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Electron-impact single ionization of Fe** from the ground and metastable states
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Single ionization by electron impact of the Fe** ion is investigated using the Dirac-Fock-Slater approximation
for the levels of the ground and first-excited 3d*4s configuration. Contributions from direct ionization (DI) and
excitation-autoionization (EA) processes are taken into account. The scaled distorted-wave (DW) cross sections
for DI and excitation by electron impact are used to analyze the experimental data. The study demonstrates
the importance of correlation effects for the EA process. Good agreement with experimental data reveals that
currently available DW cross sections and, therefore, the corresponding Maxwellian rate coefficients for electron-
impact ionization process in Fe* are overestimated and their usage may lead to wrong predictions for charge

state distribution in plasma.
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I. INTRODUCTION

Spectra from astrophysical objects such as the Sun, A- and
B-type stars, interstellar material, and active galactic nuclei
are rich in emission and absorption lines from various iron
ions. The complex spectra from such astrophysical objects
give important information about the structure and dynam-
ics of their environments. Modeling of these spectral lines
requires reliable atomic data. Electron-impact ionization and
radiative recombination in addition to dielectronic recombi-
nation define charge state distribution in collisionally ionized
plasma. Such plasmas are observed in astrophysical objects
such as stellar coronal, supernova remnant, galaxies, and
galaxy clusters. The structure of spectral lines is determined
by the population of levels in the different ionization stages.

The aim of the current work is to study electron-impact
ionization cross sections for the Fe>* ion. The electron-impact
ionization process in Fe’™ was previously investigated up
to electron energies of 80 eV using the configuration aver-
age distorted-wave (CADW) approximation [1]. Their study
included direct ionization (DI) and the 3p — 3d excitation
for the indirect process. Calculations [2] that considered the
direct process in addition to the 3p — 3d excitation with sub-
sequent autoionization demonstrated quite good agreement
with measurements at higher energies [3]. The experimental
cross sections for the Fe’t ion were observed by employing
the animated crossed-beams technique [4]. Unfortunately,
other excitation-autoionization (EA) channels corresponding
to excitations to the higher shells were not considered in
these calculations [1,2]. Furthermore, it was noticed [3] that
the onset in the data at ~35 eV indicates the presence of
metastable ions in the ion beam. In addition, it was suggested
that the excited levels of the ground configuration may also
contribute to the measured cross sections. However, no study
regarding a metastable fraction in the ion beam was presented.
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Recent calculations for the ground configuration [5] using
the CADW approximation provided overestimated data com-
pared to the measurements [3]. These calculations included
excitations from the 3s and 3 p shells up to shells with the prin-
cipal quantum number n = 12. The discrepancy of ~25% was
obtained for the peak value. What is more, the previous level-
to-level DW (LLDW) calculations [6] using the Dirac-Fock-
Slater (DFS) approach demonstrated quite good agreement
with the CADW data [1,2,5]. These works did not explain the
discrepancies among the theoretical and experimental values.

Our study of the electron-impact ionization process in
Fe** includes the ground and the first-excited configurations.
The scaled cross sections for the DI and excitation processes
are studied to explain the measurements. In addition, the
correlation effects are investigated for the DI and strongest
excitations from the considered configurations.

The paper is organized as follows. In Sec. II, we describe
the used methods to calculate cross sections and also present
expressions for the scaled DW cross sections. In Sec. III, we
compare our calculated results with the experimental values
and provide Maxwellian rate coefficients for the levels of the
ground and excited configurations.

II. THEORETICAL APPROACH

Energy levels, radiative and Auger transition probabilities,
as well as electron-impact excitation and ionization cross
sections are determined using the FLEXIBLE ATOMIC CODE
(FAC) [7], which implements the DFS approach. The single-
configuration approximation is used in this work. Therefore,
the mixing of configuration state functions corresponding to
the same configuration is taken into account. The study of
electron-impact excitation and ionization cross sections is
performed in the potential of the ionized ion.

