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Abstract
Understanding electron-impact ionization of oxygen is crucial because of its abundance and key role
in influencing plasma dynamics in both cosmic and laboratory environments. This work examines the
single ionization from energy levels of the ground configuration of atomic oxygen. The direct
ionization (DI) and excitation-autoionization (EA) processes are examined for the 2s and 2p subshells
of the ground configuration. The scaled distortedwave (sDW) cross sections, calculated using the
experimental ionization threshold, show a good agreement withmeasurements. Additionally, the
sDWresults closely follow those obtained using the binary encounter Bethemodel. A comparison of
theDI 2s and 2p cross sections, previously calculated using the B-spline R-matrix-with-pseudostates
(BSR)method, to the sDWdata reveals similar peak values, except for the 1S0 level, where the BSR
calculations predict∼15%higher contribution for theDI 2p channel relative to the sDWdata. For the
EAprocess, the sDWcross sections exceed the BSR calculations by approximately a factor of two. For
spin-forbidden transitions, p P p s S2 2 34 3 3 5 and p P p p P2 2 34 3 3 5 , the sDWcross sections are
slightly lower than those predicted by the BSRmethod. Thesefindings highlight reliability of the sDW
method for oxygen ionizationmodeling and suggest correlation effectsmay explain discrepancies with
BSR.

1. Introduction

Oxygen, as one of themost abundant elements in the universe, plays an important role in the physical and
chemical processes that shape the evolution of cosmic systems [1–5]. Oxygen is often present as a component of
low-temperature and high-temperature plasmas, such as those found in fusion research [6, 7], electric arc
discharges [8], and plasma processing [9].

To accuratelymodel and predict plasma behavior, wemust have reliable data on ionization and
recombination rates, as these processes influencemotion and distribution of charged particles. These processes
play a key role in determining the accuracy of transportmodels and the resulting emission power spectrum
predictions. By thoroughly understanding and accurately representing atomic collisions, we can gain deeper
insights into the behavior of oxygen under different plasma conditions.

Purpose of the this paper is to study electron-impact single ionization cross sections from energy levels of the
ground configuration of the oxygen atom. The scaled distortedwave (sDW) approximation [10–12] is employed
to determine contribution of the direct and indirect ionization processes. Excitations from the ground
configurationwith subsequent autoionization are analyzed for the indirect process. A detailed comparisonwith
previous calculations [13–15] and experimental data [16–18] is provided.

Previously, the crossed-beams approachwas implemented to obtain ionization cross sections for theO atom
[19, 20]. The absolute crossed-beamsmethod using a fast atombeamwas applied by Brook et al [16]. Zipf [17]
presented the experimental ionization cross sections from40 to 300 eV. These results were normalized in the
100–300 eV energy range tofit data fromFite and Brackman [19] andBrook et al [16]. Later, the electron-impact
ionization for the oxygen atomwas examined using a pulsed crossed beam technique incorporating time-of-
flight spectroscopy byThompson et al [18]. Their results were normalized to the higher energy values of Brook
et al [16].

OPEN ACCESS

RECEIVED

3March 2025

REVISED

13May 2025

ACCEPTED FOR PUBLICATION

3 June 2025

PUBLISHED

13 June 2025

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2025TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/1402-4896/ade016
https://orcid.org/0000-0002-5035-6270
https://orcid.org/0000-0002-5035-6270
mailto:valdas.jonauskas@tfai.vu.lt
https://crossmark.crossref.org/dialog/?doi=10.1088/1402-4896/ade016&domain=pdf&date_stamp=2025-06-13
https://crossmark.crossref.org/dialog/?doi=10.1088/1402-4896/ade016&domain=pdf&date_stamp=2025-06-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Single ionization cross sections were previously calculated using binary encounter Bethe (BEB)model [13],
momentum-space coupled-channels-optical (CCO) [14], and B-spline R-matrix-with-pseudostates (BSR)
approaches [15]. Good agreementwithmeasurements was demonstrated in these calculations. However, the
CCOandBSRdatawere presented up to 300 eV and 200 eV, respectively.

In the next section, we describe the theoreticalmethods used in this paper. Section 3 then presents our
results, and in section 4, we summarize thework.

