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Abstract. We report electron impact ionisation cross sections (EICSs) of iron oxide molecules, FexOx and
FexOx+1 with x = 1, 2, 3, from the ionisation threshold to 10 keV, obtained with the Deutsch-Märk (DM)
and binary-encounter-Bethe (BEB) methods. The maxima of the EICSs range from 3.10 to 9.96×10−16 cm2

located at 59–72 eV and 5.06 to 14.32 × 10−16 cm2 located at 85–108 eV for the DM and BEB approaches,
respectively. The orbital and kinetic energies required for the BEB method are obtained by employing effec-
tive core potentials for the inner core electrons in the quantum chemical calculations. The BEB cross sections
are 1.4–1.7 times larger than the DM cross sections which can be related to the decreasing population of
the Fe 4s orbitals upon addition of oxygen atoms, together with the different methodological foundations
of the two methods. Both the DM and BEB cross sections can be fitted excellently to a simple analytical
expression used in modelling and simulation codes employed in the framework of nuclear fusion research.

1 Introduction

Plasma-wall interaction (PWI) is regarded as one of the
key issues in nuclear fusion research. In nuclear fusion
devices, such as the JET or the ITER tokamak (presently
under construction), first-wall materials are those parts
of the devices that will be directly exposed to plasma
components. In ITER, the first-wall is envisaged to be
coated with beryllium and tungsten [1]. After ITER,
in the fusion program DEMO and beyond it in indus-
trial applications of nuclear fusion, it seems likely that
the highly toxic and hence difficult to handle beryllium
will be avoided. The use of special stainless steels (i.e.
the Eurofer steel envisaged for DEMO [2,3]) for some
portions of the main wall may then come into consid-
eration. Erosion of first-wall materials is an inevitable
consequence of the impact of hydrogen and its isotopes
as main constituents of the hot plasma [4,5]. Besides the
formation of gas-phase atomic species in various charge
states, also molecular species are expected to be formed
via PWI processes. Disturbance of the fusion plasma and
unfavourable re-deposition of materials and composites
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in other areas of the vessel are expected to be some of
the undesired consequences [6–9]. Hence, detailed knowl-
edge and quantification of interactions between atoms,
molecules and the plasma as well as of the transport of
impurities is of considerable interest for modelling and
simulation of fusion plasmas [10]. Collisions of atoms
and molecules with plasma electrons are one important
class of such processes. They are mainly characterised
by the respective electron-impact ionisation cross sec-
tions (EICSs) and their knowledge is especially important
for modelling the plasma energy balance. Apart from
magnetic confinement fusion, EICS data also are quite
valuable due to the role of electron-induced reactions in
astrophysics and in a variety of other applications such as
low-temperature processing plasmas, gas discharges, and
in chemical analysis [11].

During the past few decades, a number of semi-
empirical methods that typically use electronic structure
information from quantum chemical calculations as input
have been developed in order to derive absolute EICSs
for various molecules. Their accuracy is usually in the
same range as the one of experimental data. Among those,
the most-widely used methods are the binary-encounter-
Bethe (BEB) theory of Kim et al. [12,13] and the Deutsch-
Märk (DM) formalism [14]. These methods have been
successfully applied to atoms, molecules, clusters, ions and
radicals [15].
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Concerning fusion-relevant species, EICSs were
reported earlier for beryllium [16,17], its hydrides [18],
tungsten and its oxides [19,20], beryllium-tungsten
clusters [21] and iron hydrides were also been covered
recently [22]. In this work we report calculated EICSs
using both the BEB and the DM methods for neutral iron
oxide molecules, in particular for FexOx and FexOx+1

compounds with x = 1, 2, 3. Small amounts of oxygen are
inevitably present in fusion plasma as are elements of
similar atomic weight like nitrogen and argon. Moreover,
such oxygen atoms will interact with surface iron or with
sputtered iron atoms since the formation of iron oxide
is highly exothermic. Electron impact cross sections and
EICSs for some of the considered molecules (FeO, Fe2O3