Direct and indirect electron-impact ionization processes
are investigated to obtain total electron-impact single-
ionization cross sections. It is accepted to assume that the
electron is removed from the atomic system instantly in the
direct process. On the other hand, the EA process occurs
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when the atomic system is excited to an autoionizing state that
decays to the next ionization stage through Auger transitions.
Thus, the total electron-impact single-ionization cross section
from level i of the Fe** ion to level f of the Fe** ion can be
expressed by

aip(e) = o (e) + ZUEXC(s)ka, (1)

where UDI(E) is the DI cross section at the incident electron
energy ¢, and o, kXC (e) is the electron -impact excitation cross
section to level k of the Fe**

Autoionization branching ratio Bj; in the cross-section
calculations leads to the radiative damping of the indirect
process and is determined by the expression

Aa
Z Akm + Z Akn

where A? and A" are the Auger and radiative transition proba-
bilities, respectively. Therefore, only contributions from the
levels above the single-ionization threshold are taken into
account. The summation over all final levels f of Fe*" in
Eq. (1) produces the total single-ionization cross sections for
level i.

It is a well-known fact that the DW approximation often
overestimates cross sections for neutral atoms or near-neutral
ions. Therefore, the scaling factors were suggested to be used
to diminish the DW cross sections for the electron-impact ion-
ization and excitation processes [8]. The scaled cross sections
for electron-impact excitation are expressed by the following
equation [8,9]:

2)

By, =

EXC*( ) — EXC(S) (3)

€
e+ AEy; + ¢
where ¢, is the binding energy of the electron and AEj is
a transition energy. The scaling for the DI cross sections is
obtained using the following equation:

o (e) = —a,f '(e), (4)

where [ is the ionization energy.

Tonization cross sections of the Fe’* ion are investigated
from the threshold up to 1000 eV. The ground configuration
of the Fe** ion is [Ne] 3s23p63d5. Here, [Ne] means a Ne-like
electron structure, i.e., the orbitals of 1s, 2s, and 2p are fully
occupied. The DI from the 1s, 2s, 2p, and 3s orbitals will
result in the higher ionization stages rather than single ion-
ization. Our study of the DI channels includes the ionization
from the 3p and 3d shells of the ground configuration,

3s23p53d* + 2e~

Ne]3s%3p°3d> - N 5
[Nel3s™3p"3d™ + e = | e]{3s23pS3dS+2e‘, ©)

and for the first-excited configuration from the 3p, 3d, and 4s
shells,
3s23p03d* + 2e~
[Ne]3s?3p°3d*4s + ¢~ — [Nelq 3s23p°3d34s + 2e~
35%3p°3d*4s 4 2e™.
(6)

The EA process includes excitations from the 3s, 3p, and
3d shells of the ground configuration. These excitations are
schematically shown as

3523p%3d* nl + e~
[Nel3s?3p%3d> 4+ ¢~ — [Nel{d 3s23p°3d° nl + e~ (7)
3s3p63d5 nl+e,

where n < 8 and [/ < 6. For the ground configuration, the 89
excited configurations are produced for which radiative and
Auger decay processes are investigated. It should be noted
that not all generated configurations are autoionizing. The
excitations for the first-excited configuration are

3523p°3d* nl + e~

3523p°3d34s nl + e~
3s23p°3d*4s nl + e~
3s 3p63d44s nl+e,

where n < 8 and / < 6. The 118 excited configurations are
produced for the 3d44s configuration in the current study.
It should be noted that the excitations to the higher shells
(n > 8) are not studied here since calculations for subconfig-
urations show that their contribution to the ionization process
is negligible.

The influence of correlation effects is investigated for
the direct ionization and strongest excitations from levels
of the ground and 3d*4s configurations. A list of admixed
configurations having the largest influence to the considered
configuration is generated by using configuration interaction
strength (CIS). The CIS was defined previously by the equa-
tion [10-12]

[Nel3s23p°3d*4s + ¢~ — [Ne] (8)

IANVA
Pk Ky = S ACENHIOE Y2
E(K,K')?

The summation in Eq. (9) is performed over all states y and
y' of the K and K’ configurations, respectively. The term
(O(Ky)|H|D(K'y")) is the interconfiguration matrix element
and E(K,K') is an average energy distance between the
configurations:

E(K,K')
X, HOEYIHIPKY)) — (@(K'y ) HIPK'y))]
Y, (PKY)HIDK y"))>?
x (®(Ky)|H|DK'y")>. (10)

The CIS value [Eq. (9)] divided by statistical weight g(K)
of the studied configuration K corresponds to the average
contribution of the admixed configuration K’ in the expansion
of a wave function for K. The list of admixed configurations
is built by considering single and double excitations from
the shells with the principal quantum number n > 3 up to
shells with n = 8. The pseudorelativistic method [13] is used
to obtain radial orbitals for the studied configurations. The
same approach was previously used to study energy levels
[14], electric [15] and magnetic [16,17] dipole transitions,
Auger cascades [18-20], and electron-impact ionization cross
sections [21-24].