2. Theoretical approach

Cross sections for electron-impact single ionization of theO atomhave been investigated using theDirac-Fock-
Slater (DFS) aproximation implemented in Flexible atomic code (FAC) [21]. Direct ionization (DI),

( )e e eO O , 1+  + +- + - -

and excitation autoionization (EA), which is a two-step process,

( )e e eO O O , 2+   + +- + - -*

are independently estimated.Here, O* represents excited autoionizing states of the atom. The excited
autoionizing states can decay throughAuger and radiative transitions [11]. The radiative decay reduces the
population transferred to the states of theO+ ion. FAC [21] is used here to calculate the radiative andAuger
transition probabilities.

Excited autoionizing states of the oxygen atom can be reached through the dielectronic capture when
negative ion of oxygen is formed.However, contribution from the dielectronic capture followed by double
autoionization to the single ionization is oftenmuch smaller compared to theDI and EAprocesses and,
therefore, are not considered in this work. The same can be said about the simultaneous ionization-excitation
process [22].

The distortedwave (DW) excitation cross sections from initial level i to thefinal level f are given by [21]:
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where ki is the kineticmomentumof the incident electron,Ki (Kf) is the initial (final) configuration, γ is
multielectron quantumnumbers of the configuration, Ji (Jf) is the total angularmomentumquantumnumber of
the initial (final) configuration, òi ji (òf jf) is the energy and angularmomentumof the impacting (scattered)
electron, J is the total angularmomentumproduced by coupling of the target wave function to the continuum
angularmomentumof the electron andM is the projection of the total angularmomentum. It should be noted
that, in the case of ionization, the bound electron is replaced by the ejected electron in the final configuration of
equation (3). The summation is then performed over all angularmomenta of the newwave function and the
ejected electron.

TheDWapproximation often provides higher ionization cross sections compared tomeasurements for
neutral atoms andnear neutral ions. The sDWcross sections [10–12] are used here to analyze the ionization
process in the oxygen atom.

Study ofDI for the ground configuration of theO atom includes 2s and 2p subshells:
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s p

s p
eHe 2 2 He

2 2

2 2
2 . 42 4

2 3

4
+  +- -⎧

⎨⎩

Here, [He]means aHe-like electron structure, i. e. 1s orbital is fully occupied. The ionization of the 1s subshell
subsequently leads to states of theO2+ ion and, therefore, is not important in the single ionization study.

Excitations from the 2s and 2p subshells to autoionizing configurations are analyzed for thefirst step of the
EAprocess:

[ ] [ ] ( )s p e
s p nl

s p nl
eHe 2 2 He

2 2

2 2
, 52 4

4

2 3+  +- -⎧
⎨
⎩

where n� 10, l� 4, l< n. The excitations to the higher orbital quantumnumbers (l> 4) provide a negligible
contribution to the single ionization cross sections for the oxygen atom. This study of the EAprocess includes
the outermost subshell of the ground configuration since it was previously demonstrated that these excitations
are often important explainingmeasurements [23–25].
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3. Results

Electron-impact single ionization cross sections for energy levels of the ground configuration of theO atom are
calculated using theDWapproximation (figure 1). This demonstrates that theDWapproximation
overestimates experimental values [16–18] at peaks approximately by a factor of two for the ground energy level.
What ismore, the theoretical peak is shifted to the lower energy side by∼40 eV compared to the experimental
one. The sDWcross sections showmuch better agreement withmeasurements, however, the difference of
∼20% is still obtained in this case. Therefore, the study of the cross sections is extended by incorporating values
of the energy levels (table 1) and ionization threshold (13.618 eV) recommended by theNational Institute of
Standards andTechnology (NIST) [26]. In this case, a quite good agreement of the theoretical cross sections with
themeasurements [16–18] is obtained. It should be noted that there is a discrepancy for the energy levels
between theNIST andDFS data (table 1). This can be explained by the correlation effects that are absent when
the single configurationmethod is employed.More elaboratemethods are needed to account for correlation
effects.

The total ionization cross sections from energy levels of the ground configuration are presented infigure 2
and table 2.Only the 3P2 level is shown for the

3P term infigure 2 since all three energy levels of the termhave the
cross sections which are in close agreementwith each other. The single ionization cross sections of the 1D2 and
1S0 levels are above the cross sections of the ground energy level by∼10%and∼20%at peaks, respectively. It
should be noted that the cross sections corresponding to the ionization from the two highest energy levels of the
ground configuration exhibit prominent increases at lower energies of the impacting electron. These structures
arise due to excitations from the 2p subshell.

