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Abstract

Extensive calculations are reported for electron collision strengths and rate coefficients for a wide range of
transitions in Fe I. The calculations were carried out with the B-spline R-matrix method. A multiconfiguration
Hartree–Fock method with nonorthogonal, term-dependent orbitals was employed to generate accurate initial- and
final-state wave functions. The close-coupling expansion contained 221 LS states of Fe and included all levels of
the d s3 46 2, d s3 47 , d3 8, d s p3 4 46 , and d p3 47 configurations. Effective collision strengths were obtained by
averaging the electron collision strengths over a Maxwellian speed distribution at electron temperatures ranging
from 102 to 105 K. They were tabulated for 24,531 transitions between all LS-terms included in the close-coupling
expansion. The present results considerably expand on the few existing data sets for Fe I. They enable more
detailed treatments of the available measured spectra from various observatories than previously possible. In
particular, nonlocal thermodynamic equilibrium modeling of late-type stars, where large amounts of collisional
data for the atomic species of interest are required, can be performed. The same close-coupling expansion was used
to study low-energy photodetachment of Fe−, where the cross sections exhibit prominent resonance features. Good
agreement with the few existing experimental values for partial cross sections to specific final target states of Fe
was obtained.
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1. Introduction

Neutral Fe and its ions play important roles in many aspects of
astrophysics. Due to its nuclear stability, iron appears as the final
product of thermonuclear reactions in stellar cores, and its ions
exhibit a relatively high cosmic abundance in many astrophysical
objects. Neutral iron has a partly filled d3 subshell. This leads to
spectra that are very rich in structure and provide many lines in the
visible spectrum. These can be used to derive basic stellar
parameters, such as the effective temperature or surface gravity.
For this analysis, calculations of electron-impact excitation and
photoionization of iron-group elements in neutral and singly
ionized states, with relatively complete coverage, are critical for
the study of stellar atmospheres (Barklem 2016). Presently,
electron-impact excitation rates for Fe represent a significant
source of uncertainty in the models (Bautista et al. 2017;
Lind et al. 2017).

Scattering data for neutral iron are very scarce. The first
R-matrix (close-coupling) calculations of Pelan & Berrington
(1997) included transitions between the fine-structure levels of
the first two terms of Fe. Only recently, much more extensive
sets of cross sections between the lowest 46 LS-terms of Fe
were presented by Bautista et al. (2017). This calculation will
be referred to as RM-46 below. In the absence of reliable
ab initio electron scattering data, plasma modeling usually
relies on excitation cross sections and rates obtained in
relatively simple empirical approximations, which appear to
considerably overestimate the actual values.

The difficulties in considering Fe and its first ions are mainly
computational. The very large number of energy levels and
transitions involved in the spectrum requires large close-
coupling (CC) expansions; in addition, the accurate representa-
tion of the open d3 -shell target states requires extensive

configuration-interaction (CI) expansions. Further complications
arise from the strong term dependence of the valence orbitals in
Fe ions. This makes it extremely difficult to achieve a
sufficiently accurate target description with standard CI
procedures. For example, the individual orbitals in the d s3 46 2,
d s3 47 , d3 8, d p3 47 , and d s p3 4 46 target configurations in Fe
are very term-dependent. Hence, computer codes that require a
set of orthogonal one-electron orbitals, such as RMATRXI
(Berrington et al. 1995) and RMATRXII (Burke et al. 1994),
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 purpose of the present work was to perform more

elaborate and extensive calculations for electron scattering from
neutral Fe than what is currently available. In particular, by using
highly accurate target wave functions, such calculations can
serve to assess the accuracy of the existing data sets and to
estimate their uncertainty. The present calculations were carried
out with the B-spline R-matrix (BSR) code (Zatsarinny 2006),
where a B-spline basis is employed to represent the one-electron
orbitals. Within this method, nonorthogonal sets of orbitals are
extensively used in both the target description and the
representation of the scattering functions. This technique allows
term-dependent optimization of the bound orbitals. That, in
connection with multiconfiguration target expansions, provides a
systematic way to account for a variety of correlation and core-
relaxation effects. This feature was clearly illustrated in the
nonrelativistic benchmark calculations for electron collisions
with Fe II(Zatsarinny & Bartschat 2005), where the flexibility of
the code allowed us to generate a target description of
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unprecedented accuracy for collision calculations. At the same
time, abolishing the orthogonality constraints imposed on the
scattering orbitals in the BSR code guarantees 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.