and Fe3O4) were estimated earlier [23] by applying the
additivity rule, i.e. by simply summing the respective
cross sections of the atoms constituting a molecule. This
can be seen as an upper limit for the EICSs calculated
by us which will be discussed further in Section 3.2.
Photoionisation studies [24,25] suggest that the most
prevalent neutral iron oxide clusters in the gas-phase are
of the form FexOx, FexOx+1 and FexOx+2 with the more
oxygen rich clusters being favoured for larger values of x.
Especially for small values of x < 10, the most abundant
iron clusters are suggested to be of the stoichiometry
FexOx and FexOx+1 which is why we are focusing on
these clusters in the present work. Moreover, collision
induced dissociation studies of small iron oxide cluster
cations [26] revealed that predominant decomposition
pathways are related to the loss of neutral O2 and of
FeO, FeO2, Fe2O2 and Fe2O3 fragments which makes the
latter especially interesting to study in the framework
of PWI processes. Due to the unique properties of iron
oxide nanoparticles and their applications [27–30], iron
oxide clusters, as their building blocks, were subject
to numerous theoretical studies focusing on energetic,
geometrical and magnetic properties, see e.g. references
[31–37]. While the structures reported by Jones et al.
[32] were used by us as input for structural optimisation
(Sect. 2.3), the mentioned studies allowed us also to
cross-validate our results for the obtained structural
parameters and the energetics (Sect. 3.1). Except for the
study reporting electron impact cross sections obtained
by applying the additivity rule [23] mentioned above,
neither theoretical nor experimental EICSs for iron oxide
clusters were published to the best of our knowledge.

In addition to the EICSs, we also report parame-
ters obtained by fitting the calculated cross sections to
an expression commonly used in codes modelling the
impurity transport in fusion edge plasmas such as ERO
[38–40].

2 Methods

2.1 The DM formalism

The DM formalism was originally developed as an easy-to-
use semi-empirical approach for the calculation of EICSs
of atoms in their electronic ground state from threshold to
about 100 eV [14]. In its most recent variant [15,41], the

total single EICS σ of an atom is expressed as:

σDM(u) =
∑
n,l

gnlπr
2
nlξnlb

(q)
nl (u)[ln(cnlu)/u], (1)

where rnl is the radius of maximum radial density of the
atomic sub-shell characterised by quantum numbers n and
l (as listed in column 1 in the tables of Desclaux [42])
and ξnl is the number of electrons in that sub-shell. The
sum extends over all atomic sub-shells labelled by n and
l. The gnl are weighting factors, which were originally
determined by a fitting procedure [43,44] using reliable
experimental cross section data for a few selected atoms,
for which the accuracy of the reported rate is in the range
of 7–15%. The reduced energy u is given by u = E/Enl,
where E refers to the incident energy of the electrons and
Enl denotes the ionisation energy of the sub-shell char-
acterised by n and l. The energy-dependent quantities

b
(q)
nl (u) were introduced in an effort to merge the high-

energy region of the ionisation cross section, which follows
the Born-Bethe approximation [45], with the DM formula
of the cross sections in the regime of low impact energies.

The function b
(q)
nl in equation (1) has the explicit form:

b
(q)
nl =

A1 −A2

1 + (u/A3)p
+A2. (2)

The four constants A1, A2, A3 and p were determined,
together with cnl, from reliably measured cross sections
for the various values of n and l. The superscript q refers
to the number of electrons in the (n, l)-th sub-shell and

allows the possibility to use slightly different functions b
(q)
nl

depending on the number of electrons in the respective
sub-shell. At high impact energies u goes to infinity, the

first term in equation (2) goes to zero and b
(q)
nl (u) becomes

a constant ensuring the high-energy dependence of the
cross sections predicted by the Born-Bethe theory [45,46].

The DM formalism has been extended to the calcula-
tion of EICSs of atoms in excited states, molecules and
free radicals, atomic and molecular ions, and clusters [15].
For the calculation of the EICS of a molecule, a pop-
ulation analysis [47,48] must be carried out to obtain
the weights with which the atomic orbitals of the con-
stituent atoms contribute to each occupied molecular
orbital. These weights are obtained from the coefficients
of the occupied molecular orbital after a transformation
employing the overlap matrix in order to correct for the
non-orthogonality of the atomic basis functions.

2.2 The BEB method

The BEB model [13] was derived from the binary-
encounter-dipole model [12] by replacing the df/dE term
for the continuum dipole oscillator strengths by a simpler
form. Thus, a modified form of the Mott cross section
together with the asymptotic form of the Bethe theory
describing the electron-impact ionisation of an atom was
combined into an expression for the cross section of each
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molecular orbital:

σ(t) =
S

t+ u+ 1

[
ln(t)

2

(
1 − 1

t2

)
+ 1 − 1

t
− ln(t)

t+ 1

]
, (3)

where t = T/B, u = U/B, S = 4πa20NR
2/B2, a0 denotes

the Bohr radius (0.5292 Å), R is the Rydberg energy
(13.6057 eV), and T denotes the incident electron energy.
N , B and U are the electron occupation number, the bind-
ing energy (ionisation energy), and the average kinetic
energy of the respective molecular orbital, respectively. In
the BEB model, the total cross section, similarly to the
DM method, is then obtained by summation over the cross
sections for all molecular orbitals.