Figure 1. Ionization cross sections for the ground energy level of theO atom. sDW1 - results obtained using theoretical ionization
threshold, sDW2 - data produced using theNIST ionization threshold. Experiment: Brook et al [16], Zipf [17], Thompson et al [18].

Table 1.Comparison of theoretical (DFS) andNIST
energy levels for the ground 2s22p4 configuration of
theO atom.

Index Term J NIST DFS

0 3P 2 0.0000 0.0000

1 1 0.0196 0.0170

2 0 0.0281 0.0243

3 1D 2 1.9674 2.0896

4 1S 0 4.1897 5.2150
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Figure 2. Ionization cross sections for the energy levels of the ground configuration of theO atom. sDWdata are produced using the
NIST ionization threshold and corresponding energy levels. Experiment: Brook et al [16], Zipf [17], Thompson et al [18].

Table 2.Electron-impact ionization cross sections (in 10−20 cm2) for energy levels
for the ground 2s22p4 configuration of theO atom. ε - electron energy in eV,
a± b= a× 10±b.

ε 3P2
3P1

3P0
1D2

1S0

9 0.000+0 0.000+0 0.000+0 0.000+0 1.264-1

10 0.000+0 0.000+0 0.000+0 0.000+0 4.061+2

11 0.000+0 0.000+0 0.000+0 0.000+0 1.591+3

12 0.000+0 0.000+0 0.000+0 6.184+1 4.780+3

13 0.000+0 0.000+0 0.000+0 1.109+3 6.265+3

14 6.598+1 6.637+1 6.285+1 2.533+3 6.318+3

15 6.427+2 6.355+2 6.337+2 3.025+3 6.563+3

20 3.831+3 3.904+3 3.974+3 4.711+3 7.532+3

30 7.224+3 7.329+3 7.424+3 8.298+3 1.181+4

50 1.194+4 1.209+4 1.221+4 1.351+4 1.657+4

60 1.325+4 1.340+4 1.353+4 1.484+4 1.762+4

70 1.409+4 1.425+4 1.438+4 1.567+4 1.822+4

80 1.460+4 1.476+4 1.489+4 1.616+4 1.848+4

90 1.488+4 1.504+4 1.518+4 1.641+4 1.854+4

100 1.500+4 1.516+4 1.529+4 1.649+4 1.844+4

110 1.500+4 1.516+4 1.530+4 1.645+4 1.825+4

120 1.491+4 1.507+4 1.520+4 1.631+4 1.799+4

150 1.439+4 1.454+4 1.466+4 1.566+4 1.706+4

200 1.323+4 1.336+4 1.348+4 1.433+4 1.542+4

250 1.212+4 1.223+4 1.234+4 1.309+4 1.398+4

300 1.115+4 1.125+4 1.135+4 1.201+4 1.277+4

350 1.034+4 1.044+4 1.053+4 1.113+4 1.179+4

400 9.565+3 9.658+3 9.739+3 1.028+4 1.086+4

500 8.396+3 8.475+3 8.546+3 9.024+3 9.497+3

700 6.726+3 6.789+3 6.847+3 7.216+3 7.558+3

1000 5.203+3 5.250+3 5.294+3 5.563+3 5.796+3

2000 3.103+3 3.131+3 3.157+3 3.305+3 3.431+3

5000 1.412+3 1.422+3 1.430+3 1.475+3 1.515+3

10000 7.616+2 7.655+2 7.689+2 7.845+2 8.033+2

20000 5.545+2 5.571+2 5.593+2 5.689+2 5.821+2

40000 3.485+2 3.499+2 3.509+2 3.545+2 3.620+2
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Tables 3 and 4 present EA channels corresponding to excitations from the 2s and 2p subshells, respectively.
The strongest excitations to subshells with the same principal quantumnumber correspond to transitionswhere
the orbital quantumnumber remains unchanged (Δl= 0). Previous studies have shown that the excitations up
to shells with a principal quantumnumber n≈ 20must be analyzed to ensure convergence of the EA channels
[27, 28]. However, there is no need to take such high excitations into account for the oxygen atom. The 2s→ 2p
excitation contributes∼90% to the total EA cross sections from the 2s subshell. The second strongest EA channel
corresponds to the 2s→ 3s excitation (∼5%at peak) (table 3). The strongest EA channel corresponding to the
excitations from the 2p subshell arises from the transition to the 3p subshell (table 4). As it can be seen from
tables 3 and 4, the convergence of the EApartial cross sections involving single electron excitations from the 2p
shell aremuch slower than those of associatedwith the single electron excitations from the 2s subshell.

