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ABSTRACT

Multiple photoionization is investigated for the 2p subshell in the iron atom. Study of the single photoionization with subsequent
radiative and Auger cascade includes levels corresponding to the ground configuration. This work reveals that the quadruple
photoionization dominates over other multiple-photoionization processes. Analysis of the partial photoionization cross sections to
configurations of the produced ions shows that the excited long-lived configurations accumulate the main population of the Fe*+
ion. The main decay branches of the radiative and Auger cascade produced after a creation of the 2p subshell vacancy in the
iron atom are identified. The ion yields for the photoionization and cascade obtained by considering level-to-level transitions are

compared to the previous configuration average calculations.

Key words: atomic data—atomic processes — line: formation.

1 INTRODUCTION

Study of the interstellar medium (ISM) is critical in understanding the
structure of the Galaxy and formation of stars. High resolution X-ray
spectroscopy provides an important information about abundance
of the constituent elements in the ISM. The multiphase structure
characterized by gas, dust, and molecules can be determined through
analysis of absorption lines and edges in the X-ray spectra. The
interstellar absorption for the Fe L, 3 edges was observed in the
spectra of low mass X-ray binaries (LMXB) (Pinto et al. 2010,
2013). The overabundance of iron was found in LMXB 1826-238
(Pinto et al. 2010). It was determined that a significant fraction of
neutral iron is formed in dust of the ISM. The Fe L-edge region was
also analysed in the X-ray spectra of 24 galactic sources obtained
from Chandra and XMM-Newton missions (Gatuzz et al. 2016).
What is more, the lines of iron provide an important contribution
to the spectra from active galactic nuclei (AGNs) (Wills, Netzer &
Wills 1985; Boroson & Green 1992; Marinello et al. 2016; Onori
et al. 2017; Ili¢ et al. 2020; Oknyansky et al. 2020). The previous
level-to-level results of the multiple photoionization were presented
for the K shell of iron atom and Fe?t jon (Kudas et al. 2020a,
2021). However, modelling of ionization balance in photoionized
plasma requires photoionization cross sections for all ions and their
shells.

In continuation of our earlier work on multiple photoionization
of the Fe atom and ions (Kucas et al. 2020a, 2021), here we
investigate the multiple photoionization produced by a creation of
the 2p subshell vacancy in the Fe atom. Level-to-level study of
the photoionization process is presented for all levels originating
from the ground configuration of the Fe atom. Previously, an ion
yield produced by radiative and Auger cascade was analyzed using
configuration-average calculations (Kaastra & Mewe 1993). The
cascades were investigated using energies obtained by Lotz (Lotz
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1967, 1968). However, it was demonstrated (Schippers et al. 2017;
Beerwerth et al. 2019; Kucas et al. 2019; Kucas, DrabuZinskis &
Jonauskas 2020b; Kucas et al. 2020a, 2021) that higher ionization
stages were obtained in these calculations compared to the level-
to-level analysis for the iron atom and ions because more Auger
transitions were included in calculations by modifying energies of
configurations with vacancies (Kaastra & Mewe 1993).

Photoemission of the atomic Fe was already experimentally and
theoretically studied for the 2p subshell (Richter et al. 2004). But
the results for produced ionization stages and cross sections, unfor-
tunately, were not presented. Recently, the multiple photoionizations
near L-edge of the Fet, Fe’*, and Fe’" ions were theoretically
and experimentally investigated (Schippers et al. 2017; Beerwerth
et al. 2019; Schippers et al. 2021). The PETRA III synchrotron light
source was employed to measure cross sections of the multiple pho-
toionization. The theoretical study of the multiple photoionization
included the 2p subshell for Fe* (Schippers et al. 2017) and Fe?*
(Schippers et al. 2021) ions while the 2s and 2p subshells were
analysed for the Fe** ion (Beerwerth et al. 2019). Good agreements
with experimental results were obtained in the most cases for the
multiple-photoionization cross sections. Besides, Auger cascades
following a creation of the L shell in the Fe?>* ion were investigated
using the Dirac-Fock-Slater (DFS) approach (Kucas et al. 2019;
Kucas et al. 2020b) with no multiple photoionization being taken into
account. The multiple-photoionization process for photon energies
above the ionization threshold of the K-shell vacancy was analysed
for the iron atom (Kucas et al. 2021) and Fe?>* ion (Kucas et al.
2020a). The multiple-photoionization cross sections for the K-shell
vacancy in the Fe atom and Fe’" ion showed large dependence
on the levels of the ground configuration. It should be noted that the
cascade decay from the K shell produces higher ionization stages and
requires to analyse at least by an order of magnitude more energy
levels compared to the decay from the L-shell vacancy. The present
work aims to fill a gap in the literature on the multiple photoionization
for the 2p subshell in the iron atom. Calculations for the 2s subshell
are on the way and will be published elsewhere.
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We describe theoretical approach in Section 2. The multiple-
photoionization cross sections, cascade decay, and ion yields are
discussed in Section 3. In the final section, we summarize our results
of the presented study.