The quantum chemical data needed to calculate
EICSs are normally derived from all-electron calcula-
tions. For heavy elements and molecules containing them
valence-shell-only calculations using effective-core poten-
tials (ECPs) [49] can be used. This facilitates the quantum
chemical calculations and allows the incorporation of rel-
ativistic effects. Due to the lack of inner radial nodes
of the pseudo-valence orbitals, their kinetic energies are
lower than normal and equation (3) can be used to deter-
mine the BEB cross section [50] avoiding the requirement
of introducing an additional modification in equation (3)
which became known as “acceleration correction” [51].
This combination of methods has earlier been recom-
mended over using all-electron calculations for molecules
that contain heavy atoms (with atomic number Z > 10)
[52]. In an earlier work on iron hydrogen clusters, we also
compared BEB cross sections obtained from all-electron
calculations and by employing ECPs. There as well, a bet-
ter agreement of the latter with the DM cross sections was
found [22].

2.3 Quantum chemical calculations

We used the structures obtained by Jones et al. [32] for
FexOx and FexOx+1 compounds with x = 1, 2, 3 as start-
ing geometries that were further optimised employing the
B3LYP [53] density functional in conjunction with the
Def2-TZVP basis set [54,55]. The binding energies, EBE,
of the iron oxide clusters were determined according to:

EBE(FexOy) = xE(Fe) + yE(O2)/2 − E(FexOy), (4)

where E(A) denotes the energy of compound A including
the zero-point vibrational energy.

Occupation, binding energy and average kinetic energy
for each molecular orbital as required for the calculation
of the BEB cross sections (see Sect. 2.2) were calculated
at the HF/CEP-4G level of theory using the geometries
obtained with B3LYP/Def2-TZVP. The orbital popula-
tions required for the DM formalism were derived from
HF calculations in conjunction with the minimal CEP-
4G basis set [56–58]. Orbital energies for the outermost
valence electrons were calculated with the OVGF method
and the Def2-TZVP basis set [59].

All calculations were performed with the Gaussian 09
software [60].

Fig. 1. Optimised geometries of (a) FeO (2S+1 = 5), (b) FeO2

(2S + 1 = 5), (c) Fe2O2 (2S + 1 = 9), (d) Fe2O3 (2S + 1 = 9),
(e) Fe3O3 (2S + 1 = 3), (f) Fe3O4 (2S + 1 = 11; top view) and
(g) Fe3O4 (2S + 1 = 11; side view). The structures (a)–(e) are
planar.

2.4 Analytical expression of the EICSs

We fitted the cross sections to an expression that resem-
bles the one used in the ERO code [38–40] which is used
for impurity transport simulations in fusion edge plasmas.
The fitting expression is given by:

σ(E) =
(a1
E

)[
1 − Et

E

]a2

×
[
ln

(
E

Et

)
+ a3 + a4

(
Et

E

)]
. (5)

Here the cross section σ is expressed in 10−16 cm2, the
incident electron energy E and the threshold energy (first
ionisation energy) Et are both expressed in eV, and the
fit parameter a1 is expressed in 10−16 cm2 eV. The fit
parameters a2, a3 and a4 are dimensionless.

3 Results

3.1 Structures and energetics

The structures obtained for the considered iron oxide
molecules are shown in Figure 1. They correspond to
the spin configurations for which the lowest energy was
obtained, i.e. the multiplicities 2S + 1 = 5, 5, 9, 9, 3
and 11 for FeO, FeO2, Fe2O2, Fe2O3, Fe3O3 and Fe3O4,
respectively. Several spin configurations yielding a multi-
plicity 2S + 1 lower and higher than the indicated ones
were used during optimisation, but we restrict our follow-
ing analyses to the obtained lowest energy configurations.
The relative energies of the several spin configurations
tested are supplied in the supporting information accom-
panying this article and provided online. It is known
that the relative energies of spin configurations and even
their order are rather sensitive to the employed method
[61], hence we refrain from discussing them further here.
Note that all structures up to Fe3O3 yield (nearly) pla-
nar geometries. The complete set of structural parameters

https://epjd.epj.org/
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Table 1. Binding energies, atomisation energies and incremental oxygen binding energies in FexOx+1 (compared to
FexOx) of the iron oxide molecules considered in this work. The atomisation energies and binding energies of additional
oxygen atoms determined by Jones et al. [32] are given in parenthesis for comparison.