The total EA cross sections produced by excitations from the 2s subshell are∼50%higher compared to the
those from the 2p subshell for the energy levels of the 3P term (tables 3 and 4). On the other hand, the EA cross
sections for the excitations from the 2p subshell for the 1D2 and

1S0 levels of the ground configuration result in
higher peak values by∼30%and∼100%, respectively, compared to the excitations from the 2s subshell.

Electron impact ionization cross sections of oxygen atomwere previously calculatedwithin the BEB [13],
CCO [14], andBSR [15]methods. Our present sDWresults alongwith the previously published results are
comparedwith themeasurements [16–18] (without error bars) infigure 3. The BSR-1116 results represent
calculations obtained using the close-coupling expansion that includes 1116 states of the oxygen atom. It is
interesting that the sDWdata show a good agreement with the BEB calculations. TheCCOandBSR-1116 data
are below the sDWandBEB results at peaks.What ismore, the peak of theCCOcross sections is shifted to the
lower energy side from the experimental and other theoretical peaks.

The sDWcross sections corresponding to theDI and EA channels are compared to the BSR-1116
calculations [15] for the 3P2,

1D2, and
1S0 energy levels of the ground configuration in figures 4–6. Surprisingly,

Table 3.Maximumvalues of the EA cross sectionsσi (in 10
−20 cm2) corresponding to the 2s→ nl (n� 10,

l� 4) excitations from the level i of the ground configuration (table 1) to all autoionizing levels of the
excited configurations. In addition,minimumandmaximumDFS energies (in eV) for levels of
configurations produced by the excitations from the 2s subshell are presented. Energies are shown relative
to the ground energy level. Only the strongest channels (σi> 10−23 cm2) are presented.

nl E min E max σ0 σ1 σ2 σ3 σ4

2p 17.07 25.31 2140.032 2245.709 2348.901 2105.143 2374.804

3s 23.14 35.94 177.716 177.949 177.139 175.527 168.784

3p 24.58 38.09 39.853 40.258 40.656 51.311 49.133

3d 25.97 38.42 6.750 6.759 6.727 6.616 6.381

4s 25.59 38.06 37.960 38.010 37.842 37.566 36.207

4p 26.07 38.76 12.805 12.845 12.847 16.071 15.475

4d 26.70 39.12 3.632 3.637 3.620 3.561 3.437

4f 26.54 38.92 0.042 0.042 0.042 0.041 0.038

5s 26.41 38.82 14.276 14.296 14.230 14.129 13.627

5p 26.57 39.07 5.813 5.821 5.792 7.241 6.959

5d 26.81 39.21 2.044 2.047 2.038 2.007 1.934

5f 26.84 39.23 0.034 0.034 0.034 0.034 0.031

6s 26.78 39.18 6.912 6.921 6.891 6.846 6.605

6p 26.86 39.30 3.108 3.113 3.092 3.694 3.552

6d 26.97 39.36 1.234 1.235 1.230 1.211 1.167

6f 27.01 39.40 0.024 0.024 0.024 0.024 0.022

7s 26.98 39.37 3.873 3.879 3.861 3.835 3.701

7p 27.02 39.43 1.782 1.816 1.757 2.196 2.113

7d 27.08 39.47 0.795 0.796 0.792 0.780 0.752

7f 27.11 39.50 0.017 0.017 0.017 0.017 0.015

8s 27.09 39.48 2.388 2.392 2.380 2.365 2.282

8p 27.12 39.52 1.134 1.137 1.129 1.409 1.357

8d 27.16 39.54 0.540 0.540 0.538 0.530 0.510

8f 27.18 39.56 0.012 0.012 0.012 0.012 0.011

9s 27.16 39.55 1.576 1.579 1.571 1.562 1.507

9p 27.18 39.58 0.771 0.773 0.768 0.957 0.922

9d 27.21 39.59 0.382 0.383 0.381 0.376 0.362

9f 27.22 39.61 0.009 0.009 0.009 0.009 0.008

10s 27.21 39.60 1.095 1.097 1.091 1.085 1.047

10p 27.22 39.62 0.547 0.549 0.546 0.679 0.655

10d 27.24 39.63 0.281 0.281 0.280 0.276 0.265

10f 27.25 39.64 0.006 0.006 0.007 0.007 0.006
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theDI 2s andDI 2p channels show a good agreementwith the BSR-1116 data for the 3P2 and
1D2 energy levels at

peaks. For the highest energy level (figure 6), the sDWDI 2p channel is below the BSR-1116 calculations by
∼15%at the peak.What is interesting, the cross sections fromBSR show a strong increase starting at∼11 eV,
while the sDWdata appear at∼15 eV. Therefore, the sDWcross sections corresponding to transitions from the
1S0 level to the levels (