Electron scattering from neutral iron is closely related to the
photodetachment process, which has the same final states.
Comparison of photodetachment cross sections with experi-
ment, therefore, can serve as an additional accuracy check of
the CC expansions. Despite numerous research activities
regarding photoionization of neutral iron and its positive ions,
there are only a few valence-shell photodetachment studies for
Fe−. Using laser photoelectron spectroscopy, Leopold &
Lineberger (1986) determined the electron affinity of Fe− to
be 0.151(3) eV. Absolute measurements of partial photodetach-
ment cross sections for specific final target states were reported
by Covington et al. (2007) for several visible photon
wavelengths. A much more detailed study, both experimental
and theoretical, was reported by Dumitriu et al. (2010) for
inner-shell photodetachment from Fe− in the 48 to 72 eV
photon energy range. Below we will consider low-energy
photodetachment from Fe−, for which there is currently no
theoretical support available.

This paper is organized as follows. Section 2 describes the
computational method for the structure and the collisions in
Sections 2.1 and 2.2, respectively. This is followed by the
results and their discussion in Section 3, and finally the
conclusions in Section 4.

2. Computational Methods

This section is an abbreviation of the corresponding section
in the paper by Tayal & Zatsarinny (2016), who described a
BSR calculation for electron collisions with Fe II, i.e., singly
ionized iron. Since our method is the same as that described in

the above paper, we refer to the latter for the computational
details. We emphasize, however, that Fe I and Fe II are very
different systems—not just because of the one extra electron in
the present case of interest, but also due to the well-known fact
that open-shell neutral systems are even more difficult to
describe than open-shell positive ions, since correlation effects
are generally larger in neutrals and hence are less covered up by
the Coulomb interaction. Hence, we will provide the specific
aspects of the present calculations.

2.1. Structure Calculations

Figure 1 shows the lower part of the Fe I energy level
diagram, which is considered in the present calculations. The
large number of possible terms resulting from the approxi-
mately half-open d3 shell, in combination with the near-
degeneracy of the d s3 46 2, d s3 47 , d3 8, and other configurations,
results in a very complex spectrum, where the states are
strongly influenced by configuration interaction. Electron
correlations among the outer d3 , s4 , and p4 electrons are also
expected to be important. The inclusion of the correlation
effects requires us to consider at least single and double
promotions of the valence electrons to the excited orbitals. In
the case of the open d3 -shell, inclusion of all important
promotions leads to extremely large configuration expansions,
which makes it difficult to obtain accurate wave functions by
standard multiconfiguration Hartree–Fock (MCHF) or CI
methods.
The strong term dependence of the valence orbitals further

slows down the convergence of the multiconfiguration
expansions. An important aspect of the BSR approach is the
possibility of using nonorthogonal one-electron orbitals in the
multiconfiguration description of the N-electron target states.
As a result, an accurate description of both the energy levels
and oscillator strengths can be achieved with relatively
compact CI expansions. Even though it is still a major

Figure 1. Schematic diagram of the lower part of the Fe I spectrum. The dashed line indicates the ionization threshold.

2

The Astrophysical Journal, 867:63 (9pp), 2018 November 1 Wang, Bartschat, & Zatsarinny



computational challenge, the subsequent scattering calculation
with one more electron to couple can be handled on modern
supercomputer facilities.

We used the MCHF code of Froese-Fischer et al. (2007) in
combination with our CI code with nonorthogonal orbitals to
generate the target wave functions. First, the inner s1 , s2 , p2 ,
s3 , and p3 orbitals were obtained from a Hartree–Fock
calculation of the ground state. Keeping these orbitals frozen,
we then generated the d3 , s4 , and p4 valence orbitals,
specifically for each principal configuration in the term-average
approximation. The term dependence of the valence orbitals
was found to be noticeable but not extremely strong, with a
maximum change of the mean radius up to 10%. However, the
corresponding corrections in the configuration energies are
around 0.2 Ryd (2.7 eV). This makes the inclusion of the term
dependence very important for accurate calculations of the term
energies. The above spectroscopic orbitals were supplemented
with l4 and l5 (l 0 3= – ) correlation orbitals. The correlation
orbitals were also determined for each principal configuration
separately and were generated with the MCHF program
(Froese-Fischer et al. 2007) for each specific term. These
orbitals were then used for all terms of a given configuration.

The final configuration expansions contained the most
important one- and two-electron excitations from the valence
d3 , s4 , and p4 orbitals of the principal configurations. In light
of their large number, we first analyzed the extensive target
expansions that contain all double promotions to determine the
main correlation configurations and then only included those
that were judged to be of sufficient importance. Table 1 lists
the main correlation configurations together with their average
mixing coefficients. The orbitals with additional subscripts are
the correlation orbitals from different nonorthogonal sets.

The major correlation corrections come from the d d3 42 2–
substitution, along with other double promotions d p3 42 2– and
d f3 42 2– , respectively. The above double substitution reflects
the d3 inner-shell correlation, which is expected to be different
for the d s3 46 2, d s3 47 , and d3 8 principal configurations due to
the different number of d3 electrons. We also found large
contributions from double promotion of the deeper p3 shell.
These promotions reflect the p3 inner-shell correlations, which
is expected to be similar for all states considered here and thus
would not affect the relative position of the terms significantly.
For this reason, we did not include such configurations in our
final expansions.