2 THEORETICAL APPROACH

Atomic data such as energy levels, radiative and Auger transition
probabilities are calculated using the Flexible atomic code (FAC) (Gu
2008), which implements DFS approach. The single-configuration
approximation is used in the study. The electric dipole transitions are
investigated in the radiative decay process.

The multiple photoionization is analysed for photon energies
above the ionization energy of the 2p subshell of the Fe atom:

Fe 15%2522p°3s23p®3d®4s?
+hv — Fe'15225s22p°3s*3p®3d%4s? + e. (1

This study does not include ionization of the 2s subshell and K shell
for the iron atom while the studied energy region covers ionization
thresholds of these electrons. The multiple-photoionization process
for the K shell of the iron atom was previously analysed by Kucas
et al. (2021).

Cross sections of multiple photoionization are investigated for
all 34 levels of the ground configuration of the Fe atom. The
single photoionization from the 2p subshell (equation 1) is followed
by radiative and Auger cascade which mainly leads us to higher
ionization stages. The cascade decay is analysed for 73 configurations
(Fe™:5,Fe?": 13, Fe’*: 18, Fe**: 20, Fe’*: 17 configurations). These
configurations correspond to 21151 energy levels: Fet: 522, Fe?*:
2012, Fe’t: 5577, Fe**: 7619, Fe>t: 5421.

The single photoionization cross sections are defined by relation:

2 o
cr,-l}l(w) = gnagSif, 2)
where « is the fine structure constant,  is a photon energy, g; is the
statistical weight of the initial bound state, and Sy is the generalized
line strength for initial 7 and final f states. The generalized line
strength is written through submatrix element of the electric dipole
operator:

Sif = Z (W DI, k5 Ir) > 3)

kJr

Here, D = >, r; (the sum is over the number of electrons) is the
electric dipole operator, ¥; and W, are wavefunctions for the initial
and final states, respectively; « is the relativistic quantum number of
the free electron, J7 is the total angular momentum.

The transfer of population ny from the level i to the level fis
expressed through probabilities of radiative and Auger transitions:
nig =n; #,

Dok Al + 2 A
where n; is the population of the level i, Ay is the probability of
the radiative or Auger transition, A}, and Af, are the probabilities
of the radiative and Auger transitions, respectively. The sum in
the denominator determines the total decay probability through the
radiative and Auger transitions for the level i. The total population
transferred to the level f is calculated by summing over the initial
levels i in equation (4). The same approach was previously applied
to investigate the radiative and Auger cascades for various elements
using configuration average (Jonauskas, Karazija & Kucas 2000;
Jonauskas et al. 2003) and level-to-level (Palaudoux et al. 2010;
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Jonauskas, Kucas & Karazija 2011; Kucas et al. 2019; Kucas et al.
2020a) calculations. It is worthwhile noting that the higher moments
of spectra were incorporated in the study for transitions among
average energies of configurations to mimic the widths of energy
levels (Kucas & Karazija 1993) and Auger spectra (Kucas et al.
1995). This led to a production of the higher ionization stages
compared to the ordinary configuration-average calculations for the
cascades. The multiple Auger transitions, where more than one
electron is emitted from atomic system, are not considered in this
work since it is expected that probability of a such process would
be by an order of magnitude lower compared to ordinary Auger
transitions (Miiller et al. 2015). It has been revealed that the multiple
Auger transitions can be analysed as ejection of the bound electrons
by leaving Auger electron (Zhou, Ma & Qu 2016; Miiller et al. 2018).