4S3/2,
2D5/2,3/2,

2P1/2,3/2) of the 2p
3 configuration are analyzed inmore detail. The cross

sections from the 1S0 level to the levels of the 2p
3 configuration differ by six orders ofmagnitude. Theweakest

transition (∼10−23 cm2) occurs to the 4S3/2 energy level, which is the lowest one, of the 2p
3 configuration. There

is no 1S0→
2D5/2 transition presented in the output of FAC. The cross sections at peak for

1S0→
2D3/2 reach over

∼4 · 10−21 cm
2
. The 1S0→

2P1/2,3/2 transitionswith threshold of∼15 eV are the strongest ones for theDI 2p
channel (∼10−17 cm2). Therefore, it can be deduced that the BSR-1116 ionization cross sections from the 1S0
level to the lowest levels of the 2p3 configuration aremuch stronger compared to the sDWdata. The reasonwhy
DI cross section of the [He] 2p3 (3P2) level calculated by the BSR is larger than our sDWresults over a large energy
range starting from the threshold is not clear.

It should be noted that the BSR-1116 data show a similar contribution from the EAprocess to the total
ionization cross sections at peaks (∼2 · 10−17 cm2) for all levels of the ground configuration (figures 4–6). The
contributions from the indirect process to the total cross sections of the levels 3P2,

1D2, and
1S0 within the sDW

approximation at the peak energies are∼3 · 10−17 cm2,∼4 · 10−17 cm2, and∼5 · 10s−17 cm2, respectively. Higher
contributions of the EA channels for the higher levels compared to the lower levels of the ground configuration
were also obtained for other ions using the sDWapproximation [12, 25]. Reason for the disagreement between

Table 4.Maximumvalues of the EA cross sectionsσi (in 10
−20 cm2) corresponding to the 2p→ nl

(n� 10, l� 4) excitations from the level i of the ground configuration (table 1) to all autoionizing
levels of the excited configurations. In addition,minimumandmaximumDFS energies (in eV) for
levels of configurations produced by the excitations from the 2p subshell are presented. Energies are
shown relative to the ground energy level. Only the strongest channels (σi> 10−23 cm2) are presented.