As seen from Table 1, we found that the d f3 4– promotion
also contributes significantly to the correlation effects. The fact
that the f4 correlation orbitals have a mean radius close to that
of the d3 orbital explains their large influence. For the d s3 47

states, it is also important to include the d s3 4- inter-shell
correlation. This is reflected in the large contributions of the
d p3 45 2 and d p f3 4 45 configurations, which correspond to
the dipole interactions d s p3 4 4 2– and d s p f3 4 4 4– , respectively.
The same concerns the d p3 4- inter-shell correlation in the
d p3 46 states. This is seen in the large contribution of the
d s p3 5 55 configuration, which corresponds to the d p s p3 4 5 5–
dipole interaction. The d s3 46 2 states show a strong mixing with
the d p3 46 2 configuration, and for the d s p3 4 46 states, the
valence correlation between two outer electrons indicates the
large contribution of the d s p3 4 55 and d p d3 4 55 configurations.

We chose to keep all configurations with mixing coefficients
larger than 0.02» . This resulted in CI expansions ranging in
size from 200 to 400 for each LS target state. We also applied a

semi-empirical correction to adjust the theoretical LS energies
to experiment, as obtained by taking a weighted average over
the fine-structure levels. Due to different convergence of the
individual terms, this required us to vary the cutoff parameters
between 0.015 and 0.030 for different terms. With this
procedure, we managed to reach agreement with the observed
LS excitation energies to better than 0.1 eV for all states
included in the present calculation.
Table 2 compares the calculated target excitation energies

with the experimental values. The experimental excitation
energies were taken from the NIST compilation (Kramida et al.
2015) where possible. For some of the higher-lying levels,
however, no observed values are available. A full list of levels
included in the present scattering calculations is given in the
machine-readable version of Table 2, which should be
compared to the NIST tables for details. The energy level
position is defined by the index given in the first column. This
index will be referred to in the discussion below to denote a

Table 1
Main Correlation Contributions

Main Configuration Correlation Configuration Contribution

d s3 46 2 d p3 46
3
2 0.1490

d s d3 4 44 2
1
2 0.0382

d s s3 4 56
3 0.0381

d s p3 4 45
2
2 0.0304

d s3 56
3
2 0.0303

d s f3 4 44 2
1
2 0.0229

d d3 46
3
2 0.0224

d s d3 4 46
3 0.0215

d s p f3 4 4 45
2 2 0.0211

d s3 47 d d s3 4 44
1
2 0.0394

d p3 45
2
2 0.0288

d d s3 4 45
1 0.0284

d f s3 4 44
1
2 0.0254

d p f3 4 45
2 2 0.0215

d s3 56
3 0.0210

d3 8 d d3 46
1
2 0.0740

d d3 47
2 0.0542

d f3 46
1
2 0.0412

d p3 46
1
2 0.0362

d p3 47 d s p3 5 56
2 2 0.0534

d p d3 4 45
1
2 0.0443

d p f3 4 45
1
2 0.0295

d p s3 4 55
1
2 0.0265

d p d3 5 56
2 2 0.0212

d p p3 4 55
1
2 0.0206

d p d3 4 56
1 0.0202

d s p3 4 46 d s p3 4 56
3 0.0748

d p d3 4 56
3 3 0.0585

d s p d3 4 4 45
2 0.0437

d s p3 4 45 2 0.0282
d s p3 4 55 2

3 0.0278

d s p d3 4 4 44
1
2 0.0275

d s p3 5 56
3 3 0.0244

d p d3 5 56
3 3 0.0240

d p f3 4 55 2
2 0.0238

d s p f3 4 4 44
1
2 0.0275

Note. The subscripts on the outer orbitals indicate the different term-dependent
subsets for the correlation orbitals.
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Table 2
Excitation Energies (in eV) of the Fe Target Levels Included in the Present BSR Scattering Calculations

Index Configuration Term Present NIST Diff. Index Configuration Term Present NIST Diff.

