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Electron-impact triple ionization of Se’*
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It is shown that triple ionization (TT) of the Se?* ion is mainly formed in two ways: (i) Auger cascade following
single ionization of the 3 p shell and (ii) direct double ionization (DDI) with subsequent autoionization. A good
agreement with recent experimental measurements is obtained when one of electrons in the DDI process acquires
all the excess energy. The study also reveals negligible contribution of the direct TI by electron impact to the
process. Single-ionization cross sections of the excitation-autoionization process show large dependence on the
levels of the ground configuration. The obtained results demonstrate that the ions in the parent beam mainly reside

in the highest level of the ground configuration.
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I. INTRODUCTION

Electron-impact single and multiple ionization processes
are of both fundamental and applied interests, since they
provide an understanding of the electronic dynamics and the
structure of the target. Electron-impact ionization processes
have a wide range of applicability that varies from plasma
physics [1], stellar atmospheres [2,3], to cancer treatment by
irradiation [4-6].

Selenium has been detected in various astrophysical nebulae
and metal-poor stars [7—12]. This element is potentially useful
in studies for nucleosynthetic models of stellar populations.
These studies require accurate atomic data for processes such
as photoionization, autoionization, dielectronic recombina-
tion, as well as electron-impact excitation and ionization.

Single-, double-, and triple-ionization cross-section mea-
surements for the Se>* ions from their ionization thresholds
up to 500 eV [13] and for the Se3* jons from their ionization
thresholds up to 1 keV [14] were carried out at the Multicharged
Ion Research Facility of the University of Nevada in Reno using
the dynamic-crossed-beams technique [15]. The experimental
values were compared with data calculated from the Lotz
semiempirical formula for the direct ionization [16]. The
observed differences suggested large contribution from the
indirect process. In addition, a semiempirical formula for
double ionization (DI) [17] was used to obtain a least-squares
fit of the experimental data.

Recently, the semirelativistic configuration-average
distorted-wave (CADW) method was applied to calculate
electron-impact single- and double-ionization cross sections
for the Se** and Se>™ ions [18]. Direct and indirect processes
were investigated for the ground configurations of the ions.
To our knowledge, at the moment, no ab initio studies are
available for triple-ionization (TI) process of both the Se**
and Se*" ions.

In this paper, we aim to study electron-impact TI process
of the Se’* ion by considering (i) Auger cascade follow-

“Valdas.Jonauskas @tfai.vu.lt

2469-9926/2018/97(1)/012705(6)

012705-1

ing creation of the inner shell vacancy, and (ii) the direct
double-ionization (DDI) process with subsequent autoion-
ization. The DDI process using a few-step approach was
investigated for the O, O**, O, C'*, Ar’*, and Li'*
ions and a good agreement with measurements was estab-
lished [19,20]. A few-step approach applied for the DDI pro-
cess involves ionization-ionization (II), excitation-ionization-
ionization (EII), and ionization-excitation-ionization (IEI)
paths. Therefore, the study of single- and double-ionization
cross sections is also presented and compared with experi-
mental data [13].

The rest of the paper is organized as follows. In Sec. II, an
overview of the theoretical approach used to calculate single-,
double-, and triple-ionization cross sections is given; single-,
double-, and triple-ionization cross sections for the Set ion
are presented and compared with experimental measurements
in Sec. III; a brief summary with some final conclusions and
directions for future work are provided in Sec. IV.

II. THEORETICAL APPROACH

Electron-impact single ionization (SI) can occur via direct
and indirect processes. The total SI cross sections from the
level i of the initial ion to the level f of the ionized ion can be
expressed by the equation:

o (e) =05 e)+ Y oS @)Bj;. (1)
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Here, ai():}(s) is the cross section of the direct single collisional
ionization (CI) process, ¢ is the energy of the incident electron,
crgE(e) is the electron-impact excitation cross section to the
intermediate level j of the initial ion, and B is the branching
ratio for the autoionization process from the level j to the
final level f. The second term describes the indirect process:
excitation autoionization (EA). The autoionization branching
ratio can be expressed as
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where A¢ and A" are the Auger and radiative transition
probabilities, respectively.

In the case of DI, again, direct and indirect processes are
possible. Equation for the total DI cross sections from the level
i of the initial ion to the level f of the doubly ionized ion can
be expressed as a sum of direct and indirect processes:

o (&) =o”(e) + Z o' (e)Bjy, 3)

where al.DDI is the DDI cross sections and a term ) | j ol.(J?I(s)B if

describes the indirect double-ionization process: ionization
with autoionization (IA) through the intermediate level j of
the ionized ion.