Molecule 2S + 1 Binding energy (eV) Atomisation energy (eV) Binding energy of additional O (eV)

FeO 5 2.11 4.75 (5.53) –
FeO2 5 3.26 8.53 (10.53) 3.78 (5.00)
Fe2O2 9 6.99 12.25 (14.46) –
Fe2O3 9 8.82 16.72 (19.62) 4.47 (5.16)
Fe3O3 3 11.07 18.97 (24.61) –
Fe3O4 11 14.90 25.43 (28.23) 6.46 (4.62)

Table 2. Maxima of the obtained DM and BEB cross sections, σmax, and their locations, Emax, with respect to
electron impact energy as well as the ionisation energies, IE, of the iron oxide molecules.

Molecule IE (eV) DM BEB
σmax (10−16 cm2) Emax (eV) σmax (10−16 cm2) Emax (eV)

FeO 8.53 3.10 59 5.06 85
FeO2 8.88 3.95 72 5.96 96.5
Fe2O2 6.21 5.95 62 9.98 85.5
Fe2O3 10.29 7.16 65 10.45 104
Fe3O3 8.45 8.79 62 12.85 108
Fe3O4 11.66 9.96 65 14.32 108

such as bond lengths and bond angles is given in the
supporting material provided online and some of them
are discussed in the following. For the FeO molecule, we
obtain a bond length of 1.608 Å in good agreement with
the experimental value of 1.616 Å [62] and earlier theoret-
ical investigations yielding 1.609–1.643 Å [34], 1.61 Å [32],
1.63 Å [31], 1.60–1.63 Å [37]. For FeO2 we obtain a bond
length of 1.603 Å and a bond angle of 118.3◦. Whereas the
former yields again good agreement with earlier theoret-
ically obtained values, i.e. 1.62 Å [32] and 1.60 Å [61], in
reference [61] a significantly larger bond angle of 138.1◦

has been reported. However, the latter was obtained for
a spin-triplet configuration employing GGA exchange and
correlation functionals which may give rise to this discrep-
ancy since bond angles are usually also more sensitive to
the used methodology than bond lengths. The C2v sym-
metry of the obtained FeO2 ground state is, however, in
accordance with the literature [31,32,61]. Concerning the
Fe2O2 molecule we get a regular tetragonal structure with
one Fe–O bond length of 1.85 Å. Earlier investigations
yield also such regular configurations with slightly smaller
Fe–O bond lengths of 1.81 Å [32] and 1.79 Å [37]. Whereas
Ju et al. [37] obtained a spin-septet ground state, the low-
est energy spin configuration obtained by Jones et al. [32]
was a spin-singlet and in our case the ground state corre-
sponds to 2S + 1 = 9. This is another indication of how
sensitive the interplay is between the chosen method and
the spin configuration. For the larger molecules we note
again good agreement in terms of bond lengths compared
to the results of reference [32] as well as concerning the
planarity of the obtained ground state structures up to
Fe3O4 [32,36,37].

The binding energies determined using equation (4)
and the atomisation energies for the considered ground
state molecules are given in Table 1. Both include the

zero-point energy correction. We include also the atomi-
sation energies obtained by Jones et al. [32] in Table 1 for
comparison. It can be noted that the trend of increasing
atomisation energy over the range of considered molecules
from the smallest to the largest is conserved. The incre-
mental binding energies of additional oxygen atoms, i.e.
the energy difference between FexOx+1 and FexOx, are
also included in Table 1.

3.2 Electron impact ionisation cross sections

In Table 2, we provide the maxima of the calculated
cross sections and their locations with respect to elec-
tron impact energy as well as the ionisation energies.
The parameters obtained by fitting equation (5) to the
respective cross sections are supplied in Table 3. In the
supporting information, tabulated data for the DM and
BEB cross sections are also included. Figure 2 shows the
various cross sections and fitted functions.

The ionisation energy obtained for FeO (8.53 eV) is
in excellent agreement with the experimental value of
8.56 eV [63]. Also the ionisation energy obtained for FeO2

(8.88 eV) is in fair agreement with the experimental one,
i.e. 9.5 ± 0.5 eV [64].

