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In this work, we present K- and L- shell fluorescence yield values of the full isonuclear sequence of Fe ions, using
a state-of-the-art multiconfiguration Dirac-Fock approach. These results may be of importance for spectral
fitting and plasma modeling, both in laboratory and astrophysical studies, where Fe is an important benchmark
element. The K-shell fluorescence yields were found to be very similar up to the removal of 14 electrons.

1. Introduction

In order to extract meaningful information from physical systems
through X-ray emission or absorption spectra, some aspects of atomic
data are required such as line energies and widths, transition rates,
mass attenuation coefficients and fluorescence yields, just to name a
few. This is true for X-ray emission of bulk, solid materials as well
as liquids, gases and plasmas (Grieken and Markowicz, 2002). Given
the wide interest of X-ray techniques in both academia and industry,
there are extensive databases with the relevant atomic parameters
for elemental quantification of almost every element in the periodic
table (Bambynek et al., 1972; Krause and Oliver, 1979; Hubbell et al.,
1994; Schoonjans et al., 2011). These parameters, however, feature
high relative uncertainties, especially in the low energy regime, and
are mostly confined to neutral elements. In fact, when trying to char-
acterize nanostructured materials, given the lack of standard reference
samples, there is no other way than to rely on precise X-ray fundamen-
tal parameters, together with calibrated instrumentation, to reliably
correlate material functionalities with their underlying chemical and
physical properties, through their emission spectra (Kolbe et al., 2005).
Measurement and calculation of these atomic parameters with low
uncertainties, are the main goal of the International Initiative on X-ray
Fundamental Parameters (IIFP), a collaboration between world class

* Corresponding authors.

metrology institutes, universities, and key enterprises operating in the
X-ray spectroscopy market (Initiative, 2017). Among the parameters of
interest for the IIFP is the Fluorescence Yield (FY), which describes
how an ionized atom, with a hole in any given shell will relax to
another lower energy configuration, either by emitting an X-ray photon
or through the emission of an Auger electron. This is one of the key
parameters in order to extract information on the abundance of a given
element or ion in any physical medium, since it relates the number of
atoms with holes in a given shell and the number of emitted X-rays
from the decay of these one-hole states (Liu et al., 2014; Kolbe et al.,
2012). This is especially important when trying to derive elemental
abundances from astrophysical plasmas using either ground based or
spatial observatories (Liu et al., 2014). Given that the temperature of
astrophysical plasmas drives the ionization rates and thus the charge
state distribution, one needs a copious amount of atomic physics data
when trying to perform spectral fitting or collisional radiative modeling
of these objects (de Avillez et al., 2019).

Although extensive tables of FY for all values of Z exist in literature,
they are insufficient for several applications, both experimental and
theoretical. In many instances, several charge states will contribute to
the final emission spectra, due to shake, ionization, and radiationless
transition processes, which need to be taken into account for a full
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description. Furthermore, previous works have shown that significant
changes in the FY of different shells can be observed for different
charge states of the same atomic system (Larkins, 1971; Marques et al.,
2020). Motivated by Larkins et al. work (Larkins, 1971), Fortner and
coworkers (Fortner et al., 1972) studied the changes of the copper L-
shell FY as a function of the number of M-shell electrons in the initial
configuration, and did not find a behavior similar to the one found by
Larkins for Argon ions. In fact, the FY value remained fairly constant up
to the removal of six of the outer shell electrons. Arndt and Hartmann
(1983) calculated the K-shell fluorescence yield for highly charged lead
ions, showing that the K-shell FY value is almost unaffected by the
removal of outer-shell electrons. On the other hand, Phillips et al.
(1987) performed new measurements of the fluorescence yields of inner
shell electrons in highly stripped " Fe ions, and found large variations
of these values with the charge state. Regarding the calculations made
for multiply-stripped hollow neon atoms with double K-shell vacancies
by Karim and Logan, Karim and Logan (1999) using the Hartree-Fock
model, the FY were found to decrease as the electron population in the
outer L-shell increases. For the isoelectronic series of Ne, Ar and Kr,
Marques et al. shown that although the K FY almost does not change
with the nuclear charge, when compared to the neutral atom’s FY, the
same is not true for the L-shell, showing very large variations (Marques
et al., 2020).