Electron-impact DDI cross sections for the Se** ion are
studied using previously proposed two- and three-step ap-
proaches [19], that describe DDI by the II, IEI, and EII
processes.

Thus, the equation for the DDI process from the level i to
the level f through the II path can be written as

oler)
Zoi(;l( )4 R21 ’ (4)
J
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here ¢; is the energy of the scattered or ejected electron,
which in the further step collides with one of the remaining
bound electrons from the nl shell and knocks it off. Factor

%if (
4 R},,
ionization process under assumption that the density of the
electrons in the shell is uniform, R,; is the mean distance of
the electrons from the nucleus. aijI(sl) is the electron-impact
direct SI cross sections from the intermediate level j to the
final level f.

Another possible path for DDI, the EII process, can be

expressed by the equation

z :alk

where &) = ¢ — AEj, AEj; is atransition energy and &; is the
energy of the scattered or ejected electron.

Likewise, the DDI cross sections for the IEI process can be
written as

) determines the probability of the second electron-impact
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4 ) is the excitation probability of the electron from
nR

the ni shell of the level k to the level J by the scattered or
ejected electron with energy ;.

Previously, it has been demonstrated that better agreement
with measurements at the higher energies of the incident
electron in the DDI process for the O'*, O**, O°F, C'*,
and Ar’" ions [19] was obtained when it was assumed that
the scattered and ejected electrons share the excess energy
equally. On the other hand, mainly one of the electrons takes
all the excess energy and participates in the further processes
at the lower energies of the incident electron. In this work, both
limiting cases of the energy distribution for the electrons have
been investigated.

here 2L

It is important to note that there are many studies devoted
to analysis of final distribution of electron energies in the
electron-impact DDI process. For example, double ionization
of helium [21,22] provides unique opportunities to investigate
a four-body Coulomb problem. The problem is simplified
by considering fast incoming and scattered electron while
energies of other two leaving electrons are relatively small. In
our knock-out model, the energy of the electron participating in
the next ionization or excitation process after being ionized has
to be determined. Two limiting cases of energy distribution are
studied in this work. Unfortunately, it is impossible to perform
analysis of the final energies of the leaving electrons within
our model framework.

Excited levels formed by the DDI process can decay further
via autoionization (DDI-AI) to the next ionization stage. The
additional step after DDI leads to TI. This process is possible
if the energy of the excited level produced by the DDI process
is higher than the TI threshold. Furthermore, contribution
from Auger cascade when inner shell vacancy is formed by
the incident electron has to be estimated. The Auger cascade
is an important mechanism producing ions in the highly
charged stages [23-26]. Therefore, electron-impact TI process
is studied as a sum of the DDI-AI processes and Auger cascade
following SI from the inner shell of the Se**

Equations for the DDI process formed by the II, EII, and
IEI paths with subsequent autoionization from the level i of
the initial ion to the level f of the triply ionized ion can be
written as

DDI(II) AI( ) — Z O'DDI(H)(S)B (7)
Ui];DI(EII) AI Z DDI(EII) (8) B (8)
Ui?DI(IEI)—AI Z DDI(IEI) ( ) B (9)

where DDI is described by the two- and three-step processes
from the level i of the initial ion to the level j of the Se*" ion
[Egs. (4), (5), and (6), respectively]. Autoionization process
following DDI is represented in Eq. (7), (8), and (9) by the
branching ratio B; from the level j of the Se*" ion to the
level f of Se’.

Energy levels, radiative and Auger transition probabilities,
as well as electron-impact excitation and SI cross sections
have been calculated using the flexible atomic code [27].
This code implements the Dirac-Fock-Slater approach. Single
configuration approximation is used in this paper. Continuum
orbitals of incident and scattered electrons are evaluated in
the potential of the ionizing ion since this approach provides
better agreement with experimental measurements. Electron-
impact excitation and SI processes are investigated using the
distorted-wave (DW) approximation.