1 d s3 46 2 a D5 0.00000 0.00000 0.000 52 d H s p3 4 46 3( ) z Ho5 5.22652 5.30413 −0.078
2 d F s3 47 4( ) a F5 0.85557 0.87493 −0.019 53 d H s p3 4 46 3( ) z I o5 5.30910 5.31065 −0.002
3 d F s3 47 4( ) a F3 1.50938 1.48836 0.021 54 d3 8 G1 5.34649 L L
4 d s3 46 2 a S1 1.81585 L L 55 d F s p3 4 46 3( ) w Do5 5.38920 5.39327 −0.004
5 d P s3 47 4( ) a P5 2.12615 2.14265 −0.017 56 d P s p3 4 46 3( ) v Do5 5.44508 5.44401 0.001
6 d s3 46 2 a P3 2.29792 2.30004 −0.002 57 d F s p3 4 46 3( ) w Fo5 5.47564 5.45082 0.025
7 d s3 46 2 a H3 2.40751 2.37711 0.030 58 d P p3 47 4( ) y So5 5.53377 5.46880 0.065
8 d D s p3 4 46 5( ) z Do7 2.11933 2.18311 −0.064 59 d I s p3 4 46 1( ) Ko3 5.54540 L L
9 d s3 46 2 b F3 2.53005 2.53060 −0.001 60 d P s p3 4 46 3( ) x Do3 5.57970 5.56743 0.012
10 d s3 46 2 a G3 2.72717 2.67132 0.056 61 d H s p3 4 46 3( ) y Go3 5.52074 5.58002 −0.059
11 d P s3 47 4( ) b P3 2.71978 2.78906 −0.069 62 d G s p3 4 46 3( ) x Go5 5.56064 5.62470 −0.064
12 d D s p3 4 46 5( ) z Fo7 2.71601 2.79275 −0.077 63 d H s p3 4 46 3( ) z I o3 5.66475 5.65813 0.007
13 d G s3 47 2( ) b G3 2.96375 2.93053 0.033 64 d P p3 47 4( ) w Po5 5.74435 5.68438 0.060
14 d D s p3 4 46 5( ) z Po7 2.88082 2.93277 −0.052 65 d P s p3 4 46 3( ) So1 5.68812 L L
15 d P s3 47 2( ) c P3 2.95022 2.99573 −0.046 66 d P s p3 4 46 3( ) z So3 5.74974 5.72780 0.022
16 d G s3 47 2( ) a G1 2.97564 2.99691 −0.021 67 d P p3 47 4( ) y Po3 5.75018 5.74993 0.000
17 d D s p3 4 46 5( ) z Do5 3.11528 3.19232 −0.077 68 d P p3 47 4( ) u Do5 5.74557 5.75671 −0.011
18 d H s3 47 2( b H3 3.19427 3.21453 −0.020 69 d H s p3 4 46 3( ) z Ho3 5.74705 5.78038 −0.033
19 d D s3 47 2( ) a D3 3.16194 3.22250 −0.061 70 d G p3 47 2( ) x Fo3 5.80699 5.78105 0.026
20 d D s p3 4 46 5( ) z Fo5 3.23404 3.32482 −0.091 71 d P p3 47 4( ) w Do3 5.83698 5.79066 0.046
21 d P s3 47 2( ) a P1 3.32010 3.36494 −0.045 72 d P p3 47 2( ) Do1 5.87048 5.82933 0.041
22 d s3 46 2 a D1 3.52536 3.49656 0.029 73 d H s p3 4 46 3( z Go1 5.84931 5.83343 0.016
23 d H s3 47 2( ) a H1 3.56513 3.52326 0.042 74 d F s p3 4 46 3( ) w Go5 5.76017 5.84250 −0.082
24 d s3 46 2 a I1 3.48480 3.58439 −0.100 75 d P p3 47 4( ) y So3 5.82432 5.84618 −0.022
25 d D s p3 4 46 5( ) z Po5 3.54575 3.58639 −0.041 76 d G p3 47 2( ) x Go3 5.92884 5.87983 0.049
26 d s3 46 2 b D3 3.56252 3.58977 −0.027 77 d G s p3 4 46 3( ) v Fo5 5.80270 5.89471 −0.092
27 d s3 46 2 b G1 3.60328 3.64464 −0.041 78 d H s p3 4 46 3( ) I o1 5.86281 5.91347 −0.051
28 d D s p3 4 46 5( ) z Do3 3.77607 3.86382 −0.088 79 d G s p3 4 46 3( ) y Ho5 5.98059 5.92375 0.057
29 d D s p3 4 46 5( ) z Fo3 3.82394 3.87662 −0.053 80 d G p3 47 2( ) z Ho1 5.93821 5.94872 −0.011
30 d3 8 c F3 4.05592 4.07445 −0.019 81 d P s p3 4 46 3( ) x Po3 5.98858 5.94994 0.039
31 d F p3 47 4( ) y Do5 4.13847 4.10398 0.034 82 d G p3 47 2( ) y Go1 6.04114 5.98838 0.053
32 d F p3 47 4( ) y Fo5 4.16598 4.18009 −0.014 83 d D p3 47 2( ) v Do3 5.99364 6.05049 −0.057
33 d D s p3 4 46 5( ) z Po3 4.15824 4.18450 −0.026 84 d F s p3 4 46 3( ) w Fo3 6.13967 6.05388 0.086
34 d D s3 47 2( ) b D1 4.23998 4.24445 −0.004 85 d s3 46 2 P3 6.05404 L L
35 d F p3 47 4( ) z Go5 4.32527 4.30728 0.018 86 d F s p3 4 46 3( ) Fo1 6.05188 6.08442 −0.033
36 d F p3 47 4( ) z Go3 4.34188 4.37506 −0.033 87 d G p3 47 2( ) y Ho3 6.09289 6.09603 −0.003
37 d F s3 47 2( ) F1 4.53208 L L 88 d H p3 47 2( ) v Go3 6.13416 6.10184 0.032
38 d F s3 47 2( ) d F3 4.51238 4.53713 −0.025 89 d3 8 S1 6.15115 L L
39 d D s p3 4 46 5( ) y Po5 4.57776 4.54064 0.037 90 d P p3 47 2( ) Po3 6.18021 6.16323 0.017
40 d F p3 47 4( ) y Fo3 4.49736 4.54289 −0.046 91 d G p3 47 2( ) Fo1 6.26281 6.22201 0.041
41 d P p3 47 2( ) So1 4.62273 L L 92 d F s p3 4 46 3( ) Go1 6.21379 6.22537 −0.012
42 d F p3 47 4( ) y Do3 4.76043 4.72430 0.036 93 d H p3 47 2( ) Ho3 6.24859 6.29104 −0.042
43 d3 8 D1 4.73248 L L 94 d G s p3 4 46 3( ) Fo3 6.30921 6.31046 −0.001
44 d D s p3 4 46 5( ) x Do5 4.86200 4.90585 −0.044 95 d F s p3 4 46 3( ) Go3 6.24457 6.34628 −0.102
45 d s3 46 2 F1 4.94103 L L 96 d H s p3 4 46 3( ) Ho1 6.32336 6.35137 −0.028
46 d D s p3 4 46 5( ) x Fo5 4.95328 4.98932 −0.036 97 d P s p3 4 46 3( ) Do1 6.29828 6.36105 −0.063
47 d P s p3 4 46 3( ) z So5 5.05448 5.02037 0.034 98 d F s p3 4 46 3( ) Do1 6.33267 6.36772 −0.035
48 d3 8 P3 5.04507 5.03514 0.010 99 d P p3 47 2( ) Po1 6.41295 6.41964 −0.007
49 d s3 46 2 F3 5.23307 L L 100 d F s p3 4 46 3( ) Do3 6.39821 6.42041 −0.022
50 d P s p3 4 46 3( ) x Po5 5.22497 5.25049 −0.026 L L L L L L
51 d H s p3 4 46 3( ) y Go5 5.28588 5.27708 0.009 221 d S s p3 4 46 1( ) Po1 16.83595 L L