The maxima of the obtained EICSs range from 3.10
to 9.96 × 10−16 cm2 located at 59–72 eV and 5.06 to
14.32× 10−16 cm2 located at 85–108 eV for DM and BEB,
respectively, increasing smoothly for increasing size of
the considered molecules. We note that for both, DM
and BEB, the magnitude of the cross section maxima
for FexOx with x = 1, 2, 3 varies roughly linearly with
x, see Table 2, which is in line with the approximate
validity of the additivity rule used earlier to estimate
the EICSs of polyatomic molecules by summing up the
atomic cross section [23]. However, we see also that the

https://epjd.epj.org/
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Table 3. Fit parameters using equation (5) to model the DM and BEB cross sections.

Method Parameter FeO FeO2 Fe2O2 Fe2O3 Fe3O3 Fe3O4

DM

a1 (10−16 cm2 eV) 179.4 230.5 375.7 403.9 543.7 592.2
a2 5.627 3.93 4.055 4.656 6.271 3.783
a3 −0.3345 −0.02724 −0.9263 0.09559 −0.4229 0.03265
a4 5.747 −0.00994 1.09 3.905 6.762 3.032

BEB

a1 (10−16 cm2 eV) 550.7 647.1 1037 1275 1636 1832
a2 4.106 4.642 6.139 3.883 5.647 3.251
a3 −1.415 −1.255 −1.614 −1.299 −1.502 −1.257
a4 3.284 2.893 4.233 2.726 3.899 2.424

1
2

3
4

5
6
7

DM
BEB
lit.

2
4

6
8

10
12
14

σ
 (

1
0

-1
6
 c

m
2
)

10 10
2

10
3

0

5

10

15

10 10
2

10
3

10
4

e
-
 impact energy (eV)

FeO FeO
2

Fe
2
O

3

Fe
3
O

4

Fe
2
O

2

Fe
3
O

3

Fig. 2. DM (black circles) and BEB (red squares) EICSs
obtained for the considered iron oxide molecules. The analyt-
ical fit functions obtained using equation (5) are also shown
(solid lines). Estimates of the respective cross sections for FeO,
Fe2O3 and Fe3O4 obtained in reference [23] using the additivity
rule are also included for comparison (blue filled diamonds).

resulting cross sections for FexOx with x = 1, 2, 3 are con-
sistently smaller than what would be obtained by simply
scaling the cross section of FeO with x. This indicates the
decrease of the respective cross section due to the more
compact electronic distribution upon chemical bonding as
the molecules get bigger. This is also in line with the find-
ing that the estimates for the cross sections of FeO, Fe2O3

and Fe3O4 obtained from applying the additivity rule in
reference [23] are larger than the DM and BEB cross sec-
tions obtained in this work, see Figure 2. We note that
as early as 1997, a method has been suggested yielding
a modified additivity rule to actually take into account
the reduction of the molecular ionisation cross section due
to molecular binding [65]. It has, however, not yet been
applied to iron oxides. In the higher energy region (beyond
the maxima) the BEB EICSs and the cross sections deter-
mined via the additivity rule cross each other which is

Table 4. Ratios between the cross section maxima
obtained with the DM and BEB methods, i.e. R =
σBEB
max /σ

DM
max, and average Mulliken population, P , of the

Fe 4s orbitals in the iron oxides under consideration.

x FexOx FexOx+1

R P R P

1 1.63 0.56 1.51 0.42
2 1.68 0.53 1.46 0.41
3 1.46 0.50 1.44 0.40

actually an indication that the BEB cross sections are too
large at elevated energies. The DM cross sections remain
lower at all energies but, in contrast to BEB, appear to
be distinctly too low especially at energies far beyond the
maxima since in this region the discrepancies between the
three approaches should actually become smaller.

The BEB cross sections are generally significantly larger
(and their maxima are shifted to higher electron impact
energies) than the DM cross sections – ranging from a fac-
tor of 1.7 in case of Fe2O2 down to 1.4 in case of Fe3O4