Cross sections of multiple photoionization are also investigated
for levels of the ground configuration of the Fe atom taking initial
population corresponding to their statistical weights. The ion yield
(product charge-state fraction) for the photoionization process can
be expressed by equation:

oq(w)
o(w)’

Here, the cross sections of the multiple photoionization are defined
by relation:

a,(@) = &0l (@B, ©)
if

B;(w) = ®)

where By, is the ion yield for the radiative and Auger cascade from
the level f of the Fe™ ion with the 2p subshell vacancy to charge
state ¢; g; = 2J; + 1. It should be noted that ) ,B;, = 1. The total
photoionization cross section is obtained by taking the sum over g in
equation (6):

o)=Y o) = g0 (w). @)
q if

Therefore, this leads us to the statistically weighted single-
photoionization cross-section. In a similar way, the ion yield for
the photoionization from the level i can be written as:

Oiq (w)

Bi(w) = @) ®)

where

0ig(@) =Y o/} (@)By,. ©)
f

The mean product-charge state for the cascade is determined by
equation:

G) =Y qBw). (10)
q

This quantity defines an average charge state produced by multiple
photoionization.

3 RESULTS

The single ionization threshold for the 2p subshell of the iron atom
equals 713.3 eV. The energy of the Fe™ 2p33d®4s® configuration is
above the energy of the ground configuration (3p®) of the Fe3* atom
which corresponds to 541.2 eV relative to the ground energy of the Fe
atom. The energy levels of the ground configuration (3p®) of the Fe®*
atom spans the energy region from 773.5 to 775.4 eV. The energy
levels of the Fe™ 2p>3d®4s? configuration cover the energy region
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Figure 1. Cross sections for photoionization to the Fet, Fe?t, Fe3*, Fe'*,
and Fe>* ions. The results are presented for the ground level of the iron atom.

from 719.5 eV to 247.3 eV (table of the energy levels is available
at CDS data base website). It is worth to note that the ionization
thresholds obtained using the DFS approach and single-configuration
approximation are slightly lower compared to data given by the
National Institute of Standards and Technology (NIST) (Kramida
etal. 2021). Previous studies demonstrated that this discrepancy does
not affect the results for the cascade decay (Kucas et al. 2019; Kucas
et al. 2020a,b, 2021) or ionization by electron impact (Kyniené,
Masys & Jonauskas 2015; Jonauskas 2018; Koncevicitte et al. 2018;
Jonauskas et al. 2019).

The multiple-photoionization cross sections for the ground level of
the iron atom are displayed in Fig. 1. Energy levels and their indexes
of the ground configuration of the Fe atom are presented in Table 1.
The states of the Fe* —Fe’* ions are produced in the photoionization
process. The quadruple-photoionization cross sections are larger than
the ones of the triple photoionization approximately by a factor of
two. The maximal value of the cross sections for the double and
pentuple photoionization reaches ~1.2 x 107" cm?. The single-
photoionization cross sections are by two orders of magnitude
lower compared to the quadruple-photoionization cross sections. It
should be noted that peak of the quadruple photoionization cross
sections is ~20 eV above the single ionization threshold for the 2p
subshell. This could be attributed to the fact that all energy levels
of the Fet 2p33d®4s® configuration are reached from the ground
level by photoionization process employing a photon with energy
corresponding to the peak of the cross sections. Besides, the energy
levels of the Fe* 2p°3d®4s? configuration span a region of ~28 eV.

The similar situation is obtained for the multiple-photoionization
cross sections from the highest level of the ground configuration
of the iron atom (Fig. 2). The quadruple-photoionization cross
sections also prevail for this level. On the other hand, the cross
sections to Fe** are ~10% higher for the ground level compared
to the highest level of the ground configuration. What is more,
difference among peak values of the quadruple-photoionization cross
sections from the different levels of the ground configuration is
~14%.