There are several databases of atomic parameters that are widely
used in astrophysics (Smith et al., 2001; Foster et al., 2013; Kaastra
and Mewe, 1993; Dere et al., 1997; Kallman and Palmeri, 2007), and
they also have their own strengths and weaknesses, one of the latter
being the fact that the atomic physics approximations used in the
calculation of these parameters are much more realistic for isolated
atoms in plasmas than in solid state materials. There are, however,
some issues even with the most widely used databases, as shown for
example by Gorczyca et al. (2003). In their work, they audited the
fluorescence database by Kaastra and Mewe (1993), which is widely
used in modeling codes, in particular their scaling laws along isoelec-
tronic sequences. They found serious discrepancies that seem to hinder
its application in plasma modeling.

The inclusion of different charge states in the simulations is par-
ticularly important in the case of plasma and astrophysical studies, as
various diagnostics are performed based on the emitted X-ray radiation
from the plasma or astrophysical object in study (Guerra et al., 2013).
Various features can be determined from the X-ray spectra of galaxies,
and one of the important elements to measure in the spectra is Fe,
particularly the Fe K line energy, width, shape and relative intensity.
This metal presence and abundance can give information about the
astronomical system, for example on the presence and composition of
the torus around active galactic nuclei (Fukazawa et al., 2016).

As shown in many recent publications, the precise calculation of
these parameters requires state of the art methods such as the Multi-
Configuration Dirac-Fock (MCDF) method and for all but the simplest
open shell configurations, this task is quite demanding in terms of CPU
time and resources (Cheung et al., 2021; Guerra et al., 2018, 2015). A
distributed computation script that enables the use of supercomputers
with a near-perfect linear scalability with the number of cores, was
developed based on gnu Parallel shell tool (Tange, 2018) to compute
wavefunctions and transition rates within the MCDF framework.

In this work, we calculate the energies and wavefunctions for ev-
ery one- and two-hole levels, transition probabilities and widths for
all possible radiative and radiationless transitions of the complete Fe
isonuclear sequence, using the multiconfiguration Dirac-Fock General
Matrix Elements (MCDFGME) code developed by Desclaux and Indel-
icato. From these values, the fluorescence yield of each of the Fe
subshells was obtained.
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2. Theory
2.1. MCDF

Following previous works (e.g. Guerra et al. (2021)) all the tran-
sition energies, radiative and radiationless rates necessary to evaluate
the FY of each subshell were obtained from calculations, employing
the state-of-the-art multiconfiguration Dirac-Fock (MCDF) method. In
this method, the atomic antisymmetric wave function y is written
as a linear combination of the ¢ configuration state functions (CSF):
w(1,2,...,N) = Y, a;p;, where a; are mixing coefficients. In this way
the electronic correlation is included.

The relativistic general purpose multiconfiguration Dirac-Fock code
(MCDFGME) developed by J. P. Desclaux, P. Indelicato and co-authors
(Desclaux, 1975; Indelicato and Desclaux, 1990; Indelicato et al.,
2007; Santos et al., 2005) implements the MCDF method, using a self-
consistent field approach. The self-consistent field calculation includes
various contributions, such as Coulomb and Breit (magnetic and retar-
dation parts), both containing direct and exchange components, as well
as quantum electrodynamics (QED) local potentials, such as vacuum
polarization. Other QED contributions, such as self-energy, are also
included as perturbations.

For the calculation of radiative rates, the optimized-level method
was used to calculate the wave functions and energies of both the
initial and final states, considering full relaxation. As each state was
optimized separately, they are not necessarily orthogonal and, to cal-
culate radiative rates, the formalism described by Lowdin (1955) was
used. Moreover, the length gauge was considered for all radiative tran-
sition rates. In the case of radiationless rates, the continuum-electron
wavefunctions are obtained by solving the Dirac-Fock equations with
the same atomic potential of the initial state. Here, no relaxation was
allowed in both initial and final states of the radiationless process.