Note. This table (one line per state) is published in its entirety in machine-readable form.

(This table is available in its entirety in machine-readable form.)
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particular transition. In our final scattering calculations, we
used the experimental thresholds where possible. The agree-
ment with the experimental energy levels is considerably better
than in any other previous scattering calculation for Fe ions.

2.2. Collision Calculations

For the scattering calculations, we employed a parallelized
version of the BSR code(Zatsarinny 2006), which is based on
the R-matrix method to solve the close-coupling equations. The
first 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 . The second important feature concerns the
orthogonality requirements for the one-electron radial func-
tions. We imposed only limited orthogonality conditions to the
continuum orbitals. Specifically, we only required the con-
tinuum orbitals to be orthogonal to the bound orbitals in the
filled s1 , s2 , p2 , s3 , and p3 subshells. No orthogonality
constraints to the spectroscopic excited orbitals or the
correlation orbitals were imposed. This facilitates keeping the
scattering and bound parts of the close-coupling expansions
consistent with each other.

The close-coupling expansion in our calculations included
the 221 states of atomic iron indicated in Figure 1. Some of
these states are located above the ionization threshold, but they
also may have a large influence due to the strong s p4 4– dipole
transition. This model is referred to as BSR-221 below. The
partial-wave CC expansions in this model contained up to 602
different scattering channels in the LS-coupling scheme. We
considered all partial waves up to L = 50 and total spin
S 1 2 7 2= – , bringing the overall number of partial waves to
408. The continuum orbitals in the internal region with radius
a a25 0= (where a 0.529 10 m0

10= ´ - is the Bohr radius)
were represented by 82 B-splines of order8. This led to
Hamiltonian matrices with dimensions up to 50,000. The most
complicated features of the present e-Fe calculation are the
large configuration expansion for the total scattering functions
( 100,000» ) and the extremely large number of two-electron
matrix elements. A newly designed procedure treats the
hamiltonian matrix by parts and adds flexibility in performing
the calculations. One partial wave required from 1 to 24 hr on a
supercomputer with 1000processors and distributed memory.