The Maxwellian rate coefficients are obtained from the
calculated cross sections for the electron-impact ionization
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process in the Fe** ion. The rate coefficient o; ;(T,) for the
Maxwellian-Boltzmann electron energy distribution at elec-
tron temperature 7, is given by

= (L) (2 / R ° \a
iilde) = £0;i(€)€EX — E.
i kgT, M,TT 0 ! P kgT,

(1)

Here, kg is the Boltzmann constant, m, is the electron mass,
and o;;(¢) is the cross section for the transition from level i to
level j.

III. RESULTS

The ground [Ne] 3s?3p%3d° configuration has 37 energy
levels, while the first-excited [Ne] 3s23p®3d*4s configura-
tion corresponds to 62 energy levels (Table I). The energy
levels of the ground configuration calculated in the single-
configuration approximation span the range of 14.69 eV, while
the energy interval of 15.86 eV is occupied by the first-excited
configuration. The widths of energy levels provided by the
National Institute of Standards and Technology (NIST) [25]
correspond to 13.42 and 11.79 eV for the ground and first-
excited configurations, respectively. The obtained differences
among our and NIST values can be explained by correlation
effects which are not considered in this case. The lowest
level of the 3d*4s configuration is above the ground level
by 14.61 eV. What is more, the single-ionization threshold
is equal to 52.78 eV. The NIST recommended value for the
single ionization equals 54.91 & 0.04 eV, which is slightly
above our value. The same tendency for single-ionization
thresholds obtained using FAC was noticed for other ions:
Se?* [22], Se3 [21,23], Wt [26], W20t [27,28], and W27+
[29].

The energy levels and their lifetimes for the ground and
first-excited configurations are shown in Table I. The proba-
bilities of electric quadrupole and magnetic dipole transitions
are calculated from these levels to determine the lifetimes.
All these levels have lifetimes exceeding 10~ s—the amount
of time that ions need to reach the interaction region with
electrons [30].

There are many configurations that have energy levels that
straddle the ionization threshold (Fig. 1). All of them corre-
spond to excitations from the outer shell of the ground and
first-excited configuration. The cross sections obtained from
the lowest and highest levels of the ground configuration are
compared to measurements in Fig. 2. The theoretical values
overestimate the experimental data at the peak of the cross
sections. The overestimated values are also obtained for the
highest level of the ground configuration at the lower energies
of the impacting electron. The cross sections produced by
ionization from the ground level are below the measurements
in the vicinity of the single-ionization threshold. As it was
noticed before [3], the onset of the experimental cross sections
at ~35 eV indicates the presence of metastable ions in the ion
beam. Interesting, the theoretical cross sections are within the
error bars for the higher energies of the electron.

Theoretical cross sections calculated for the lowest and
highest levels of the 3d*4s configuration are compared to
measurements in Fig. 3. All theoretical data are above the

experimental values. The largest difference is obtained for the
lower energies of the impacting electron. A similar situation
was also obtained for the single-ionization cross section of
neutral carbon and C'* ion [8]. It was suggested that other
physical mechanisms appear on the scene for the ionization
process in these charge states.

The contributions of the direct and indirect processes for
the ground level and the lowest level of the 3d*4s configu-
ration are shown in Fig. 4. The EA channels corresponding
to excitations up to shells with the principal quantum number
n = 8 are considered in the study since the excitations to the
higher shells give negligible contribution. The direct process
produces a slightly higher contribution for the ground level
compared to the lowest level of the 3d*4s configuration.
This can be explained by the smaller number of electrons
in the 3d shell of the 3d*4s configuration compared to the
ground configuration. The DI cross sections for the 4s shell
do not compensate for the smaller number of electrons in
the 3d shell of the first-excited configuration. The EA cross
sections for the 3d*4s configuration are higher than for the
ground configuration since excitations from the 3d shell of the
first-excited configuration produce autoionizing states which
decay to Fe*'. The 3d shell is the outermost one for the
ground configuration and, therefore, only a small contribution
is provided to the EA process. For both configurations, the
EA channels corresponding to excitations from the 3p shell
dominate starting from ~100 eV.