III. RESULTS

Energy levels of the lowest configurations for the Se**
Se*t, Se*t, Se’*, and Se®" ions as well as single-, double-,
and triple-ionization thresholds for the Se>* ion are presented
in Fig. 1. The SI threshold for the ground state of the Se**
ion corresponds to 31.06 eV, which is in a good agreement
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FIG. 1. Energy levels of the lowest configurations of the Se**,
Se*t, Se*t, Se>*, and Se®" ions. Tonization thresholds are presented
by horizontal lines with the corresponding values.

with the NIST value of 31.697 eV. Experimental cross sections
start below the ground-state ionization threshold suggesting
that metastable fraction is present in parent ion beam [13].
Our calculated energy levels of the Se?* ground configuration
together with the values from the NIST database [28] are
presented in Table I. It can be seen that splitting of the
theoretical energy levels of the ground configuration is higher
than for the NIST data. This demonstrates the importance of
correlation effects for the presented energy levels.

It can be seen from Fig. | that excited levels of the Se** ion
corresponding to configuration with a vacancy in a 3d shell can
decay to the Se** ion via Auger transitions since the energies
of these levels are higher than the DI threshold of the Se**
ion. In addition, the energies of the excited levels of the Se3t
ion corresponding to the configuration with a vacancy in a 3p
shell are higher than the TI threshold of the Se>* ion. Therefore,
the Auger cascade may occur from this configuration leading
to the transition to the Se>™ ion. Previous studies for the Kr
ions demonstrated importance of the correlation effects for the
Auger cascades [24-26]. Unfortunately, these calculations are
very time consuming and have not been considered in this
paper.

Analysis of contributions to the SI process (Fig. 2) from
different levels of the ground configuration of the Se** ion
shows slightly larger DI cross sections for the highest 4 p>'S,
level (Table I). However, the EA process for this level demon-
strates significant increase of the cross sections over entire
range of energies, thus, providing much better agreement with

TABLE I. Energy levels of the ground (Ar) 3d'°4s24p> config-
uration of Se**. The NIST recommended values are presented for
comparison.

Index Term J Energy (eV) NIST Energy (eV)
0 3p 0 0.0000 0.000

1 3p 1 0.2208 0.2159

2 3p 2 0.5202 0.4881

3 'D 2 1.9357 1.6158

4 s 0 4.2036 3.5249
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FIG. 2. Contributions of the CI and EA processes to SI of Se*"
for different energy levels of the ground configuration.

experimental results compared to the contribution of other
states of the ground configuration. Therefore, the single-,
double-, and triple-ionization cross sections of the Se** ion
are investigated for the 4 p? S, level.

The total cross sections of SI by electron-impact for the Se*
4p? 1S, level are compared with experiment in Fig. 3. It has to
be noted that influence of radiative damping is very small. Total
SI cross sections are in a good agreement with experiment
across the entire energy range of the incident electron. The
largest contribution to the total cross sections comes from the
excitations to configurations of the Se’* ion with subsequent
autoionization to the Se®' ion. The contribution of direct
ionization from the 4p shell is significantly larger than that
of the 4s shell. The SI cross sections obtained in the potential
of the ionized ion are lower by about 20% at the peak compared
to the results presented here. This leads to the data below the
experimental error bars for the highest values.

1751

Cross section (Mb)

— — —
(&) ~ (=] [\*} w
o o o (2] o

[\
(&2}

20 50 200 500

100
Energy (eV)

FIG. 3. Electron-impact SI of Se?* for the 4p2 'S, level. Short-
dashed line (red): CI of 4p shell; long-dashed line (blue): CI of
4p and 4s shells; solid line (green): CI with EA; empty circles:
experiment [13]. Calculated contributions of the CI and EA processes
are represented by the differently shaded (colored) areas.
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FIG. 4. Contributions of various EA channels to the total EA cross
sections for the ground 4 p? 3 P, level. The strongest EA channels are
represented by the differently shaded (colored) areas.

The strongest contributions to the EA process arise from
the 4s — 4d, 4s — 5d, 3d — 4p, 3d — 4d, 4s — 5s, and
4s — 6s excitations for the ground level (Fig. 4). Separate
contribution of other excitations is much smaller. Surprisingly,
the cross sections for the different EA channels drastically
change for the excited 4p>'Sy level (Fig. 5). First of all, the
contribution from the 4s — 4d excitation increases about by a
factor of four compared to excitation from the ground level.
This amounts to about 35% at the peak of the EA cross
sections. Second, the next strongest contributions correspond
to the 4s — 5s,4s — Sp,4s — 5d,3d — 4p,and 4s — 4d
excitations, which are presented in decreasing order of the
strength. Furthermore, these excitations produce much larger
contribution to the EA cross sections compared to excitation
from the ground level. The observed differences can be ex-
plained by the fact that 4s 4p?4d, 4s 4p>5s, and 4s 4p>5p
configurations straddle the single-ionization threshold. The
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FIG. 5. Contributions of various EA channels to the total EA
cross sections for the 4p? S, level. The strongest EA channels are
represented by the differently shaded (colored) areas.
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FIG. 6. Electron-impact DI of Se**. Dotted line (red): DDI cross
sections when one of the electrons takes all excess energy; dashed
line (blue): indirect DI cross sections; solid line (green): total DI
cross sections; empty circles: experiment [13].

