSR cross sections approach
a near-constant plateau, the RM cross sections quickly de-
crease with increasing energy. This indicates that the RM
close-coupling expansions omitted some important scattering
channels connected to the 3d°4s4p final ionic stats. Further-
more, 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 structure is unphysical and due
to (N+1)-electron bound configurations 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 3d®4sdp Z’F state and in Fig. 6 for the

3d"4p 73G state, to provide just two examples. The 3d%4s4p
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 3d%4s ionic states. As
seen from the example for the 3d%4s4p Z3F state, the corre-
sponding 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 3d®4p 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 sec-
tions at higher energies originates from 3d ionization, which
leads to the 3d%4s4p final ionic states. Omitting some of these
states in the RM-134 calculations is likely the principal reason
for the differences at higher energies. The contribution of
the 3d” and 3d®4s? channels 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 3d’4p 3G
state are shown in Fig. 6 and exhibit a similar energy de-
pendence. In this case, 4p ionizations leads to the 3d” ionic
states and contributes mainly in the near-threshold region.
The main contribution at higher energies is again due to 3d
ionization leading to the 3d%4p ionic states. We also see a
considerable contribution of the 3d%4s channels, which is due
to close-coupling effects and strong configuration mixing of
the ionic states. The 3d°4s?> and 3d’4s4p ionic states are
populated mainly through resonant excitation. Overall, we
note that photoionization of neutral iron leads to numerous
scattering channels, and the relative population of the ionic
states changes considerably when varying the photon energy.
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FIG. 6. Photoionization cross section of the 3d”4p z>G state of Fe I (a), along with the contributions from different subsets (b)—(f) of final

ionic configurations indicated in the legend.

IV. SUMMARY

We have presented predictions of photoionization cross
sections for the ground and first excited states of Fe I. The
chosen states cover all principal configurations and angular
symmetries 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 config-
urations. 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 1 and Fe 11 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 Il and includes all levels of the
3d®4s, 3d34s*, 3d’, 3d®4p, and 3d>4s4p 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 er al. [3]. We
argue that none of the previous calculations can be considered
converged due to the omissions of important states in the
residual-ion expansions. For example, photoionization of the
3d®4s4p states of Fe I can occur in the one-electron approxi-
mation through ionization of the 3d, 4s, or 4p electron, respec-
tively, thus leading to the 3d54s4p, 3d64p, and 3d%4s final
ionic states of Fe I1. 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 1. The
photoionization of neutral iron exhibits numerous scattering
channels. We performed a detailed analysis of the different
channels, showing that the relative population of the different
ionic states changed considerably when varying the photon
energy. In addition, we carefully delineated the autoionizing
resonance structures.

Both the BSR and RM photoionization cross sections
discussed 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 semirel-
ativistic Breit-Pauli approach, which includes the spin-orbit
term mixing and will produce more detailed data for the
transitions between LSJ fine-structure levels. Such calcula-
tions, 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
reproduced 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 =
26, the preliminary results from semirelativistic Breit-Pauli
and full-relativistic Dirac approaches were found to be very
similar. We would expect the remaining differences to be
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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.

ACKNOWLEDGMENTS

This work was supported by the United States National
Science Foundation under Grants No. PHY-1520970 (O.Z.
and K.B.), No. PHY-1803844 (K.B.), and No. AST-1714159
(S.T.). The numerical calculations were performed on the
STAMPEDE 2 supercomputer at the Texas Advanced Com-
puting Center. Access was provided through the Extreme
Science and Engineering Discovery Environment (XSEDE)
allocations No. PHY-090031 (K.B. and O.Z.) and No. PHY-
170047 (S.T.).

[1] K. Lind, A. M. Amarsi, M. Asplund, P. S. Barklem, M. Bautista,
M. Bergemann, R. Collet, D. Kiselman, J. Leenaarts, and T. M.
D. Pereira, MNRAS 468, 4311 (2017).

[2] P. S. Barklem, Astron. Astrophys. Rev. 24, 9 (2016).

[3] M. A. Bautista, K. Lind, and M. Bergemann, Astron. Astrophys.
606, A127 (2017).

[4] H. P. Kelly and A. Ron, Phys. Rev. A 5, 168 (1972).

[5] H. P. Kelly, Phys. Rev. A 6, 1048 (1972).

[6] R. F. Reilman and S. T. Manson, Astrophys. J. Suppl. Ser. 40,

815 (1979).
[71 D. A. Verner, D. G. Yakovlev, I. M. Band, and M. B.
Trzhaskovskaya, At. Data Nucl. Data Tables 55, 233 (1993).
[8] K. L. Baluja, A. Hibbert, and M. Mohan, J. Phys. B: At. Mol.
Phys. 19, 3613 (1986).

[9] M. J. Sawey and K. A. Berrington, J. Phys. B 25, 1451 (1992).
[10] M. A. Bautista, Astron. Astrophys. Suppl. Ser. 122, 167 (1997).
[11] K. A. Berrington, W. B. Eissner, and P. H. Norrington, Comput.

Phys. Commun. 92, 290 (1995).

[12] P. G. Burke, V. M. Burke, and K. M. Dunseath, J. Phys. B 27,
5341 (1994).

[13] O. Zatsarinny, Comput. Phys. Commun. 174, 273 (2006).

