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Electron-impact double ionization (DI) including direct and indirect processes of B-like C* to Ne’* ions is
investigated using a two-step approach. The direct process is treated as a primary single ionization (SI) and
subsequent knockout mechanism. The indirect process is considered as a primary SI of an inner-shell 1s electron

followed by a single autoionization. Based on the two-step approach, the DI cross sections are calculated using
flexible atomic code with distorted-wave approximation. The potential of the intermediate ion is approximately
equivalent to the mean potential constructed by three ions involved for calculating the cross section of the direct
process, while using the potential of the ionizing ion in each step of the present two-step approach overestimates

results. The present cross sections agree with available theoretical and experimental data.
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I. INTRODUCTION

Electron-impact double ionization (DI) processes are of
critical importance for fundamental problems [1] and in
applications related to investigations of laboratory and astro-
physical plasmas [2,3] as well as tumor therapy physics [4].
Generally, two competing processes of direct double ioniza-
tion (DDI) and indirect double ionization (IDI) are responsible
for the DI process. The DDI and IDI result in the final ion
via an emission of two ejected electrons simultaneously and
sequentially in a stepwise way, respectively [5].

A large amount of experimental data on electron-impact
DI cross sections of atoms and ions is available for helium
through zinc elements, as reviewed recently by Hahn et al.
[6]. The DI processes of the heavier ions also have been in-
vestigated widely [7-10]. Whereas accurate cross sections of
single ionization (SI) can be calculated by several numerical
methods, the DI process still need to be interpreted. However,
theoretical difficulties arise very rapidly due to the complex
nature of the four-body Coulomb problem in a DI process [1].

The nonperturbative time-dependent close coupling
(TDCC) method [11] has been employed to calculate DDI
cross sections for two-electron helium [12]. However,
computations of the TDCC challenge the computational
capability for complex atomic systems. In addition, the DDI
has been considered as two-step (TS), i.e., TS1 and TS2
mechanisms. In a classical picture [13], the incident electron
collides with the target ion, emitting an ejected electron, and
then this ejected electron collides with the remaining ion to
remove another bound electron for the TS1. The incident
electron collides with the target ion and removes two bound
electrons sequentially in the TS2. Recently, this classical
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picture was extended to treat the DDI as a sequence of two-
and three-step processes [14—18]. Later, the TS approach
based on knockout (KO) mechanism has been proposed to
deal with the DDI process, which has been able to accurately
predict DDI cross sections [19,20]. Furthermore, we extended
the KO mechanism to deal with the direct process of the
electron-impact triple ionization [20].

Many experimental cross sections have been obtained for
the DI process of B-like ions such as C* [21-23], N** [22],
03t [22], and Ne’* [24]. It has been found that DI cross
sections are contributed dominantly by DDI processes at the
incident energy below the ionization threshold of inner-shell
1s electron [24,25]. Besides, the IDI also contributes to the
process for light B-like ions, which considers only the sim-
ple channel with a primary SI of an inner-shell 1s electron
followed by a single autoionization (SA) [23-25]. Hence, to
some extent, IDI cross sections can be calculated with sat-
isfactory accuracy. Besides, the experimental measurements
found the contribution of metastable states to be negligible
for the SI of C* [26,27]. Moreover, the ion population due
to metastable states was found to be negligible for the DI of
Ne’* [24]. Therefore, the boron isoelectronic sequence could
be a good candidate for testing theories on DI processes with
the basis of the available experimental data.

In the present work, the DI with inclusion of the DDI and
IDI processes are investigated theoretically by utilizing the
TS approach for the B-like C*, N**, O3, F**, and Ne>*
ions. The DI cross sections are calculated by using flexible
atomic code (FAC) [28] based on the fully relativistic distorted-
wave (DW) approximation. Moreover, influences of adopting
different central potential constructed in FAC are discussed on
calculations of the DDI cross section. The present results are
compared with available theoretical and experimental data.

The remainder of the paper is structured as follows. Sec-
tion II describes the theoretical approach for calculating the
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DDI and IDI cross sections. The present cross sections are
compared with available theoretical and experimental values,
and corresponding discussions are given in Sec. III. Con-
clusions are provided in Sec. IV. Calculated results of F*+
ion are shown in the Appendix due to absence of available
experimental data for comparison.