The strongest EA channels for the ground level are shown
in Fig. 5. The 3p — 3d excitation produces ~70% of the
total EA cross sections. The second highest cross section
corresponds to the 3p — 4p excitation, which leads to the
same parity configuration as the ground one.

A more complex situation regarding the strongest EA
channels is obtained for the 3d*4s configuration (Fig. 6).
The 3p — 3d excitation dominates over the other channels
as in the case of the ground configuration (Fig. 5). How-
ever, the excitations from the 3d shell produce the strongest
contribution at the lower energies of the electron. As it was
mentioned above, the excitations from the 3d shell produce
small contribution to the EA cross sections for the ground con-
figuration. The 3d — 4d, 3d — 5d, and 3p — 4p excitations
out of the five strongest EA channels lead to the same parity
configurations as the initial one.

Previously, the scaled plane-wave Born (PWB) cross sec-
tions for electron-impact excitation were used to mimic the
effects related to the polarizability of the atomic system [9].
Moreover, it was suggested that electron exchange, distortion,
and polarization effects that are missing in the first-order
PWB approximation are included in the calculations using
the scaling functions. The studies of the electron-impact
ionization process for neutral atoms and near-neutral ions
using binary-encounter-dipole (BED) or binary-encounter-
Bethe (BEB) models [31] with the scaled PWB cross sections
[9] demonstrated a good agreement with the experimental
data [9,32-34]. Recently, it was shown that the scaled DW
cross sections can be used to explain the experimental data for
neutral carbon and C* ion [8]. Therefore, the same approach
is applied here for the DW cross sections corresponding to
ionization from the ground and first-excited configurations.
The scaled DW cross sections for the lowest and excited levels

052705-3



AUSRA KYNIENE ef al. PHYSICAL REVIEW A 100, 052705 (2019)

TABLE 1. Lifetimes of the energy levels of the Fe** 3p°4d> and 3p®4d*4s configurations. Closed inner subshells are omitted in the
notations of the levels. The levels are identified by the largest weight in the expansion of the wave function. Energies are given relative to the
ground level energy. J is the total angular momentum quantum number. Note that a = b = a x 10%?,

Configuration Index Level J Energy (eV) Lifetime (s)

3ptad® 0 3d? (2)3d}r 9/2) 5/2 0.000 00
1 3d? (2)3d43r 9/2) 11/2 4.202 00
2 3d? (2)3dfr(3/2) 5/2 4.205 1.849+5
3 3d%(2)3d3(9/2) 9/2 4.206 5.714+6
4 34?2 (2)3di(9/2) 7/2 4.207 7.901+6
5 3d.(5/2) 5/2 4.834 5.517-1
6 342 (2)3d}r (5/2) 3/2 4.844 8.460—1
7 342 (2)3d}r(5/2) 1/2 4.856 6.53343
8 3d? (2)3di(9/2) 7/2 5.248 1.920+1
9 3d? (2)3d}r(3/2) 1/2 5.262 8.7434+0
10 3d_(3/2)3di(2) 3/2 5.269 8.2844-0
11 3d,(3/2)3di(2) 5/2 5.271 7.7094-0
12 3d> (2)3dfr(9/2) 11/2 5.980 1.37242
13 34?2 (2)3di(9/2) 13/2 5.983 4.37343
14 3d.(5/2) 5/2 6.724 7.919-1
15 342 (2)3di(3/2) 3/2 6.806 1.812+0
16 342 (2)3d}r(5/2) 7/2 6.941 9.821—-1
17 3d? (2)3d}r(5/2) 5/2 7.042 9.014—1
18 3d? (0)3di(9/2) 9/2 7.076 8.056—1
19 3d_(3/2)3di(4) 7/2 7.084 8.331-1
20 3d? (2)3d§r(5/2) 3/2 7.106 7.323—1
21 3di(5/2) 5/2 7.109 6.846—1
22 342 (2)3di(5/2) 9/2 7.361 1.5914+0
23 3d,(3/2)3dj‘r(4) 11/2 7.392 7.797—-1
24 3d3(2)3d}r(3/2) 7/2 7.632 891140
25 3d_(3/2)3dj‘r(4) 9/2 7.664 4.628+0
26 3d? (2)3d}r(3/2) 5/2 8.229 3.2734+0
27 3d? (2)3d§r(3/2) 7/2 8.229 3.2344-0
28 3di(3/2)3d}r(2) 1/2 9.121 8.949—1
29 3d> (0)3d§r(3/2) 3/2 10.067 4.713-1
30 3d? (2)3di(5/2) 5/2 10.067 3.778—1
31 342 (2)3di(5/2) 7/2 11.097 5.783-2
32 342 (0)3di(9/2) 9/2 11.099 5.866—2
33 3d? (2)3d}r(5/2) 1/2 13.626 1.930-2
34 342 (0)3di(3/2) 3/2 13.626 1.946-2
35 3d_(3/2)3di(0) 3/2 14.689 2.186—2
36 3d? (0)3di(5/2) 5/2 14.694 2.191-2