nl Emin Emax σ0 σ1 σ2 σ3 σ4

3p 9.50 16.13 586.178 602.211 612.024 877.106 2627.506

3d 10.79 16.08 276.630 273.137 282.566 525.239 569.175

4s 10.39 15.75 18.993 15.026 34.000 45.172 238.339

4p 10.91 16.59 393.602 389.846 400.673 677.741 740.250

4d 11.50 16.79 131.472 129.969 134.239 245.924 265.710

4f 11.35 16.61 2.124 2.177 2.289 4.805 6.423

5s 11.21 16.51 33.781 32.915 41.334 83.154 77.521

5p 11.38 16.82 162.448 160.905 165.524 287.966 317.165

5d 11.65 16.93 70.298 69.394 71.972 132.141 142.255

5f 11.65 16.92 1.721 1.749 1.828 3.874 5.170

5g 11.65 16.91 0.023 0.026 0.028 0.065 0.083

6s 11.59 16.86 15.820 15.230 18.595 37.736 34.221

6p 11.67 17.02 83.102 82.305 84.687 148.789 164.453

6d 11.78 17.05 41.476 40.754 42.347 77.791 83.929

6f 11.82 17.08 1.166 1.206 1.270 2.644 3.613

6g 11.82 17.08 0.026 0.032 0.036 0.075 0.103

7s 11.78 17.05 8.917 8.457 10.050 20.460 18.295

7p 11.83 17.14 47.315 47.156 48.868 84.944 96.148

7d 11.89 17.16 26.267 25.729 26.818 49.139 53.010

7f 11.92 17.18 0.777 0.815 0.865 1.788 2.515

7g 11.92 17.18 0.021 0.037 0.042 0.067 0.093

8s 11.90 17.16 5.543 5.204 6.076 12.382 10.993

8p 11.92 17.22 29.990 29.676 30.529 53.748 60.342

8d 11.96 17.23 17.648 17.210 18.018 32.959 35.548

8f 11.98 17.25 0.552 0.567 0.603 1.254 1.718

8g 11.98 17.25 0.016 0.019 0.021 0.045 0.071

9s 11.97 17.24 3.681 3.434 3.964 8.079 7.145

9p 11.99 17.27 20.223 20.001 20.572 36.286 39.795

9d 12.01 17.28 12.416 12.029 12.677 23.162 24.974

9f 12.03 17.29 0.405 0.416 0.436 0.909 1.225

9g 12.03 17.29 0.013 0.015 0.016 0.034 0.054

10s 12.02 17.28 2.569 2.385 2.733 5.571 4.917

10p 12.03 17.31 14.301 14.133 14.530 25.666 28.178

10d 12.05 17.32 9.065 8.776 9.252 16.898 18.219

10f 12.06 17.32 0.304 0.312 0.327 0.677 0.898

10g 12.06 17.32 0.010 0.012 0.013 0.027 0.043
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the BSR-1116 and sDWresults can be attributed to the correlation effects that aremissing in the current work.
The BSR-1116 calculations include inner-core or short-range correlation effects by considering configuration
interaction expansions for the 2s22p3 and 2s2p4 ionic states. These expansions involve all single and double
excitations from the 2s and 2p orbitals to the 3l and 4l (l= 0− 3) correlated orbitals [15]. However, additional
studies using differentmethods are needed to resolve this issue.

The shoulder-like structures seen on the lower energy side of our total sDW ionization cross sections
(figure 2) are not seen in the BSR results. These structures are formed by excitations from the 2p subshell and is

Figure 3. Ionization cross sections for the ground energy level of theO atom. sDWdata are produced using theNIST ionization
threshold. Experiment: Brook et al [16], Zipf [17], Thompson et al [18].

Figure 4.DI and EA cross sections for the ground energy level of theO atom. The sDWdata are produced using theNIST ionization
threshold. BSR corresponds to BSR-1116 results [15].

7
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more prominent for the highest energy level of the ground configuration. The EA 2s and EA 2p channels for the
1S0 level of the ground configuration are compared infigure 7. The formof the cross sections shows that the
main contribution to the EA 2p channel comes from the forbidden transitions. Therefore, to understand a
reason for the disagreement with the BSR calculations, the sDWandBSR excitation cross sections are compared
for transitions that are forbidden by the spin selection rule, whichwere analyzed previously [15]. The cross
sections for the p P p s S2 2 34 3 3 5 excitation are presented infigure 8. It can be seen that the sDWresults are in
good agreement with the BSR-1116 calculations, except for the resonance structure. For the p P p p P2 2 34 3 3 5
excitation (figure 9), the BSR-1116 cross sections are about twice as large as the sDWdata at∼ 50 eV.However,

Figure 5.DI and EA cross sections for the 1D2 level of theO atom. The sDWdata are produced using energy level and ionization
threshold fromNIST. BSR corresponds to BSR-1116 [15].

Figure 6.DI and EA cross sections for the 1S0 level of theO atom. The sDWdata are produced using energy level and ionization
threshold fromNIST. BSR corresponds to BSR-1116 [15].
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the trend of the decreasewith increasing energy is very similar for both calculations in this transition. It should
be noted that theDWapproximation yields cross sections significantly higher than the BSR-1116 data at the
excitation threshold (figure 9).Moreover, theDWcross sections intersect the BSR-1116 cross sections at
approximately 20 eV. So, the sDWresults for the spin-forbidden transitions are slightly lower than the BSR data
(figures 8 and 9). Apparently, these structures (figure 2) arewiped out by the inclusion of the resonance
excitations in BSR calculationswhich aremissing fromour calculations.

Figure 7.EA 2s and EA2p channels for the 1S0 level.