II. THEORETICAL METHOD

The DDI channel results in a final ion of charge state (¢ +
2)+ for an initial target ion of charge state g+, which can be
described as

e + AT PPL A+ | 3 (1)

In the DDI, two electrons in the target ion are ionized simul-
taneously by the electron impact.

Two electrons in the target ion could be ionized in a step-
wise manner through the creation and decay of intermediate
autoionizing states in the IDI process. It can be described as
a primary SI of an electron (inner-shell electron in general)
producing intermediate autoionizing states A*@+D¥ which
emits another electron via a SA

e+ AT 3L At L opm SA A+ L 3,0 (2)

The IDI process also occurs when the initial state of the target
A?* jon is excited to the autoionizing state A*?*, which could
decay through double autoionization (DA) to the A“+27 jon.
This IDI is known as the excitation DA process. Besides,
higher order multiple autoionization processes could involve
due to dielectronic capture (DC). The DC will reduce the
charge of the target ion and form to a resonant state A**@~D+,
Such resonant state decays by the triple autoionization (TA) to
form an A*2* jon. This is referred to as resonant excitation
TA. However, neither of these processes with DA and TA
are expected to contribute significantly to the total DI cross
section for B-like ions. This is supported by Ref. [19] for B-
like CT. Moreover, characteristics of the DI cross section due
to the high-order DA and TA are not found in experimental
findings [21-24].

We consider the DDI and IDI processes as independent.
Thus, the DI cross section of oP'(gy) from initial state i to
final state f is obtained by a sum of the DDI cross section of
oPPl(gy) and IDI cross section of ¢™PI(gy) at the incident
energy of gy. Then the total DI cross section is given by

017 (g0) = 07" (e0) + 0} (20). 3)

In our previous study, we proposed a TS approach based
on the KO mechanism to deal with the DDI process [20].
Such mechanism also has been applied successfully to the
DI by absorption of one [29,30] or two [31] photons, the
multiple-Auger decay [32-37], the double-K-vacancy produc-
tion in ion-atom collisions [38,39], and the DI of a molecule
by interatomic Coulombic decay [40].

In addition to the KO mechanism, the shakeoff (SO)
mechanism could contribute to the DDI process. In the SO
mechanism, the primary ejected electron is emitted rapidly
due to the electron impact with ion. Thus the sudden change
of the potential is felt by the remaining electrons of ion, which
results in subsequent relaxation leading to the ejection of the
second electron. However, the SO mechanism is weak for

the low and intermediate energies [41]. At the high energy,
although the SO mechanism might be important to the DDI, it
still has a negligible impact on the total DI cross section be-
cause contributions from the IDI become dominant and those
of the DDI are so weak to the total DI in the present cases of B-
like ions at the high enough energy. This has been illustrated in
Ref. [19] and our previous work [20]. Therefore, contributions
of the SO mechanism are neglected in the present work.

The KO mechanism describes the correlated dynamics of
electrons: A bound electron in an ion is knocked out via an
(e, 2e)-like process [29]. The (e, 2¢) is used as a proxy term
for the electron-impact ionization. Thus, we decompose the
DDI into the primary SI and the subsequent KO process

e+ A9t B p@rDr L oe= KO p@ir L 3- (g)

Consequently, the DDI cross section from initial state i to final
state f can be obtained by following expression:

£0—lim
o (e0) = ) om(e0) f Pim(€0, £)250(e)de.  (5)
m Iny

Here, 05(gg) is the cross section of the primary SI from
initial state i to intermediate state m. In the primary SI, two
intermediate electrons are emitted simultaneously and share
the excess energy of gy — I;,, where [, is the primary SI
threshold. Note that any one of the intermediate electrons
will participate in the subsequent KO process, and we as-
sume that one of the intermediate electrons takes the energy
ranging from zero to &y — [iy- Qllfl?(e) is the KO collision
strength by intermediate electrons with energy . Thus, the
energy distribution is needed to be introduced in the present
TS treatment of the DDI, as proposed in our previous work
[20]. Such energy distribution can be determined by using
the differential cross sections of the primary SI, which could
be calculated by using the analytic binary-encounter formula
[42]. The energy distribution should be normalized to unity on
the energy scale, f(f 0~ Pim (&0, €)de = 1. It should be noted
that the intermediate electron with the energy 0 < & < Iy
is energetically forbidden to ionize a bound electron of the
intermediate ion, where I,,r is the ionization threshold of
the intermediate ionic state. Therefore, the contributions of
all intermediate electrons can be included by integrating
over the energy from I, to & — I, in Eq. (5). Currently,
the energy distribution was implemented to study multiple
ionization by electron impact using a sequence of few-step
processes [18]. Besides, we have also used energy distribu-
tions of intermediate electrons to investigate direct multiple
Auger processes [33,34,36].