The partial photoionization cross sections from the ground level
of the Fe atom to configurations of the Fe** ion are shown in Fig. 3.
The cross sections to states of the Fe** 3d*4s configuration provide
main contribution for the Fe** ion. The radiative decay from the
states of the Fe** 3d*4s configuration to the ground configuration
is forbidden by selection rules of the electric dipole transitions.

Photoionization for the 2p subshell 1881

Table 1. Theoretical (DFS) energy levels (in eV) of the 3d%4s2 configuration
of iron atom compared to the NIST data. The closed subshell 4s® is not
presented in the designation of the levels. The total angular momentum
quantum numbers of the corresponding subshells are presented in parenthesis.
Energies are presented relative to the ground energy.

i Level Term NIST DFES

0 3d},3d2 ,(9/2)4 D 0.000 0.000
1 33,38 ,(9/2)3 D 0.052 0.060
2 3d3,,(2)3d3,(4)2 D 0.087 0.102
3 3d;3d3 51 5D 0.110 0.129
4 3d3,(2)3d2 ,(2)0 5D 0.121 0.142
5 3d3,,3d3,(9/2)6 SH 2.404 2.381

6 3d35(2)3d3 ,(4)5 ’H 2.433 2.413
7 3d3,,(2)3d2 ,(4)4 3H 2.453 2.436
8 3d3,2 ’p 2.279 2.599
9 3,4 3F 2.559 2.733
10 3d3 ,3d3,(3/2)3 3F 2.588 2.768
11 3dj ,3d3 1 3p 2424 2.781

12 3d3,3d2,(3/2)2 3F 2.609 2.793
13 4s7 50 3p 2.484 2.854
14 33,33 ,(9/2)5 3G 2.949 3.030
15 3dj ,3d3 4 3G 2.990 3.087
16 3d3,,(2)3d2 ,(2)3 3G 3.018 3.112
17 3d3,(2)3d3,(4)6 7 3.634 3.595

18 3d3,(2)3d2 ,(2)4 'G 3.695 3.801

19 3d3,,(2)3d3,()1 D 3.635 3.942
20 33,2 D 3.640 3.944
21 3d3 ,3d3,(9/2)3 3D 3.642 3.964
22 3d3,,3d3,(3/2)0 Is - 4.432
23 3dj ,3d3 )2 'D 4.294 4.759
24 3d3 ,3d3 ,(3/2)3 'F - 5.512
25 3,0 P - 6.492
26 3d3,(2)3d3 ,(0)2 3F - 6.509
27 3d3 ,3d3 ,(5/2)3 3F - 6.528

28 3d3,,(0)3d3 ,(4)4 3F - 6.530
29 3d3,3d2 ,(5/2)1 3p - 6.553

30 3d3,,(0)3d2 ,(2)2 3p - 6.675

31 3d3,,3d3 ,(5/2)4 e - 7.361

32 3d3,,(0)3d3,(2)2 D - 9.978

33 3d3,,(0)3d2 ,(0)0 Is - 12.884

The cross sections to the ground configuration of the Fe** ion
are approximately by a factor of three lower compared to the first
excited configuration of the ion. Attention should be paid to the fact
that the 3p°3d° configuration has negligible contribution to the cross
sections of Fe** in comparison to 3d*4s configurations: lower by
five orders of magnitude.