2.2. Decay rates, subshell widths, and fluorescence yields

The fluorescence yield of an atomic subshell is defined as

R
W = ————, €y
I"[R + r[NR
where I'® and are, respectively, the radiative and radiationless
widths of a one-hole subshell i. The width of a subshell i is given by
the sum of partial widths I';; of all the possible decay paths. In the case
of radiative transitions the width is defined as

FNR
i

rf=3r, @
J

where j represents a subshell with lower energy than the ith subshell.

For the case of radiationless transitions the width is defined similarly

taking into account the creation of a second hole in the subshell k&

F[NR _ 2 ; I«[j\f,f’ 3)
J

where k represents a subshell with higher or equal quantum numbers
to the subshell j. In the case of the k subshell being equal to the j
subshell we have a Coster—Kronig transition, otherwise we have an
Auger transition (k > j).

3. Results and discussion

In this work we calculated the complete set of possible radiative
and radiationless transitions of the Fe isonuclear sequence using the
state-of-the-art MCDFGME code. A table with the initial electronic
configurations of each Fe ion, considered for this calculation, can be
found in Table 1. These configurations reflect the ground state of the Fe
isonuclear sequence, and were taken from Rodrigues et al. (2004). The
necessary 1-hole and 2-hole configurations, and the resulting levels,
were obtained from these.
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Table 1

Initial electronic configurations for each Fe ion, obtained from Rodrigues et al. (2004).
Fe ion (Charge State) Configuration
Fe I (0+) [Ar]3d®4s?
Fe II (1+) [Ar]3d®4s!
Fe III (2+) [Ar]3d°®
Fe IV (3+4) [Ar]3d®
Fe V (4+) [Ar]3d*
Fe VI (5+4) [Ar]3d?
Fe VII (6+) [Ar]3d?
Fe VIII (7+4) [Ar]3d’
Fe IX (84) [Ne]3s?3p°®
Fe X (9+) [Ne]3s?3p°
Fe XI (10+) [Ne]3s23p*
Fe XII (11+) [Ne]3s?3p®
Fe XIII (124) [Ne]3s?3p?
Fe XIV (13+) [Ne]3s*3p!
Fe XV (14+) [Ne]3s?
Fe XVI (15+) [Ne]3s!
Fe XVII (16+) 1s?2s%2p°
Fe XVIII (17+) 1s22s%2p°
Fe XIX (18+) 1s22s?2p*
Fe XX (19+) 1s?2s%2p?
Fe XXI (20+) 1522s%2p?
Fe XXII (21+) 1s22s?2p!
Fe XXIII (22+) 152252

Table 2
Number of transitions computed as a function of the Fe ion charge state. The values
are presented as the number of radiative + radiationless transitions.

Charge # of Charge # of

State transitions State transitions
0+ 2102764951 621 12+ 1081+1769
1+ 726 614+2759 303 13+ 253+330
2+ 171 404+628 699 14+ 10+20

3+ 2335864755189 15+ 36+38

4+ 161 028+493451 16+ 6+10

5+ 58653+168105 17+ 78+60

6+ 9730428 583 18+ 210+160
7+ 666+1780 19+ 300+150
8+ 21+70 20+ 153+80
9+ 351+650 21+ 36+12
10+ 122442292 22+ 1+1

11+ 1953+2963

Total 6821008

This isonuclear sequence has a great interest in astrophysics, partic-
ularly the fluorescence yield of each charge state. Frequently, in several
applications, and given the difficulty in calculating the fluorescence
yields for each electronic configuration of interest, the FY of various
charge states is approximated by its value for the neutral atom.

In Table 2 the total number of transitions (radiative + radiationless)
that were computed in this work is shown, as a function of the charge
state of the Fe ion.