For light B-like ions, the IDI process can be generally
described as the primary SI of an inner-shell 1s electron and
a subsequent SA. The corresponding cross section can be
obtained from

o/Pl(e0) = > om(e0)By. (6)

where ais;yf(eo) is the SI cross section from initial state i to the
intermediate state m with 1s hole, which can then undergo SA
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with a branching ratio
a
BSA — Amf (7)
e Zk A;k + Zs Arrm
where ), A% and ) A’ are the total rates of intermediate
state m via the SA process and the radiative stabilization,
respectively. Aj . is the SA rate from intermediate state m
to final state f. In the present cases of B-like ions with
6 < Z < 10, we neglect all radiative decay processes which
are typically suppressed by several orders of magnitude [43].
The FAC [28] is employed to obtain the SI cross section and
the collision strength of the KO mechanism, which imple-
ments the DW approximation for the continuum electron.

III. RESULTS AND DISCUSSION

Electron correlations lead dominantly to the electron-
impact DI, thus which could play an essential role in accurate
calculations of the DI cross section [20]. Based on the present
TS approach, the calculations of DDI cross section con-
cern three different successive ionization stages, i.e., initial
B-like, intermediate Be-like, and final Li-like ions. There-
fore, one should consider the balance of electron correlation
for the ions with different ionization stages when using the
standard configuration interaction procedure. In configura-
tion interaction approximation implemented in the FAC [28],
the configurations produced by single and double excitations
from the respective ground configurations of B-, Be-, and
Li-like ions to the orbitals of 2/, 3/, and 4/ are consid-
ered for including electron correlations on the equal footing.
Therefore, the interactions among the following configura-
tions are included: [2s, 2p]™, [2s, 2p]m_13l, [2s, 2p]m‘14l,
[2s, 2p]" 2312, [2s,2p]" 23141, and [2s,2p]"~241%, where
[2s, 2p]* indicates that x electrons are distributed between the
2s and 2p orbitals. Here, m = 5 for B-like ion, m = 4 for
Be-like ion, and m = 3 for Li-like ion.

In FAC, the continuum orbitals are obtained by solving the
Dirac equations with the same central potential as that for
bound orbitals [28]. It has been demonstrated that using dif-
ferent central potential affects the calculated cross sections for
the SI and DI processes [44—46]. Therefore, to explore the
influences of central potential on the calculations of the DDI
cross section, we generate the central potential in FAC by using
following three models.

In model I, the central potential is constructed by the
ground configuration 1s?2s*2p of the initial B-like ion and
15s?2s% of the intermediate Be-like ion for the primary SI
and subsequent KO processes, respectively. It can be also
described as that the potential of the ionizing ion is adopted
in the first step and one of the ionizing ion is adopted in the
second step for the present TS approach. In model II, the cen-
tral potential is constructed by using the ground configuration
15?252 of the intermediate Be-like for both of the primary SI
and subsequent KO (i.e., the potential of the ionized ion in
the first step and that of the ionizing ion in the second step).
In model III, the central potential is constructed by the mean
configuration consisting of ls22322p, 152252, and 1s22s for
both of the primary SI and subsequent KO. This means that
the potential constructed by three ions involved are used in
each step.
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FIG. 1. Cross sections of the electron-impact direct double ion-
ization for C* ion. The present results are compared with theoretical
results by Liu et al. [19], Jonauskas et al. [14], Shevelko et al. [25],
Talukder et al. [47], Bélenger et al. [48], and Fisher er al. [49] as
well as experimental values by Zambra et al. [21], Westermann et al.
[22], and Lecointre et al. [23]. The present results are obtained in
model II (see the text for explanations on model II). Jonauskas (I)
and Jonauskas (II) denote theoretical results by Jonauskas ez al. [14]
for the cases of low and intermediate-high incident electron energies,
respectively.