3p°3d*4s 37 3d? (2)3di(2)4s+(1/2) 1/2 14.648 5.247—4
38 3d3(3/2)3d(5/2)4s.(1/2) 3/2 14.675 5.209-4
39 3d3(2)3d§(4)4s+(1/2) 5/2 14.716 5.157-4
40 34> (2)3d§r (4)4s(1/2) 7/2 14.765 5.099—-4
41 3d,(3/2)3di(9/2)4s+(1/2) 9/2 14.816 5.043—4
42 3d3(3/2)3d,(5/2)4s.(1/2) 1/2 16.502 3.024—4
43 3d? (2)3di (4)4s,(1/2) 3/2 16.544 3.004—4
44 3d? (2)3d§ (4)4s,(1/2) 5/2 16.601 2.979-4
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TABLE 1. (Continued).

Configuration Index Level J Energy (eV) Lifetime (s)
45 3d_(3/2)3d3(9/2)4s.(1/2) 7/2 16.663 2.957-4
46 3d3(3/2)3d(5/2)4s.(1/2) 7/2 17.846 4.565—-4
47 3d%(2)3d% (4)4s4(1/2) 9/2 17.870 4.525—-4
48 3d%(2)3d%(4)4s4(1/2) 1172 17.899 4.483—-4
49 3d_(3/2)3d3(9/2)4s4+(1/2) 13/2 17.926 4.441-4
50 4s,.(1/2) 1/2 18.021 4.655—4
51 3d3(3/2)3d.(5/2)4s.(1/2) 3/2 18.154 4.552—4
52 3d2(2)3d3(2)4s.(1/2) 3/2 18.289 3.865—4
53 3d2(2)3d3 (2)4s.(1/2) 5/2 18.293 3.871-4
54 3d2(2)3d3 (2)4s.(1/2) 7/2 18.301 3.835—4
55 3d3(3/2)3d(5/2)4s.(1/2) 9/2 18.304 3.806—4
56 3d4(2)4s,(1/2) 5/2 18.316 4.466—4
57 3d%(2)3d%(2)4s4(1/2) 5/2 18.603 3.984—4
58 3d%(2)3d%(2)4s4(1/2) 7/2 18.635 3.954—4
59 3d_(3/2)3d3(9/2)4s.+(1/2) 9/2 18.662 3.924—4
60 3d_(3/2)3d3(9/2)4s.+(1/2) 11/2 18.686 3.887—4
61 3d2(2)3d3 (4)4s.(1/2) 9/2 18.972 2.643—4
62 3d2(2)3d3 ()45, (1/2) 1172 19.032 2.637-4
63 3d3(3/2)3d(5/2)4s.(1/2) 1/2 19.186 2.748—4
64 3d_(3/2)3d3(5/2)4s.(1/2) 3/2 19.398 2.702—4
65 3d3(3/2)3d(5/2)4s.(1/2) 7/2 19.402 2.959—-4
66 3d%(2)3d%(2)4s4(1/2) 5/2 19.414 2.988—4
67 3d%(2)3d% (4)4s4(1/2) 13/2 19.658 3.314—4
68 3d_(3/2)3d3(9/2)4s4(1/2) 11/2 19.667 3.345—4
69 3d_(3/2)3d3(9/2)4s.(1/2) 7/2 19.673 2.597—4
70 3d3(3/2)3d,(5/2)4s(1/2) 5/2 19.679 2.602—4
71 3d2(2)3d3(2)4s.(1/2) 3/2 19.699 2.593-4
72 3d_(3/2)3d3(3/2)4s.(1/2) 1/2 19.717 2.579-4
73 3d%(2)3d%(2)4s4(1/2) 7/2 19.733 2.597-4
74 3d_(3/2)3d3(9/2)4s.(1/2) 9/2 19.788 2.278—4
75 3di(4)4s.(1/2) 9/2 19.899 3.657—4
76 3di(4)4s.(1/2) 7/2 19.913 3.234—4
77 3d_(3/2)3d3(3/2)4s4+(1/2) 1/2 20.630 2.962—4
78 3d_(3/2)3d3(9/2)4s.(1/2) 5/2 20.779 2.523—4
79 3d_(3/2)3d3(3/2)4s.(1/2) 3/2 20.794 3.223—4
80 3dt(2)4s.(1/2) 5/2 21.008 3.178—4
81 3d4(2)4s,(1/2) 3/2 21.018 2.510—4
82 3d_(3/2)3d3(3/2)4s4(1/2) 7/2 21.882 2.395—-4
83 3d_(3/2)3d3(3/2)4s4(1/2) 5/2 21.888 2.502—4
84 3d%(0)3d% (4)4s4(1/2) 9/2 22.691 1.577-4
85 3d%(2)3d%(0)4s4(1/2) 3/2 22.698 1.588—4
86 3d_(3/2)3d3(5/2)4s4+(1/2) 7/2 22.701 1.587—4
87 3d_(3/2)3d3(5/2)4s.(1/2) 5/2 22.701 1.589—-4
88 3d2(0)3d3 (2)4s.(1/2) 5/2 22.731 1.403—4
89 3d_(3/2)3d3(5/2)4s.(1/2) 3/2 22.838 1.398—4
90 3d4(0)4s,(1/2) 1/2 22.891 1.401—-4
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TABLE 1. (Continued).