45 4p*4d configuration has 17 levels above the ionization
threshold out of 56; 4s 4 p? Ss, 5 out of 16; and 4s 4p? 5p, 26
out of 42. Distribution of population among the excited levels
due to electron-impact excitation is quite complex. However,
all excited levels of these configurations produced from 4 p>'S)
4 pf_S(O)O in jj coupling scheme) are above the ionization
threshold except for one level for the 4s 4 p> 5s configuration.
This is one of the reasons that determines the higher EA cross
sections for the 4p>'S, level compared to other levels of the
ground configuration.

Electron-impact DI cross sections for the Se?* ion are
shownin Fig. 6. Asitis mentioned above, DI is studied from the
excited 4 p2 15, level. However, the similar results are observed
for other levels of the ground configuration. Cross sections
of DDI-AI (II, IEI), which result from the 3d direct single
ionization are subtracted from the IA values as this contributes
to TL. As it can be seen from Fig. 6, the main contribution to the
total DI cross sections comes from indirect DI process: CI from
the 3d shell with subsequent autoionization. The contribution
from the direct process consists of about 10%.

Total DI cross sections are in a good agreement with experi-
mental values at the energies near the peak of the experimental
cross sections. At the lower energies, theoretical cross sections
underestimate the experimental results. What is more, the
theoretical cross sections strongly overestimate experimental
ones at the energies beyond the peak. Such discrepancies
correspond to those obtained using the CADW method [18].
We also studied influence of correlation effects on the cross
sections of the DI process. The admixed configurations having
the largest influence to the ground ones of the Se’* and Se**
ions and Se’* 3d°4s%4p? configuration are selected using
configuration interaction strength (CIS) [29,30]. Previously,
CIS has been successfully applied for the investigation of
energy levels [31], Auger cascades [24-26], electric dipole
[32], and magnetic dipole [33,34] transitions. Unfortunately,
the correlation effects do not show significant contribution to
the cross sections of the DI process even for the extended bases
of interacting configurations. Thus, the reason of disagreement
between the theoretical and experimental values is still unclear.

012705-4



ELECTRON-IMPACT TRIPLE IONIZATION OF Se**

PHYSICAL REVIEW A 97, 012705 (2018)

5 ‘ ‘
——  Total T ™
——- Total® ///’ ™~ ]
DDI-AI s N
al DDI(ID-Al 4 -~ ]
— —-— DDI(ED-AI / - o
42: —---  DDI(EID)-AT / ~ N
= — - DDI-AP p
3l
: 'ol ]
= g |
3 / *
1 /
>l YU 1
2 VS
5 // / .................. J
ST T
1- /‘/’ E
e T T T e
T
e v
o o ‘ [ttt L A==
150 200 500 1000
Energy (eV)

FIG. 7. Contribution of various pathways to the electron-impact
TI of Se>*. Superscript 1: TI cross sections when one of the electrons
takes all excess energy in the DDI process; superscript 2: TI cross
sections when scattered and ejected electrons share the excess energy
equally in the DDI process; empty circles: experiment [13]. See
explanations in the text for the DDI-AI, DDI(II)-Al, DDI(IEI)-Al
and DDI(EII)-AI processes.

Electron-impact TI cross sections for the Se’* ion are
presented in Fig. 7. Here, TI is again investigated from the
highest 4 p? S, level of the ground configuration. Contribution
from the DDI-AI process and Auger cascade following the 3p
shell ionization is taken into account in the study of the TI
process. Theoretical values at the peak are slightly above the
experimental data when one of the electrons takes all the excess
energy during DDI. It has to be noted that studies that include
correlation effects for Auger cascades yield to the ions in the
higher ionization stages [25,26]. Thus, one could expect to
obtain a better agreement for the TI cross sections. On the other
hand, calculations in the potential of the ionized ion provide the
cross sections lower by about 20% at the peak. The obtained
TI cross sections underestimate experimental ones at the lower
energies and overestimate them at the higher energies of the
incident electron when the electrons equally share the excess
energy.