A. Cross sections of electron-impact direct double ionization

Now, we focus exclusively on the DDI process. Hence,
we restrict the incident energies that lead insufficiently to IDI
processes.

In Fig. 1, our DDI cross sections in model II are compared
with available theoretical [14,19,25,47-49] and experimental
[21-23] results for C* ion. As seen in Fig. 1, the experimental
results obtained by Zambra et al. [21] (in 1994) significantly
differ from the other two latest measurements by Westermann
et al. [22] (in 1999) and Lecointre et al. [23] (in 2013).
These two results by Westermann et al. [22] and by Lecointre
et al. [23] agree with each other, while the measurements by
Zambra et al. [21] show not only lower cross sections but
also significantly different cross-section tendency. Note that
such differences are also found for other cases of N* and O
ions as shown in the paper [23]. Since the origin of these
discrepancies are not clear, the present results are compared
with two latest measurements by Westermann et al. [22] and
Lecointre et al. [23]. It is found that the present results agree
with the latest measurements [22,23].

The results of Liu et al. [19] are calculated based on the
KO and SO mechanisms. We note that contributions of the
SO to the DDI cross sections are negligible [19], which is
also true for O ion in our previous work [20]. It is found
that the values of Liu et al. [19] are lower by about 10%
than our results. However, both of these two theoretical results
are in overall agreement with the latest experimental results
[22,23]. Compared with the results of Jonauskas et al. [14],
our results and ones of Liu ez al. [19] based on KO mechanism
provide a considerable improvement in agreement with exper-
imental data. As has been illustrated in our work [20], such
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FIG. 2. Cross sections of the electron-impact direct double ion-
ization for C*t, N?*, O**, and Ne’* ions. The present results are
compared with experimental measurements by Zambra et al. [21],
Westermann et al. [22], Lecointre et al. [23], and Duponchelle et al.
[24]. The present results are calculated in models I, II, and III (see the
text for explanations on models I, II, and III). The results in model II
are taken from our previous work [20] for O** jon.

improvement are mainly attributed to the energy distributions
of intermediate electrons in the TS approach. Due to absence
of the proper energy distribution, Jonauskas et al. [14] had to
calculate two different results to compare with experimental
results. Specifically, in the case of low incident energies, all
the excess energy after the primary SI is taken by the interme-
diate electron, which is denoted as Jonauskas (I) in Fig. 1. For
the intermediate-high incident energies, the excess energy is
shared between the intermediate electrons, which is denoted
as Jonauskas (II).

In addition, theoretical results of Shevelko et al. [25],
Talukder et al. [47], Belenger et al. [48], and Fisher et al. [49]
were obtained by semiempirical methods in Fig. 1. It is found
that discrepancies between these theoretical results [25,47—
49] obtained by semiempirical methods and experimental re-
sults [22,23] are observed.

Figure 2 shows the present DDI cross sections for B-like
C*, N2+, 0°F, and Ne>* ions, which are compared with the
available experimental data [21-24]. Here the present DDI
cross sections are calculated by using different central poten-
tials in models I, II, and III. Additionally, the cross sections of
DDI as a function of the incident energy are obtained for F*+
ion, which are shown in the Appendix. To the best of our
knowledge, no experimental results of F** ion are available
for comparison.

It is found in Fig. 2 that the cross sections in model II
and those in model III are almost identical, both of which
are in reasonably good agreement with experimental data by
Westermann et al. [22] and Lecointre et al. [23]. On the
other hand, the DDI cross sections in model I are about 85%
greater than calculations in models II and III for C* ion. In
other cases of N2+, O3*, and Ne’* ions, differences of the
results between models II and III are hardly observed, both
of which are smaller than the results in model I. Similar to
the case of C*, the results from models II and III provide
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FIG. 3. The present and experimental [22,24] maxima of cross
sections vs the double ionization threshold /, for the electron-impact
direct double ionization of B-like C*, N2+, O+, F**, and Ne’" ions.
The dashed line represents the dependence of ~Itg3. The present
results are obtained in model II (see the text for explanations on
model II).

an overall good agreement with the measurements, while the
results in both of models II and III are slightly smaller than
the measurements at the higher energy for N** and O** ions.
It is worth pointing out that the higher energy means the more
intermediate states are involved in Eq. (5), which are consid-
ered in a limited manner in our calculations due to rapidly
increasing computational complexity. Therefore, this might be
one of reasons for such differences at higher energies for N>+
and O** ions. These indicate that either the potential of the
intermediate ion or the mean potential constructed by three
ions involved is proper for the present TS approach based on
KO mechanism, and they are approximatively equivalent.