[14] K. Wang, O. Zatsarinny, and K. Bartschat, Astrophys. J. 867,
63 (2018).

[15] S. S. Tayal and O. Zatsarinny, Phys. Rev. A 98, 012706 (2018).

[16] C. Froese-Fischer, G. Tachiev, G. Gaigalas, and M. R.
Godefroid, Comput. Phys. Commun. 176, 559 (2007).

[17] A. Kramida, Yu. Ralchenko, J. Reader, and NIST ASD Team,
NIST Atomic Spectra Database (ver. 5.6.1), [Online], http:
/Iphysics.nist.gov/asd [2019, February 23], National Institute of
Standards and Technology, Gaithersburg, MD (2018).

[18] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevA.99.023430 for machine-readable tables of
the Fe 1 and Fe 1 energies.

[19] M. A. Crees, Comput. Phys. Commun. 19, 103 (1980).

[20] R. T. Smyth, C. A. Ramsbottom, and C. P. Ballance, Galaxies
6, 87 (2018).

023430-11


https://doi.org/10.1093/mnras/stx673
https://doi.org/10.1093/mnras/stx673
https://doi.org/10.1093/mnras/stx673
https://doi.org/10.1093/mnras/stx673
https://doi.org/10.1007/s00159-016-0095-9
https://doi.org/10.1007/s00159-016-0095-9
https://doi.org/10.1007/s00159-016-0095-9
https://doi.org/10.1007/s00159-016-0095-9
https://doi.org/10.1051/0004-6361/201731232
https://doi.org/10.1051/0004-6361/201731232
https://doi.org/10.1051/0004-6361/201731232
https://doi.org/10.1051/0004-6361/201731232
https://doi.org/10.1103/PhysRevA.5.168
https://doi.org/10.1103/PhysRevA.5.168
https://doi.org/10.1103/PhysRevA.5.168
https://doi.org/10.1103/PhysRevA.5.168
https://doi.org/10.1103/PhysRevA.6.1048
https://doi.org/10.1103/PhysRevA.6.1048
https://doi.org/10.1103/PhysRevA.6.1048
https://doi.org/10.1103/PhysRevA.6.1048
https://doi.org/10.1086/190605
https://doi.org/10.1086/190605
https://doi.org/10.1086/190605
https://doi.org/10.1086/190605
https://doi.org/10.1006/adnd.1993.1022
https://doi.org/10.1006/adnd.1993.1022
https://doi.org/10.1006/adnd.1993.1022
https://doi.org/10.1006/adnd.1993.1022
https://doi.org/10.1088/0022-3700/19/21/023
https://doi.org/10.1088/0022-3700/19/21/023
https://doi.org/10.1088/0022-3700/19/21/023
https://doi.org/10.1088/0022-3700/19/21/023
https://doi.org/10.1088/0953-4075/25/7/016
https://doi.org/10.1088/0953-4075/25/7/016
https://doi.org/10.1088/0953-4075/25/7/016
https://doi.org/10.1088/0953-4075/25/7/016
https://doi.org/10.1051/aas:1997327
https://doi.org/10.1051/aas:1997327
https://doi.org/10.1051/aas:1997327
https://doi.org/10.1051/aas:1997327
https://doi.org/10.1016/0010-4655(95)00123-8
https://doi.org/10.1016/0010-4655(95)00123-8
https://doi.org/10.1016/0010-4655(95)00123-8
https://doi.org/10.1016/0010-4655(95)00123-8
https://doi.org/10.1088/0953-4075/27/21/024
https://doi.org/10.1088/0953-4075/27/21/024
https://doi.org/10.1088/0953-4075/27/21/024
https://doi.org/10.1088/0953-4075/27/21/024
https://doi.org/10.1016/j.cpc.2005.10.006
https://doi.org/10.1016/j.cpc.2005.10.006
https://doi.org/10.1016/j.cpc.2005.10.006
https://doi.org/10.1016/j.cpc.2005.10.006
https://doi.org/10.3847/1538-4357/aaddfa
https://doi.org/10.3847/1538-4357/aaddfa
https://doi.org/10.3847/1538-4357/aaddfa
https://doi.org/10.3847/1538-4357/aaddfa
https://doi.org/10.1103/PhysRevA.98.012706
https://doi.org/10.1103/PhysRevA.98.012706
https://doi.org/10.1103/PhysRevA.98.012706
https://doi.org/10.1103/PhysRevA.98.012706
https://doi.org/10.1016/j.cpc.2007.01.006
https://doi.org/10.1016/j.cpc.2007.01.006
https://doi.org/10.1016/j.cpc.2007.01.006
https://doi.org/10.1016/j.cpc.2007.01.006
http://physics.nist.gov/asd
http://link.aps.org/supplemental/10.1103/PhysRevA.99.023430
https://doi.org/10.1016/0010-4655(80)90070-3
https://doi.org/10.1016/0010-4655(80)90070-3
https://doi.org/10.1016/0010-4655(80)90070-3
https://doi.org/10.1016/0010-4655(80)90070-3
https://doi.org/10.3390/galaxies6030087
https://doi.org/10.3390/galaxies6030087
https://doi.org/10.3390/galaxies6030087
https://doi.org/10.3390/galaxies6030087