– which is in line with a study on iron hydrogen clusters
EICSs [22] in which also discrepancies between those two
methods were obtained which were larger than previously
assumed to be the norm. We note that there have been
cases reported in which the DM method resulted in cross
sections which were significantly smaller and also showed a
faster decrease beyond the maximum than it was the case
for cross sections obtained using other methods or exper-
imental ones [66–68]. In reference [22] the discrepancy
between DM and BEB cross sections was related to the
different methodological foundations of the methods, and
especially to the explicit inclusion of geometric parame-
ters in terms of the radius of maximum radial density of
atomic subshells (see also Sect. 2.1) in the DM approach.
It was found that the 4s electrons led to the by far most
dominant contribution to the EICS of atomic Fe and as the
population of this atomic orbital decreased with increasing
number of hydrogen atoms in the iron hydrogen cluster,
the discrepancies for the resulting EICSs between DM and
BEB decreased also [22]. Hence, we also investigated how
the addition of oxygen affects the population of Fe 4s
orbital in the considered FexOx molecules. In Table 4,
we supply the discrepancies between DM and BEB deter-
mined as the ratios between cross section maxima and the
populations of the Fe 4s orbital divided by the number

https://epjd.epj.org/
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of iron atoms contained in the molecule (for atomic iron
this quantity would be 2). Indeed, the depopulation of
the Fe 4s orbital observed for the FexOx+1 molecules when
compared to FexOx correlates with the decreasing discrep-
ancy between the methods when increasing the number of
oxygen atoms in the respective molecule. The substantial
depopulation of the Fe 4s orbital in the oxides compared to
atomic iron may underlie also the fact that the DM cross
sections for FeO and FeO2 are smaller than the EICS of
atomic iron [69], although the ionisation thresholds are
not much different (7.92 eV for atomic iron [70], 8.53 eV
and 8.88 eV for FeO and FeO2, respectively). The EICSs of
FeO and FeO2 have maxima of 3.10 × 10−16 cm2 at 59 eV
and of 3.95 × 10−16 cm2 at 72 eV, respectively, while the
maximum of the Fe EICS was experimentally found to be
4.08 × 10−16 cm2 at 35 eV [69]. Analogous findings have
been obtained for small iron hydrogen clusters [22]. Over-
all, our results are in line with the interpretation given
for this discrepancy in reference [22]. However, this does
not explain why the discrepancies found in iron contain-
ing compounds are actually that large since discrepancies
between the results of different numerical methods as
well as between calculations and experiments turned out
be mostly within at least 50% in the past [13,15,44]. In
addition to the study on iron hydrogen clusters [22], an
exception to this finding has also been noted for atomic
tungsten yielding a discrepancy between the methods of
about a factor of two [71]. This could actually be an indi-
cation that discrepancies between these two methods are
enhanced by the inclusion of heavy elements in the studied
compounds. Anyway, this calls also for the experimental
study of EICSs of fusion-relevant compounds in order to
clarify how good the DM and BEB methods work for these
and which of the two methods delivers the more accu-
rate estimates. Most fusion relevant molecular species are
unusual compounds in the sense of conventional synthetic
and analytical chemistry which makes the experimental
investigation of them on the one hand a challenging task.
On the other hand, however, this is exactly the reason why
validation of the DM and BEB methods via comparison
with experimental data at least for some of the molecules
would be highly appreciable in order to yield an empiri-
cal measure for the utility of the methods for molecules
which are difficult to investigate experimentally. In the
absence of such experimental data we cannot safely judge
either DM or BEB as the more accurate method, but from
overall experience would rather expect experimental cross
sections somewhere in between them. This argument is
supported by a comparison of BEB and DM EICSs and
cross sections obtained via the additivity rule [23] as in the
discussion of Figure 2 with a slight favour towards BEB
at least in the high energy region.

4 Conclusion

We calculated EICSs of iron oxide molecules, FexOx and
FexOx+1 with x = 1, 2, 3, from the ionisation threshold
to 10 keV using the DM and the BEB methods using
effective core potentials for the inner core electrons in
the quantum chemical calculations necessary to obtain

the orbital and kinetic energies required for the BEB
approach. The maxima of the cross sections range from
3.10 to 9.96 × 10−16 cm2 located at 59–72 eV and 5.06 to
14.32× 10−16 cm2 located at 85–108 eV for DM and BEB,
respectively. The BEB cross sections are 1.4–1.7 times
larger than the DM cross sections which could be related
to the decreasing population of Fe 4s orbitals upon addi-
tion of oxygen. However, experimental data on EICSs of
such molecular compounds are still missing. They would
be highly appreciated in order to base the assessment of
the calculated cross sections on empirical foundations. We
assume that results from both approaches at least give
good estimates of the true cross section. Both the DM
and BEB EICSs were fitted against a simple analytical
expression used in modelling and simulation codes in the
framework of nuclear fusion research.
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