The largest contribution to the total TI cross sections comes
from the DDI-AI process accounting for more than 75% of
the total TI cross sections at the peak (Fig. 7). Interestingly,
the DDI(II)-AI process contributes to about 70% of the total
DDI-AI cross sections and contributions from DDI(II)-Al and
DDI(IEI)-AI are smaller. It has to be noted that the two-step
II process demonstrates the largest influence to the TI process
at the peak. However, three-step processes provide the largest
contribution compared to the two-step one at the lower energies
of the incident electron. Furthermore, the three-step EIl process
dominates over the IEI process. This can be explained by the
fact that 4s — 4p and 4p — 4d excitations have the larger
cross sections compared to the ones of ionization from the 3d,
4s, and 4p shells. What is more, DDI with subsequent Auger
cascade also shows contribution to the Se®t ion. However, the
cross sections of quadrupole ionization are about an order of
magnitude smaller compared to the TI ones.
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FIG. 8. Electron-impact SI of 3p shell of Se** for energy levels
of the ground configuration.

Configurations of the Se** ion obtained from DDI for the
4p* 1S, level and which can decay to Se’* are 3d%4s%4p?,
3d%4s 4p3, 3d%4s 4p?, 3d°4p3, 3d°4s 4p 4d, and 3d°4s%4d.
The highest population is obtained for levels of the 3d%4s%4 p?
and 3d°4s 4p? configurations of Se*" at the peak of the TI
cross sections. The third highest population belongs to the
3d%4s 4 p? configuration but its level population is more than a
factor of four smaller compared to the first ones. DDI-AI leads
to the formation of the Se>* 3d'%4s, 3d'%4p, 3d'%4d, 3d°4 p?,
3d%4s?, and 3d°4s 4p configurations. The largest population
corresponds to the 3d'%4s and 3d°4s 4p configurations at the
peak of the TI cross sections. The population of the other Se>*
configurations is about by a factor of two smaller.

Contribution of Auger cascade following SI of 3 p electron
of the Se®* ion accounts for about 25% of the total TI cross
sections. The Se*" 3p33d'%4524 p? configuration decays to the
Se>* ion through 3d%4s%4p? and 3d°4s'4p? configurations.
The main path of the population transfer to Se>* goes through
3d°4s'4p? configuration, especially, at the lower energies of
the incident electron.

Ionization of the 3s and deeper shells with subsequent
Auger cascade has not been analyzed as their SI cross sections
are much lower than the ones for the 3p shell. Energy levels
of configurations produced by ionization of 3d shell are below
the TI threshold and, thus, this process does not affect the
population of the Se>* ions via Auger cascade.

It can also be seen that the excited 4 p? 1S, level for SI of the
3p electron of the Se** ion (Fig. 8) shows significant increase
of cross sections over the entire range of energies compared to
the contribution of the ground 4 p? 3P, level.

IV. CONCLUSIONS

In this paper, the electron-impact single-, double-, and
triple-ionization study is presented for the Se>* ion analyzing
transitions among the levels. It is demonstrated that the main
part of ions in the parent beam exists in the excited 4p? 'S,
level of the ground configuration. A good agreement between
our calculations and experimental measurements is found for
the SI of the Se>* ion across the entire energy range of incident
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electron with the largest contribution coming from the EA
process.

For DI of the Se?* ion, a good agreement with experiment
is obtained at the energies near the peak of experimental
cross sections. The theoretical cross sections overestimate
experimental ones at the higher energies of the incident
electron while at the lower energies experimental values are
underestimated. The reason of the differences is still unclear.
Future experiments could help to resolve this problem.

Current results demonstrate that the TI process is formed by
DDI with subsequent autoionization as well as Auger cascade
following electron-impact ionization from the 3p shell. It is
also shown that the knock-out model with subsequent autoion-

ization dominates over the Auger cascade. Furthermore, this
suggests that contribution from the direct TI process is very
small. A very good agreement with experimental cross sections
is found for the TI of the Se* ion, under assumption that one
of the electrons takes all excess energy after the first interaction
with the target ion during DDI. The DDI-AI process accounts
for more than 75% of the total TI cross sections.
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