The asymptotic solutions in the outer region and, subse-
quently, the collision parameters were calculated with a parallel
version of the STGF program (http://www.apap-network.org/
codes). In the resonance region for impact energies below the
excitation energy of the highest level included in the CC
expansion, we used a fine energy step of 10 4- Ryd

(0.00136 eV) to properly map the resonance structures. For
energies above the highest excitation threshold included in the
CC expansion, the collision strengths vary smoothly, and hence
we chose a coarser electron energy step of 10 2- Ryd
(0.136 eV). We calculated collision strengths up to 10 Ryd
(136 eV), which is sufficient to reach the asymptotic region for
fitting to even higher incident energies. Altogether, 12,000
energies for the projectile electron were considered. Finally, we
extrapolated the collision strengthsΩ using the well-known
asymptotic energy dependence of the various types of
transitions. The partial waves included are sufficient to achieve
convergence for spin-forbidden transitions at all energies.
However, additional partial-wave contributions were needed
for high electron energies for electric dipole transitions. These
contributions were estimated with a top-up procedure based on
the Coulomb–Bethe method for the latter or a geometric-series
approximation for other transitions if needed. Finally, we
generated effective collision strengths Te¡( ) by convolving the
collision strength Ω with a Maxwellian speed distribution for
electron temperatures ranging from 102 to 10 K5 .

3. Results and Discussion

In this section, we present and discuss a few selected results
in detail, in order to give an impression of the quality of our
predictions. The entire tables of energies and effective collision
strengths for all temperatures and transitions included in the
present BSR-221 model can be found in machine-readable
versions of Tables 2 and 3, respectively.

3.1. Electron Impact

Figure 2 compares electron-impact collision strengths
obtained in the present BSR-221 model and the RM-46
calculations of Bautista et al. (2017) for low electron energies.
The collision strengths from these two calculations are
comparable in magnitude, but there are noticeable differences
in the energy dependence and the near-threshold resonance
structure. As illustrated in Figure 3, the different near-threshold
energy dependence leads to considerable differences in the
corresponding effective collision strengths at low temperatures,
which are important for astrophysical applications. The
differences between the BSR-221 and RM-46 predictions for
the transitions between low-lying states are most likely due to
the different representations of the target states. A global
comparison between the present BSR-221 results and the RM-
46 effective collision strengths is presented in Figure 4 at three
temperatures. The average deviation between the calculations is

Figure 2. Electron-impact collision strengths in LS-coupling for transitions from the d s D3 46 2 5 ground term to the first few excited terms of Fe. The present BSR-221
predictions are compared with the RM-46 results of Bautista et al. (2017).
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considerable and reaches 50% for low temperatures. This
indicates the uncertainty of the existing data sets. Note that the
deviations systematically decrease with temperature, indicating
a closer agreement for the background cross sections than for
the near-threshold resonance structure.

Figure 5 exhibits the grand total cross section for electron
collisions with iron atoms in their d s D3 46 2 5 ground state, i.e.,
the sum of angle-integrated elastic, excitation, and ionization
cross sections. The excitation cross sections include all states in
the BSR-221 model, while the ionization cross sections were
taken from measurements (Freund et al. 1990). The elastic
cross section exhibits a prominent near-threshold maximum
and quickly decreases with increasing electron energies. At
intermediate energies above 10 eV, excitation processes
become dominant and provide the largest contribution, whereas
the ionization processes represent less than 10% of the grand
total cross section.

While the above comparison contains the dominant
contributions, these are only part of the total cross section.
Our calculation does not include the excitation of higher-lying
bound states and other ionization processes, such as inner-shell
ionization or double-ionization. Nevertheless, for energies
above 10 eV» , Figure 5 clearly shows the dominant contrib-
ution to the grand total cross section originating from the
excitation processes. In this respect, it is interesting to
determine the principal excitation channels. Figure 6 shows
the summed cross section for electron excitation from the
ground state to all states included in our model, along with the
contributions from various subsets of levels. In the near-
threshold low-energy region, the main contribution comes from
nondipole transitions to the d s3 47 even-parity states, whereas

for higher energies the dipole transitions to the d s p3 4 46 and
d p3 47 odd-parity states becomes dominant. This indicates the
importance of considering the higher-lying d s p3 4 46 and d p3 47

states. Qualitatively, the same relative contributions of different
subsets were found for excitation of other low-lying even-
parity states. The dominant contribution at low energies comes
from excitation of the d s3 47 and d s3 46 2 states, whereas at
higher energies almost all excitation goes to the d s p3 4 46 and
d p3 47 states, which may compete with each other.

Figure 3. Effective collision strengths at low electron temperatures for transitions from the d s D3 46 2 5 ground term to the first few excited terms of Fe. The present
BSR-221 predictions are compared with the RM-46 results of Bautista et al. (2017).