From the calculated transition rates in the length gauge and us-
ing Eq. (1) we show the variation of the fluorescence yield for the
K-, L;-, L,- and L;-shells along the isonuclear sequence. These varia-
tions are compared with the reference values from Krause (1979) and
XRayLib (Sanchez Del Rio et al., 2003) for the neutral Fe atom, starting
with the K-shell in Fig. 1.

The variation of the number of electrons not only changes the
number of possible combinations for both radiative and radiationless
transitions, but it also modifies the energy eigenvalues of the states
corresponding to the various orbitals. These changes can result in
the opening or closing of radiative and/or Auger channels that are
otherwise, respectively, closed or open in the neutral atom. The FY of
each occupied subshell of the atom or ion would then change, as the FY
depends on the sum of the transition rates for all possible final states
from any initial state in that subshell. The FY values of all the charge
states of Fe up to Fe XXIII (C.S. 22+) are presented in Table 3. As can
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Fig. 1. Variation of the K-shell fluorescence yield with charge state in the Fe isonuclear
sequence.

Table 3

Calculated K-shell FY values for the Fe isonuclear sequence.
Charge K-shell Charge K-shell
State FY State FY
0+ 0.339 12+ 0.354
1+ 0.312 13+ 0.349
2+ 0.341 14+ 0.357
3+ 0.320 15+ 0.373
4+ 0.338 16+ 0.374
5+ 0.347 17+ 0.397
6+ 0.348 18+ 0.423
7+ 0.345 19+ 0.448
8+ 0.343 20+ 0.460
o9+ 0.347 21+ 0.412
10+ 0.347 22+ 2.62x 1070
11+ 0.353

be seen, small fluctuations of the order of 0.01 (less than 10%), are
observed in the K-shell FY from the ground state up until the Fel4* (Fe
XV). This result points in the direction of the findings of Larkins (1971)
for the L-shell of Cu, where they found very small changes in the FY
up to the removal of the outer six electrons. It also mimics the results
from Marques et al. where the K-shell FY of Ne, Ar and Kr isoelectronic
sequences seem to be insensitive to the nuclear charge Z (Marques
et al.,, 2020). A more significant variation of the FY can be observed
in the remaining charge states (Fe!>* to Fe?!*), with a FY value that
peaks for Fe?0* of 0.460. This FY value is more than 35% higher than
its counterpart for the neutral Fe. Since in the present framework, the
Be-like Fe?2*, with a K-hole, can only decay through a M1 transition,
1525* 28,/ — 1s%2s 28,5, or by emitting an Auger electron, 1525
28/, — 152 'Sy, with a transition rate that is 6 orders of magnitude
higher, its corresponding FY should be very close to zero, as observed
in our calculations. In fact, for this particular ion, the main radiative
channel corresponds to the two-electron one-photon transition 1s2s>
28,/, — 1s?2p 2P, , with an E1 transition rate of 7.85 x 10*8 571, 2.5
times higher than the M1 transition with a rate of 3.05 x 10+8 s~1. This
would increase the K-shell FY of Fe??* to 6.74 x 1070 instead of the
2.62 x 107 presented in Table 3.

This behavior is expected as the number of Auger channels de-
creases quicker than the number of radiative transitions when the shell
above the one for which the FY is being computed, starts to have
its electrons removed. Between Fel4*) where the 3s orbital is fully
occupied and Fel!>*, where the 3s orbital contains only one electron,
we observe a change in FY of approximately 0.02 (10% compared to
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Table 4
Calculated L,-shell FY values from the MCDFGME code for the Fe isonuclear
sequence.

Charge L,-shell Charge L,-shell
State FY State FY

0+ 0.000599 11+ 0.0136
1+ 0.000647 12+ 0.0124
2+ 0.000712 13+ 0.00967
3+ 0.000959 14+ 0.00186
4+ 0.00159 15+ 1

5+ 0.00231 16+ 1

6+ 0.0117 17+ 1

7+ 0.0150 18+ 1

8+ 0.0149 19+ 1

9+ 0.0145 20+ 1

10+ 0.0142 21+ 1

the neutral atom’s FY) due to the opening of mostly radiative transition
channels. This can be easily seen in Table 2. From Fel4* to Fel>* there
was an increase of 26 radiative channels compared to 18 radiationless
channels. Additionally, the charge states 15+ and above are dominated
by radiative transition channels, up to 3 times more radiative channels
than radiationless channels for charge state 21+. Although we observe
a larger number of radiative channels for charge states 15+ and above,
the FY is always smaller than 0.5. This is due to the fact that the
radiationless rates for these ions have much higher rates than the
radiative ones.