Configuration Index Level J Energy (eV) Lifetime (s)
91 3d> (0)3d+2- (4)4s, (1/2) 7/2 23.800 1.693—4
92 3d> (2)3d}r (0)4s,(1/2) 5/2 23.808 1.657—4
93 3d> (O)3di (2)4s,(1/2) 3/2 23.867 1.843—4
94 3d_(3/2)3di(5/2)4s+(1/2) 1/2 23.988 1.844—4
95 3d_(3/2)3di(5/2)4s+(1/2) 9/2 24.049 1.614—4
96 3d_(3/2)3di(5/2)4s+(1/2) 7/2 24.058 1.606—4
97 3d3(0)3dﬁ(2)4s+(1/2) 5/2 27.098 1.234—4
98 3df(0)3di (2)4s,(1/2) 3/2 27.099 1.232—4
99 3d3(0)3dﬁ(0)4s+(1/2) 1/2 30.504 9.564—5

of the ground configuration are shown in Fig. 7. In addition,
the single-configuration DW data along the measurements
are presented for comparison. The largest effect of scaling is
obtained for the lower energies of the impacting electron. It
can be seen that all theoretical data for the ground level are
below the experimental errors. On the other hand, the highest
level of the ground configuration demonstrates good agree-
ment with measurements for the higher energies. However,
these cross sections are below the error bars for the lower
electron energies, except in the region from 40 to 50 eV where
the theoretical values are slightly above the measurements.
The scaled DW cross sections for the lowest and highest
levels of the first-excited 3d*4s configuration are shown in
Fig. 8. Single-configuration DW cross sections and experi-
mental values are presented for comparison. The cross sec-
tions for the lowest level of the configuration are in quite
good agreement with the measurements for electron energies
starting from 60 eV. On the other hand, the theoretical cross
sections are above experimental error bars in the 40-60 eV
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FIG. 1. Energy levels of the ground configurations for the Fe**,
Fe*", Fe>* ions in addition to energy levels that straddle the single-
ionization threshold. The first-excited configuration of Fe3* as well
as 3p°3d° and 3s3d° of Fe*" are also presented. For the Fe** 3d*nl
(n = 5-8) configurations, only the configurations with the lowest
orbital quantum number / and the largest one are shown. Red (light):
even configurations; blue (dark): odd configurations.