Ion yields of photoionization from all levels of the ground
configuration for the Fe’* — Fe*t ions are presented in Figs 4—
6. The ion yields are shown at photon energies of 800 eV. The yield
for the Fe** ion varies within a range of ~7% and the minimal value
of ~7.5% corresponds to the ground level of the iron atom (Fig. 4).
It can be seen that variation of the ion yields for Fe** is within 1.5%
(Fig. 5). The largest ion yield for photoionization is obtained for the
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Figure 2. Cross sections for photoionization to the Fet, Fe’t, Fe3*, Fe**,
and Fe>* ions. The results are presented for the highest level of the ground
configuration of the iron atom.
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Figure 3. Cross sections for photoionization to configurations of the Fe**.
The results are presented for the ground level of the iron atom.
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Figure 4. The ion yield of the 2p subshell photoionization for Fe?* from the
levels of ground configuration of the iron atom at photon energy of 800 eV.
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Figure 5. The same as Fig. 4 but for Fe>*.
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Figure 6. The same as Fig. 4 but for Fe**.

ground level of the iron atom and the lowest value is obtained for
the level with index 24. The similar situation is seen for the yield of
the Fe** ion (Fig. 6). The ground level dominates over other levels
of the Fe 3d®4s? configuration. However, the wider variation of the
ion yield (~8%) is obtained in this case compared to Fe 3* . What
is more, the highest level of the ground configuration produces the
highest yield for photoionization (not presented here) for the Fe>*+
ion (~9.5%) compared to the ground level (~7%).
Multiple-photoionization process is considered as the 2p subshell
photoionization followed by a cascade decay. The produced Fe™
2p°3d®4s? configuration has 180 energy levels. Decay branches
for the Fet 2p°3d®4s? configuration are presented in Figs 7-10.
The populations of the levels of the Fe* 2p>3d4s” configuration
correspond to their statistical weights. The strongest branch of the
cascade leads us to states of the Fe** ion: Fet 2p°3d®4s? 2% per+
3p*3do4s? (Fig. 7) 2% Fed* 3p33d*4s? (Fig. 8) o Fe'* 3d%4s
(Fig. 9). This explains the largest partial quadruple-photoionization
cross sections to the Fe** 3d34s configuration (Fig. 3). The second

strongest branch populates states of the Fe’* ion: Fet 2p>3d®4s?

2% B2t 3p53dias® (Fig. 7) -2 Fe*t 3d%4s? (Fig. 8). The decay

of the produced configurations to the energetically lower lying
configurations is restricted by selection rules for the electric dipole
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Figure 7. The decay paths of cascade following 2p inner-shell ionization of
iron atom: configurations of Fe™ and Fe?t. The population of the states of
the Fet 2p33d®4s? configuration corresponds to their statistical weights. The
populations transferred by radiative (green arrows) and Auger (black arrows)
transitions are shown in per cents. The even and odd parity configurations are
presented by red and blue colours, respectively.
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Figure 9. The decay paths of cascade following 2p inner-shell ionization of
iron atom: configurations of Fe3* and Fe**. The notations are the same as
in Fig. 7.
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Figure 10. The decay paths of cascade following 2p inner-shell ionization
of iron atom: configurations of Fe** and Fe>*. The notations are the same
as in Fig. 7.
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Figure 11. The ion yields produced by cascade decay: a (yellow) — results
from configuration-average calculations for the L, shell (Kaastra & Mewe
1993), b (green) - results from configuration-average calculations for the L3
shell (Kaastra & Mewe 1993), ¢ (blue) — data for subconfigurations with the
initial population corresponding to statistical weights, d (red) and e (magenta)
— decay from the lowest and the highest levels of the Fe* 2p°3d®4s? configu-
ration, respectively, f (black) — the ion yield of photoionization (equation 5).

transitions. The states of the Fe>* ion are primarily populated by the

Fe'* 3p33dids 2% FeS* 3d® transition (Fig. 10). The population

of the Fe** 3p’3d*4s configuration (Fig. 9) mainly arrives from
Fe’t 3p*3d®4s (2%), Fe 3t 3s3d *4s? (3%), and Fe 3+ 3p*3d°4s>
(3%). Interestingly, the Fe 2* 3s3p 3 3d ©4s 2 configuration with
total population of 13% (Fig. 7) populates the states of these three
configurations (Fig. 8): Fe3* 3p*3d®4s (3%), Fe 3+ 3p*3d4s? (3%),
and Fe 3t 3s3d *4s % (5%).