Figure 4. Global comparison of effective collision strengths obtained in the present BSR-221 model with the RM-46 calculations (Bautista et al. 2017) for three
temperatures. The comparison is made for all transitions between the 46 LS-terms that were included in the RM-46 model. Also indicated in the panels is the average
deviation of the latter from the BSR-221 results.

Figure 5. Grand total cross section for electron collisions with iron atoms in
their d s D3 46 2 5 ground state, along with the contributions from elastic
scattering alone and elastic scattering plus excitation. The ionization
contribution is taken from the measurements of Freund et al. (1990).
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Table 3 shows an excerpt of the file for the effective collision
strengths Te¡( ). As mentioned previously, these were obtained
by convolving the collision strength Ω with a Maxwellian
speed distribution. The full table includes 24,310 data lines,
with electron temperatures up to 100,000 K.

3.2. Photon Impact

We now switch the discussion to the photodetachment
process of Fe−, which is closely related to electron scattering
from neutral Fe. For the partial waves allowed by the dipole
selection rules, the final state is the same, and hence comparing
with experiment for this process can serve as a further test of
our calculation, especially in light of the fact that there are no
experimental data available for collisional excitation of neutral
iron by electron impact.

The corresponding calculations were also carried out with
the BSR code. The main formulas and algorithm were
described in our recent publication on photodetachment of
Ga− (Wang et al. 2016). Both the ground state of Fe−,
d s F3 47 2 4 , and the ground state of Fe, d s D3 46 2 5 , exhibit large
fine-structure splittings that overlap each other. Based on the
J-splitting presented in Leopold & Lineberger (1986) and
Andersen et al. (1999), we estimate the difference between the
term-averaged energies for the ground states of Fe− and Fe to

be 0.136 eV. We then used this value as the Fe− electron
affinity in our nonrelativistic LS photodetachment calculations.
The wave functions for Fe− d s F3 47 2 4 were obtained in
separate MCHF calculations, with full account for the
relaxation of the valence orbitals. To check the convergence
of the CC expansion, we considered two models. Model BSR-
37 includes all relevant d s3 47 and d s3 46 2 states and reflects the
direct photodetachment of the s4 and d3 electron, respectively.
This model should present the dominant photodetachment
channels. Model BSR-221 contains the same states as for the
electron scattering calculations and should show the impor-
tance of photodetachment with additional excitation to the
d s p3 4 46 and d p3 47 target states. This process is expected to be
important due to the strong s p4 4– and d p3 4– transitions.
A comparison of our photodetachment cross sections in

the BSR-37 and BSR-221 models is exhibited in Figure 7. We
show cross sections obtained in the length form, which we
believe to be more reliable in this case than those obtained in
the velocity form. The latter are usually 30%–50% smaller.
These differences indicate that our wave functions for the
ground state of Fe− are not fully converged yet.
The calculated photodetachment cross sections exhibit two

prominent maxima at low energies. In the BSR-221 model,
these maxima are noticeably shifted to lower energies, thereby
showing the importance of including the d s p3 4 46 and d p3 47

Figure 6. Total cross section for electron-impact excitation of the d s D3 46 2 5

ground state of Fe, along with the contributions from different subsets of levels
indicated in the legend.

Table 3
Excerpt of the File with the Effective Collision Strengths for Electron-impact Excitation of Fe I

LL UL 100 K 300 K 500 K 750 K 1000 K 1500 K 2000 K 3000 K 5000 K 8000 K K

1 2 3.05E-01 8.40E-01 1.26E+00 1.65E+00 1.94E+00 2.41E+00 2.82E+00 3.55E+00 4.63E+00 5.53E+00 L
1 3 2.37E-01 7.98E-01 1.35E+00 1.93E+00 2.41E+00 3.12E+00 3.62E+00 4.23E+00 4.77E+00 4.98E+00 L
1 4 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 L
1 5 7.67E-01 8.33E-01 8.80E-01 9.42E-01 1.01E+00 1.17E+00 1.33E+00 1.64E+00 2.13E+00 2.57E+00 L
1 6 6.51E-02 3.12E-01 5.87E-01 8.36E-01 9.86E-01 1.13E+00 1.17E+00 1.18E+00 1.14E+00 1.06E+00 L
L L L L L L L L L L L L L

Note. LL and UL indicate the lower and upper levels via the CC index, and the following columns the electron temperature. The full table additionally includes
collision strengths at 10,000, 15,000, 20,000, 40,000, 60,000, and 100,000 K.

(This table is available in its entirety in machine-readable form.)

Figure 7. Total photodetachment cross sections of Fe obtained in the BSR-37
and BSR-221 models. The calculated cross sections are compared with the
experimental data of Covington et al. (2007; solid circles).
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channels. These channels are also responsible for the additional
maximum around 5 eV. The BSR-221 cross sections are in
better agreement with the experimental values (Covington
et al. 2007), which were obtained from measurements assuming
that the three lowest partial waves provide the dominant
contribution to the total photodetachment cross section.
Unfortunately, only two experimental data points are available
for comparison.