region. The theoretical cross sections obtained for the highest
level of the configuration overestimate the measurements.
The underestimated scaled DW cross sections with respect
to the measurements for the levels of the ground configuration
(Fig. 6) suggest that the levels of the excited 3d*4s configura-
tion are present in the ion beam. Nevertheless, the theoretical
values for the levels of the 3d*4s configuration are above the
error bars in the range of 40-60 eV. This demonstrates that
some additional effects have to be considered to explain the
observed data. Therefore, the influence of correlation effects
is analyzed for the direct ionization and strongest excitations
from the levels of the ground and 3d*4s configurations. It
should be noted that the correlation effects have a small
effect on the cross sections of the direct process. However, a
different situation is observed for EA. The study included the
3p — 3d and 3p — 4p excitations for the ground configura-
tion and 3p — 3d, 3d — 4d,3d — 5d, and 3p — 4p for the
3d*4s configuration. The bases of interacting configurations
are generated using the CIS values [Eq. (9)] for the autoion-
izing configurations. However, only a negligible influence of
the correlation effects to the EA cross sections is found for
the ground configuration, even though the correlation effects
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FIG. 2. Single-ionization cross sections for the ground config-
uration levels: solid green line corresponds to the level with index
0 (Table I); dashed blue line corresponds to level 36. Experiment:
open circles with error bars [3]. Logarithmic scale is used for electron
energies.
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FIG. 3. Single-ionization cross sections for the ground config-
uration levels: solid green line corresponds to level with index 37
(Table I); dashed blue line corresponds to level 99. Experiment: open
circles with error bars [3]. Logarithmic scale is used for electron
energies.

diminish the scaled cross sections by approximately 20% for
the levels of the first-excited configuration (Fig. 9). Thus,
the difference of ~50% is obtained among the cross sections
calculated without scaling and ones with scaling along the
correlation effects. The correlation effects for the scaled cross
sections of the lowest level of the excited configuration lead to
values below the measurements from the threshold energy up
to 200 eV and within the error bars for the higher energies.
On the other hand, the cross sections for the highest level
of the 3d*4s configuration are above measurements from the
threshold energy up to 70 eV and starting from ~200 eV.
The comparison with measurements for the level with
index 67 is presented in Fig. 10. This level together with level
49 (Table I) have the largest values of the total angular mo-
mentum quantum number J for the 3d*4s configuration. The
levels with the largest statistical weights would be populated
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FIG. 4. Comparison of contribution from the DI and EA channels
for the single ionization of Fe**: (a) ground configuration and (b) the
lowest level of the 3d*4s configuration. Logarithmic scale is used for
electron energies.
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FIG. 5. Accumulated cross sections of the EA channels con-
tributing to the ionization of the ground level of Fe**. The strongest
EA contributions are individually identified. Logarithmic scale is
used for electron energies.

with the largest probability in the ion beam. On the other
hand, the Boltzmann distribution or even collisional radiative
modeling with subsequent radiative cascade may have to be
used to determine the population of the levels. However, these
modelings would require a separate study. One can see that
the theoretical cross sections are still below the experimental
values in the energy range from approximately 50 to 150 eV.
This difference can be explained by the resonant excitation
double-autoionization process, which is not investigated in
this work.

What is more, the study of the electron-impact single
ionization for the Se’* [22] and Se** [23] ions demonstrated
that direct double ionization has a diminishing effect on the
theoretical single-ionization cross sections if it is assumed that
the multistep processes determine the direct double ionization
by electron impact [35,36]. The calculated direct double-
ionization cross sections have a value of ~1 Mb at the
peak [5]. Therefore, the single-configuration cross sections for
Fe’* would be diminished by approximately 1 Mb starting
from the double-ionization threshold (126 eV).
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FIG. 6. The same as Fig. 5, but for the lowest level of the 3d*4s
configuration.
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FIG. 7. Single-ionization cross sections obtained with and with-
out the scaling functions [Eqgs. (3) and (4)] for the levels of the ground
configuration. Solid green line: scaled DW cross sections for level
with index O (Table I); dashed green line: DW cross sections for level
0; dash-dotted blue line: scaled DW cross sections for level 36; dotted
blue line: DW cross sections for level 36. Experiment: open circles
with error bars [3]. Logarithmic scale is used for electron energies.

Finally, the obtained good agreement with the experimental
data for the scaled cross sections that include correlation ef-
fects shows that the currently available DW data for electron-
impact single ionization in Fe** are overestimated compared
to measurements and, therefore, their usage may lead to wrong
conclusions about a charge state distribution in plasma. The
Maxwellian rate coefficients for the lowest and highest levels
of the ground and excited 3d*4s configurations in addition to
level 67 (Table I) are presented in Table II.