Ion yields generated by a cascade decay from the 2p subshell
of the Fe atom are shown in Fig. 11. Results for the lowest and
highest levels of the 2p>3d®4s? configuration of the Fe™ ion are
presented along side with data from calculations for the statistically
average population of the subconfigurations. In addition, the previous
configuration-average calculations for the 2p;, and 2ps;, subshells
are shown (Kaastra & Mewe 1993). The yield for the Fe** ion is the
largest for all presented data. It can be seen that the previous results
(Kaastra & Mewe 1993) overestimate production of the Fe’* ion

MNRAS 514, 1879-1885 (2022)
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and underestimate the yield for the Fe** ion compared to the current
data. Moreover, these configuration-average calculations show small
population for the Fe®" ion which is not obtained in our study.
This could be due to the fact that the previous calculations included
additional decay channels by modifying energies of configurations
with inner-shell vacancies (Kaastra & Mewe 1993). The similar
results for the higher ionization stages compared to the previous
calculations were also obtained for other Fe ions (Schippers et al.
2017; Kucas et al. 2020a, 2021; Schippers et al. 2021). It should be
noted that the study for transitions among the subconfigurations is in
a good agreement to the level-to-level results. The ion yield obtained
for the subconfigurations is between results provided from the lowest
and highest levels of the Fe* 2p°3d®4s? configuration (Fig. 11).

The ion yield for the photoionization is also compared to the ion
yield from radiative and Auger cascade in Fig. 11. This corresponds
the statistical population of the levels of the ground configuration for
the Fe atom (equation 5). The ion yield for the photoionization is in a
quite good agreement for the ion yield obtained for the radiative and
Auger cascade corresponding to the statistically average population
of the subconfigurations of the Fe* 2p>3d®4s? configuration. And it is
no surprise, since all levels originating from the ground configuration
of the iron atom contribute to the ion yield in the photoionization
process. This leads to the population of all levels of the Fe* 2p>3d®4s>
configuration and this population can be close to the statistical
one. It is worth to note that mean product-charge state for the
photoionization equals ~3.6 and is slightly lower to the highest
ion yield for the photoionization.

Interestingly, radiative and Auger cascade from the Fe3* 2p33d®
configuration reached levels of the Fe" ion (Kucas et al. 2020b).
That is by three ionization stages higher compared to the initial one.
In this study, the levels of the Fe>* ion are reached from the Fe*
2p’3d®4s? configuration. This means that the highest ionization stage
produced by the radiative and Auger cascade is higher by four com-
pared to the initial one. This could be attributed to the fact that more
electrons are above the 2p subshell for the Fe™ ion compared to Fe3*.

4 CONCLUSIONS

Multiple photoionization is investigated for the 2p subshell of
the iron atom. The process is studied as single photoionization
of the 2p subshell with subsequent decay through cascade of
radiative and Auger transitions. The study demonstrates that the
quadruple photoionization plays the main role among the multiple-
photoionization channels. Furthermore, the states of the excited Fe*+
3d34s configuration are primarily populated in the photoionization
process. The multiple-photoionization cross sections to the states of
the 3d*4s configuration produce ~80% of the total cross sections to
the Fe** ion.

Ion yields of photoionization are investigated for every level
of the ground configuration of the Fe atom. In addition, the ion
yield is presented assuming the statistical population of all levels
corresponding to the ground configuration. The variation of the yield
of photoionization to the Fe*' ion reaches ~8% for the different
levels of the ground configuration of the iron atom.

The main decay branches of radiative and Auger cascade fol-
lowing a creation of the 2p subshell vacancy in the Fe atom are
identified. Investigation of the ion yield for the cascade shows that
the previous configuration-average calculations (Kaastra & Mewe
1993) underestimated production of the Fe** ion and overestimated
population of the Fe>* ion compared to the level-to-level results. A
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quite good agreement is obtained for the population of the Fe>* ions
with configuration-average calculations (Kaastra & Mewe 1993).

The multiple-photoionization cross sections are provided online at
the Centre de Données astronomiques de Strasbourg (CDS) website
(http://cds.u-strasbg.fr/). For the sake of convenience, the partial
photoionization cross sections to the configurations of the produced
ions are also tabulated.
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