A more detailed comparison with experiment is given in
Figure 8 for photodetachment leading to specific final target
states of neutral Fe. Overall, we obtain close agreement with
the measurements, except for the partial contributions to the D5

ground state, where our predictions seem to overestimate the
cross sections. These cross sections, however, are about one
order of magnitude smaller than the partial cross sections to the
excited F5 and F3 states and, consequently, only moderately
contribute to the total photodetachment. Overall, our calcula-
tions confirm the experimental findings that photodetachment
of Fe− at low energies leads to the two lowest excited states of
Fe, while contributions from other channels are much less
important. A more detailed analysis of the calculated cross
sections shows that the two dominant peaks are related to shape
resonances in the d s F kp3 47 5( ) and d s F kp3 47 3( ) channels,
which provide the dominant contributions in this energy region.
This finding is also supported by the increase of the eigenphase
sum in these peaks. We do not provide a more detailed analysis
of the individual channels here, since a rigorous analysis in this
case requires consideration of the fine-structure splitting in both
the Fe− and Fe states. Our present LS calculations of the Fe−

photodetachment call for further studies of this process to
confirm the predicted low-energy resonance structure. Never-
theless, the close agreement with experimental values (even
though only two energy points are available) supports the
overall accuracy of our wave functions for the e-Fe collision
system.

4. Summary

We have presented effective collision strengths for all
transitions among 221 LS-levels of Fe I belonging to the lowest
d s3 46 2, d s3 47 , d3 8, d p3 47 , and d s p3 4 46 configurations. The
present results considerably expand the existing data sets for
Fe I, thus enabling a more detailed treatment of the available
measured spectra from different astrophysical sources. After
the earlier RM-46 calculations(Bautista et al. 2017), this is the
second (even more) extensive R-matrix calculation for the e-Fe

problem. The lack of previous large calculations is due to the
extreme computational efforts needed for the treatment of
open-shell atoms such as Fe I.
The present calculations were performed with the advanced

BSR code(Zatsarinny 2006), which employs the R-matrix
method in a B-spline basis. To represent the target states, we
used extensive multiconfiguration expansions with carefully
chosen configurations. We also employed term-dependent one-
electron orbitals to accurately represent relaxation effects. This
distinctive feature of the present calculations allowed us to
generate a more accurate description of the Fe target states than
those employed before.
Comparison with the RM-46 calculations of Bautista et al.

reveals significant differences for many transitions, especially
for low temperatures. This difference is related to the
representation of the near-threshold resonance structure in
the BSR-221 and RM-49 models. Where differences occur, we
offer arguments in favor of our results being the more accurate
set, due to the more accurate representation of the target states
and the larger close-coupling expansions. Nevertheless, it
remains difficult to place uncertainty bounds on our collision
rates. Transitions from the ground multiplet levels are probably
correct to within about 10%. For transitions between excited
states, higher accuracy is expected for levels with a well-
defined principal configuration. Results for such transitions
should be reliable to within about 20%–30%.
The collision strengths for transitions between the LS-terms

presented in this paper represent the first step of our
calculations. Though these results can already be used in
different astrophysical models, we ultimately aim to provide
systematic data for electron-impact excitation and photoioniza-
tion of the fine-structure levels of Fe I. The current LS-results
will be used to generate the Breit–Pauli Hamiltonian matrices
for transitions between fine-structure levels via standard
recoupling procedures. Such calculations are currently in
progress.
We also presented photodetachment cross sections for Fe−, a

process that is closely related to electron scattering from neutral
iron. The predicted cross section exhibits two prominent near-
threshold peaks, which we attribute to shape resonances. These
features should be detectable experimentally. Consequently,
studying photodetachment cross sections provides new oppor-
tunities for future studies of the Fe− negative ion. Good
agreement with experimental absolute values at two photon
energies for partial cross sections to individual target states

Figure 8. Photodetachment cross sections for the final atomic states of Fe specified in the legend. Solid line: model BSR-221; solid circles: measurements of
Covington et al. (2007).
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validates the accuracy of our wave functions for the e-Fe
system, and it also supports the accuracy of our cross sections
for electron scattering from neutral Fe. Further investigations,
both theoretical and experimental, are desirable to confirm the
predicted near-threshold structure.

As mentioned earlier, the entire tables of energies and
effective collision strengths for all temperatures and transitions
included in the present BSR-221 model can be found in the
machine-readable versions of Tables 2 and 3, respectively.
Although the comparison of cross sections was mainly made
for low electron energies, our data set contains electron-
induced collision cross sections between all 221 states from
threshold to 100 eV. These cross sections are available from the
authors on request.
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