120 :

110 .
5100} 1
90| 1
70 ]
60 [ : y

<~

50} : T ]
40 e ﬁﬁﬁwﬁﬁﬁﬁ Sl

A T
30 L §§§g
20+ !' Ziﬁ 7]
10+ . 7 & E

Cross section (M

100 1000

Electron energy (eV)

FIG. 8. Single-ionization cross sections obtained without and
with the scaling functions [Egs. (3) and (4)] for the levels of the
3d*4s configuration. Solid green line: scaled DW cross sections for
level with index 37 (Table I); dashed green line: DW cross sections
for level 37; dash-dotted blue line: scaled DW cross sections for level
99; dotted blue line: DW cross sections for level 99. Experiment:
open circles with error bars [3]. Logarithmic scale is used for electron
energies.
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FIG. 9. Comparison of influence of CI effects to single-
ionization cross sections for the levels of the 3d*4s configuration.
Solid green line: scaled DW cross sections with CI for level with
index 37 (Table I); dashed green line: scaled DW cross sections for
level 37; dash-dotted blue line: scaled DW cross sections with CI
for level 99; dotted blue line: scaled DW cross sections for level 99.
Experiment: open circles with error bars [3]. Logarithmic scale is
used for electron energies. For further details, see the main text.

IV. CONCLUSIONS

The single-ionization cross sections are studied for the
levels of the Fe** ion. The DFS approach is used to investigate
energy levels, radiative and Auger transition probabilities,
as well as electron-impact excitation and ionization cross
sections. The study included the levels of the ground and
first-excited 3d*4s configurations. The strongest EA channels
for the ground configuration correspond to the excitations
from the 3p shell. However, the excitations from the 3d shell
of the 3d*4s configuration dominate at the lower energies
of the electrons. It is demonstrated that the LLDW single-
configuration cross sections overestimate measurements in a
wide range of electron energies.
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FIG. 10. Single-ionization cross sections obtained for the level
with index 67 (J = 13/2). Experiment: open circles with error bars
[37]. Logarithmic scale is used for electron energies.
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TABLE II. Maxwellian rate coefficients (in m> s~!) for levels of Fe**. Level indexes are taken from Table 1. Temperatures (7,) are given

in K. Note that a + b = a x 10*.

Level index

T, 0 36 37 67 90

8+4 4.796—18 3.098—17 1.853—-17 3.810—-17 2.001-16
245 7.674—16 1.462—15 9.632—16 1.295-15 2.839—-15
4+5 4.835—15 6.767—15 4.437-15 5.283-15 8.435—-15
8+5 1.359—-14 1.678—14 1.108—14 1.263—14 1.695—14
2+6 2.743—14 3.171-14 2.151-14 2.418—14 2.889—14
446 3.481-14 3.942—-14 2.753—-14 3.062—14 3.491-14
8+6 3.801—-14 4.261-14 3.100—14 3.362—14 3.684—14
247 3.627-14 4.037—-14 2.710—14 2.809—-14 2.937-14
4+7 2.916—14 3.234—14 1.706—14 1.732—14 1.773—14
8+7 1.805—14 1.998—14 8.335—-15 8.371-15 8.480—15
2+8 6.769—15 7.486—15 2.589—-15 2.583—15 2.601-15
4+8 2.756—15 3.047-15 9.820—16 9.777—-16 9.822—16
8+8 1.048—15 1.158—15 3.597-16 3.578—16 3.590—-16
249 2.770—16 3.062—16 9.297—-17 9.241-17 9.267-17
4+9 9.941-17 1.099—16 3.311-17 3.290-17 3.299-17
8+9 3.541-17 3.914-17 1.175-17 1.167—-17 1.170—-17

The scaled DW cross sections in addition to correlation
effects are studied to explain the measurements. The scaling
of the DW cross sections for the levels of the ground and
excited configuration leads to diminishing by ~40% for the
peak values. Negligible influence of correlation effects is
obtained for the EA channels of the ground configuration.
The correlation effects diminish the scaled DW cross sections
by ~20% for the lowest and the highest levels of the 3d*4s
configuration. Further studies are needed to determine the
contribution of the resonant excitation double-autoionization
process to single ionization in Fe3*.

Finally, the current study provides compelling evidence
that the available Maxwellian rate coefficients previously cal-
culated using the DW cross sections for the ionization process
in the Fe** ion are overestimated and their usage may lead to
wrong predictions of charge state distribution in plasma.
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