Additionally, a similar change of 0.02 (10%) in the FY is ob-
served between Fe?* and Fe®* due to the fact that the ground state
configuration for Fe III (2+) is [Ar]3d°4s! while for Fe IV (34) we
have [Ar]3d34s%, leading to an increase in the number of possible
terms and thus radiative and Auger transitions. Although the number
of both radiative and radiationless transitions are higher than their
counterpart for Fe?*, the radiative yield decreases slightly while the
radiationless yield remains fairly constant. A similar behavior is also
observed between Fe®* and Fel*.

We also present the results for the L;-, L,- and L;-shells calculated
within the same theoretical framework in Tables 4-6 respectively.

As can be seen in Tables 4-6, the calculated FY for charge states
higher than Fel4* is exactly 1 due to the lack of electrons occupy-
ing higher energy orbitals making radiationless transitions impossible.
Also, for Fe?2* there are no electrons in the 2p orbital, i.e. there is no
possible radiative (or radiationless) transitions to the L, shell, and for
Fe?l* with a configuration 1s22s%2p there are no possible transitions
with an initial hole in the L,; shell. The first interesting conclusion
one can draw, from the results of the L-subshells, is that the behavior
of the L,-subshell FY as a function of the charge state is drastically
different from the L,; subshells. At first sight, the rise of the L, and
L, FY values, from Fel?* forward, is easily explained since the number
of Auger channels decrease rapidly as the number of 3p electrons are
removed. This, however, does not explain the results for the L; subshell.
This peculiar variation of the FY is explained by a combination of
factors, which includes the weight of the L;-M,sM, s and the L;-M,s
transitions in the L; radiationless and radiative widths, respectively.
The quick rise of the L; FY from Fe5t ([Ar]3d?) to Febt ([Ar]3d?),
reflects the change in the L;-M, sM, 5 partial widths, which are 0.34 eV
and 0.05 eV for Fe>* and Fe®*, respectively (for Fe’* this partial width
is 0 since there is only one 3d electron). These partial widths should also
be compared to the total radiative and radiationless widths of Fe>* and
Feb*. For Fe>*, the L, Auger width of 57.27 eV is about two orders of
magnitude higher than the partial width of the L,-M, sM, 5 transitions,
which in turn is about twice the radiative L; width of 0.13 eV. For
Fe®* the L;-M,sM, s partial width of 0.05 eV is about two orders of
magnitude lower than the L, Auger width of 4.96 eV (similar to Fe5t),
but is almost the same as its radiative width of 0.06 eV. This means
that the L;-M,sM, 5 transition rates have a similar weight in the L,
Auger width for both charge states, but for Fe®* it features a weight,
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Fig. 2. Variation of the L,-shell fluorescence yield from neutral Fe to Fel**.

Table 5
Calculated L,-shell FY values from the MCDFGME code for the Fe isonuclear
sequence.

Charge L,-shell Charge L,-shell
State FY State FY

0+ 0.00642 11+ 0.00206
1+ 0.00661 12+ 0.00585
2+ 0.00656 13+ 0.0154
3+ 0.00685 14+ 0.0902
4+ 0.00707 15+ 1