Figure 8.Excitation cross sections for p P p s S2 2 34 3 3 5 transition. BSR-26 results are from [29], BSR-1116—[15], experimental
data—Doering andGulcicek [30].
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4. Summary and conclusions

Electron-impact ionization for energy levels of the ground configuration of theO atom is investigated using the
DWapproximationwith scaling functions. TheDWcross sections overestimatemeasurements approximately
by a factor of two at peak values. The sDWcross sections obtained using the ionization threshold provided by
NIST show a good agreement with experimental data for the ground energy level. The sDWcross sections are
∼4%higher than BEBdata at peak and∼10%higher than the BSR results.

Comparison ofDI channels corresponding to the sDWandBSR calculations show a good agreements at
peak values for the ionization from the 3P and 1D terms of the ground configuration.However, the BSR
approach provides∼15% larger contribution compared to the sDWresults for the 1S0 level. The reason of the
discrepancy is not clear.What ismore, the EA contribution at peaks of the total ionization cross sections for the
BSR-1116 calculations is similar for all three terms of the ground configurationwhile higher energy levels show
the higher contribution from the indirect ionization process for the sDWdata.

It should be noted that the 2s→ 2p excitation providesmain contribution to the EAprocess corresponding
to the excitations from the 2s subshell. There is seen the shoulder-like structures in the sDWcross sections at
low-energy side for 1D2 and

1S0 levels. These structures arises from the forbidden transitions. The BSR approach
does not provide any structures of the cross sections at lower energies of impacting electron. Apparently, these
structures arewiped out in the BSR calculations due to resonance excitations absent fromour calculations.

Finally, the sDWcross sections for the spin forbidden transitions p P p s S2 2 34 3 3 5 and
p P p p P2 2 34 3 3 5 show quite good agreementwith the BSR-1116 calculations (except in the resonance
region). TheDWapproximation provides results that are significantly higher than the BSR-1116 data at peaks.

Acknowledgments

Part of the computations were performed on theHigh Performance Computing (HPC) cluster at the Institute of
Theoretical Physics andAstronomy, Faculty of Physics, VilniusUniversity.

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

Figure 9.Excitation cross sections for p P p p P2 2 34 3 3 5 transition. The present sDWandDWresults are compared to the BSR-26
[29], BSR-1116 [15], and experimental data [31].

10

Phys. Scr. 100 (2025) 075403 V Jonauskas



ORCID iDs

V Jonauskas https://orcid.org/0000-0002-5035-6270

References

[1] Cescutti G,Matteucci F,McWilliamA andChiappini C 2009Astron. Astrophys. 505 605–12
[2] Pérez-Montero E et al 2013Astron. Astrophys. 549A25
[3] Dupree AK, Avrett EH andKurucz R L 2016Astrophys. J. Lett. 821 L7
[4] Zinchenko IA, Vílchez JM, Pérez-Montero E, SukhorukovAV, SobolenkoMandDuarte Puertas S 2021Astron. Astrophys. 655A58
[5] Laseter IH et al 2024Astron. Astrophys. 681A70
[6] TendlerM,Neuhauser J andWunderlich R 1984Nucl. Fusion 24 989
[7] Henderson S S et al 2018Nucl. Fusion 58 016047
[8] HeD, Liu Y, ZhaoT, Zhu J andYuG2008 J. Nanopart. Res. 10 409–14
[9] LiH, SinghA, BayramF, Childress A S, RaoAMandKoleyG 2019Nanoscale 11 11145–51
[10] Jonauskas V 2018Astron. Astrophys. 620A188
[11] KynienėA, Kučas S, Pakalka S,Masys Š and Jonauskas V 2019Phys. Rev. A 100 052705
[12] Jonauskas V 2020At. DataNucl. Data Tables 135-136 101363
[13] KimY-K andDesclaux J-P 2002Phys. Rev. A 66 012708
[14] WangY andZhouY 2006 J. Phys. B 39 3009
[15] Tayal S S andZatsarinnyO2016Phys. Rev. A 94 042707
[16] Brook E,HarrisonMFA and SmithACH1978 J. Phys. B 11 3115–32
[17] Zipf EC1985Planet. Space Sci. 33 1303–7
[18] ThompsonWR, ShahMBandGilbodyHB 1995 J. Phys. B 28 1321
[19] FiteWL andBrackmannRT1959Phys. Rev. 113 815–6
[20] Rothe EW,Marino L L,Neynaber RH andTrujillo SM1962Phys. Rev. 125 582–3
[21] GuMF2008Can. J. Phys. 86 675–89
[22] ZatsarinnyO andBartschat K 2014 J. Phys. B 47 061001
[23] KwonD-Hand SavinDW2012Phys. Rev. A 86 022701
[24] KynienėA and Jonauskas V 2021Astron. Astrophys. 656A79
[25] Jonauskas V 2022Astron. Astrophys. 659A11
[26] KramidaA, Ralchenko Y, Reader J andNISTASDTeam2024NISTAtomic SpectraDatabase (version 5.12) (National Institute of