5+ 0.00681 16+ 1

6+ 0.00579 17+ 1

7+ 0.00363 18+ 1

8+ 0.000749 19+ 1

9+ 0.00236 20+ 1

10+ 0.000786

relative to the radiative transition rates, that is much less pronounced.
In the end this will result as a much higher fluorescence yield. The
same is true going from Feb* to Fe’*, where the weight of the L,-
M, sM, 5 partial width is zero. The decrease in the FY from Fe’* to
Fel!“+ is due to the number of 2s —> 3p transitions that decreases faster
than the number of L;-XM, ; (X = L, ;, M1 and M, ;) transitions. This
apparent counterintuitive explanation seems not to represent what is
seen in the L, and L; FY, since the closing of the L,;-M, sM, s Auger
channels also start to dominate at the Fe5* jon. What changes from
the L, case is that, although the radiative width of the L, ; subshells
are very similar to the L, case, almost all of the width comes from the
2p — 3d radiative transitions, whereas for L, it comes essentially from
2s — 3p transitions. Thus, the influence of removing the 3d electrons
will change both the radiative and radiationless widths in a similar
fashion for the L, ; FY, leaving it unchanged. This is not true for the
L, FY since the radiative rate is dominated by 2s — 3p transitions but
the radiationless transitions are much more sensitive to the removal of
the 3d electrons (see Fig. 2).

For the same reasons as mentioned before, the L,- and L;-shells
FY behavior from Fel* to Fe?0t is equal to the L,-shell FY, i.e. a
radiationless yield of 0. However, for both the L,- and L;-shells the
FY maximum (excluding the cases where FY = 1) corresponds to Fel**
where the 3s orbital is completely filled (see Figs. 3 and 4). For
Fel>*, the 3s orbital only has one electron, resulting in no possible
radiationless transitions to the 2p orbital. In the case of Fel3* the 3p
orbital also has one electron resulting in an increase of radiationless
yield compared to Fel4+.

Another interesting case is the FY minimum, for Fe®*, where the
3p orbital is filled, resulting in a decrease of number of transitions
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Table 6
Calculated L,-shell FY values from the MCDFGME code for the Fe isonuclear
sequence.

Charge L;-shell Charge L;-shell
State FY State FY
0+ 0.00456 11+ 0.00587
1+ 0.00440 12+ 0.0149
2+ 0.00458 13+ 0.0587
3+ 0.00399 14+ 0.0946
4+ 0.00342 15+ 1
5+ 0.00271 16+ -
6+ 0.00211 17+ 1
7+ 0.00149 18+ 1
8+ 0.000751 19+ 1
9+ 0.00491 20+ -
10+ 0.00659
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Fig. 3. Variation of the L,-shell fluorescence yield from neutral Fe to Fel#*.
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Fig. 4. Variation of the L;-shell fluorescence yield from neutral Fe to Fe'#+.

(Table 2). Although, as explained before, both the radiative and ra-
diationless yields decrease due to the lower number of both types of
transitions, the radiative yield has a greater drop than the radiationless
yield. As expected, this is observed for both the L,- and L;-shells.
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4. Conclusion

In this work we have calculated a large set of level energies and
transition rates, both radiative and radiationless, for the Fe isonuclear
sequence. These calculations were performed using the multiconfig-
uration Dirac-Fock formalism in the monoconfiguration framework.
Since the calculated levels are obtained in the LS coupling scheme,
whereas they are calculated in the jj scheme, a small amount of electron
correlation is naturally included in all calculations. Given the enormous
amount of transitions that had to be computed in this work, around 7
million, an in-house code was built making use of standard paralleliza-
tion tools. The K- and L-shell fluorescence yields of all the Fe isonuclear
sequence were computed for the first time from first principles showing
for the K-shell that the removal of the valence electrons results in a
very small variation of the FY. For the L-shell the behavior was quite
different from the one observed in other works for Cu ions where the
average L-shell fluorescence yield was found to be very similar up to
the removal of six M-shell electrons. For the L,; FY this seems to be
the case, but not for the L; FY where a sharp rise of the FY is found
around Fe>* to Fe’* and a subsequent decrease from Fe!?* to Fel4*.
This variation is explained by the different influence of the removal of
the last three 3d electrons on the relative radiationless partial widths
when compared to the radiative widths, which change very differently
for the L, and L, ; cases due to the radiative selection rules.
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