Standards andTechnology) [accessed 14 February 2025] (https://doi.org/10.18434/T4W30F)
[27] KynienėA,Masys Š and Jonauskas V 2015Phys. Rev. A 91 062707
[28] KynienėA, Pakalka S,Masys Š and Jonauskas V 2016 J. Phys. B 49 185001
[29] ZatsarinnyO andTayal S S 2001 J. Phys. B 34 1299
[30] Doering J P andGulcicek E E 1989 J. Geophys. Res.: Space Phys 94 2733–6
[31] Gulcicek E E,Doering J P andVaughan SO 1988 J. Geophys. Res.: Space Phys 93 5885–9

11

Phys. Scr. 100 (2025) 075403 V Jonauskas

https://orcid.org/0000-0002-5035-6270
https://orcid.org/0000-0002-5035-6270
https://orcid.org/0000-0002-5035-6270
https://orcid.org/0000-0002-5035-6270
https://doi.org/10.1051/0004-6361/200912759
https://doi.org/10.1051/0004-6361/200912759
https://doi.org/10.1051/0004-6361/200912759
https://doi.org/10.1051/0004-6361/201220070
https://doi.org/10.3847/2041-8205/821/1/L7
https://doi.org/10.1051/0004-6361/202141522
https://doi.org/10.1051/0004-6361/202347133
https://doi.org/10.1088/0029-5515/24/8/003
https://doi.org/10.1088/1741-4326/aa96be
https://doi.org/10.1007/s11051-007-9265-z
https://doi.org/10.1007/s11051-007-9265-z
https://doi.org/10.1007/s11051-007-9265-z
https://doi.org/10.1039/C9NR02251A
https://doi.org/10.1039/C9NR02251A
https://doi.org/10.1039/C9NR02251A
https://doi.org/10.1051/0004-6361/201834303
https://doi.org/10.1103/PhysRevA.100.052705
https://doi.org/10.1016/j.adt.2020.101363
https://doi.org/10.1103/PhysRevA.66.012708
https://doi.org/10.1088/0953-4075/39/14/008
https://doi.org/10.1103/PhysRevA.94.042707
https://doi.org/10.1088/0022-3700/11/17/021
https://doi.org/10.1088/0022-3700/11/17/021
https://doi.org/10.1088/0022-3700/11/17/021
https://doi.org/10.1016/0032-0633(85)90008-X
https://doi.org/10.1016/0032-0633(85)90008-X
https://doi.org/10.1016/0032-0633(85)90008-X
https://doi.org/10.1088/0953-4075/28/7/023
https://doi.org/10.1103/PhysRev.113.815
https://doi.org/10.1103/PhysRev.113.815
https://doi.org/10.1103/PhysRev.113.815
https://doi.org/10.1103/PhysRev.125.582
https://doi.org/10.1103/PhysRev.125.582
https://doi.org/10.1103/PhysRev.125.582
https://doi.org/10.1139/p07-197
https://doi.org/10.1139/p07-197
https://doi.org/10.1139/p07-197
https://doi.org/10.1088/0953-4075/47/6/061001
https://doi.org/10.1103/PhysRevA.86.022701
https://doi.org/10.1051/0004-6361/202141185
https://doi.org/10.1051/0004-6361/202141801
https://doi.org/10.18434/T4W30F
https://doi.org/10.1103/PhysRevA.91.062707
https://doi.org/10.1088/0953-4075/49/18/185001
https://doi.org/10.1088/0953-4075/34/7/312
https://doi.org/10.1029/JA094iA03p02733
https://doi.org/10.1029/JA094iA03p02733
https://doi.org/10.1029/JA094iA03p02733
https://doi.org/10.1029/JA093iA06p05885
https://doi.org/10.1029/JA093iA06p05885
https://doi.org/10.1029/JA093iA06p05885

	1. Introduction
	2. Theoretical approach
	3. Results
	4. Summary and conclusions
	Acknowledgments
	Data availability statement
	References