It is found in Fig. 2 that the differences of the results be-
tween models I and II decrease with increasing atomic number
Z. For example, such difference is about 85% for C* ion,
while it is reduced to be about 35% for Ne>* ion. It is expected
that the differences of asymptotic potentials due to one more
or less bound electron become small with increasing Z, as
such asymptotic potentials felt by the continuum electron are
determined to be V(r — o0) ~ (Z;rN) screened by N bound
electrons.

Figure 3 displays the maxima of the DDI cross section as
a function of the DI threshold for Ct, N2t, O3t F*+, and
Ne3* ions, along with available experimental maxima [22,24].
In the present cases of B-like ions, the maxima of DDI cross
sections appear at incident energy of about two times of the
DI threshold. For an isoelectronic sequence, the maxima of
the DDI cross sections show a dependence on the DI threshold
Iin, which are proportional to 153 [25]. Such dependence ~Itg3
is found for both of our results and experimental data. This
also implies that our results of the DDI for F** are reliable.
As shown in Fig. 3, the DDI cross sections decrease rapidly
with increasing atomic number. For example, the maxima of
the DDI cross section of Ne>* ion is smaller than that of C*
ion by about two orders of magnitude.
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FIG. 4. Total cross sections of the electron-impact double ioniza-
tion for C* ion. The present results are compared with experimental
measurements by Zambra et al. [21], Westermann et al. [22], and
Lecointre et al. [23] as well as theoretical results by Liu er al
[19], Jonauskas et al. [14], Shevelko et al. [25], Talukder et al.
[47], Bélenger et al. [48], and Fisher et al. [49]. The present direct-

ionization cross sections are obtained in model II (see the text for
explanations on model II).

B. Total cross sections of electron-impact double ionization

In this subsection, we extend the incident energy up to
values that lead to the IDI process. Therefore, the total DI
cross sections contribute from the DDI and IDI processes.

Figure 4 shows the present total DI cross sections of C*
ion, which are compared with available experimental [21-23]
and theoretical [14,19,25,47] results. Note that the present
cross sections of the DDI are calculated in model II. For inci-
dent energies from the ionization threshold to about 315 eV,
the DI originates solely from the DDI, which are discussed
above in Sec. II. With increasing incident energy, channels
of the ls ionization are opened and the IDI processes begin
to play a role. The results of Belenger et al. [48] and Fisher
et al. [49] are obviously lower than experimental data, while
Shevelko et al. [25] predicted a larger cross section. However,
other theoretical results including our results agree with avail-
able experimental measurements [21-23].

In Fig. 5, the present total cross sections are compared with
available experimental [22] and theoretical [14,25] results for
O** ion. Only the DDI contributes to DI at energies from the
ionization threshold to about 630 eV. For such energy range,
these are discussed above in Sec. II. With increasing incident
energy, the present results in model II are slightly lower than
the experimental data, particularly at around the threshold of
the IDI process. However, the improvement in agreement with
measurements can be obtained for the DDI cross section cal-
culated in model I. It indicates that the present calculations can
agree with available measurements by using different central
potentials. Thus, we look forward to forthcoming experiments
that identify the individual contributions from the DDI and
IDI processes to test theory. In addition, our results agree also
with available theoretical results [14,25].
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FIG. 5. Total cross sections of the electron-impact double ioniza-
tion for O** ion. The present results are compared with experimental
results by Westermann et al. [22] and theoretical results by Jonauskas
et al. [14] and Shevelko et al. [25]. The cross sections are calculated
in models I and II for the direct process (see the text for explanations
on models I and II).

In Fig. 6, the present total DI cross sections of C*, N2+,
0**, and Ne’* are compared with available experimental
results [21-24]. Here the DDI cross sections are obtained in
model II. The total DI cross sections of F** ion are also cal-
culated and shown in the Appendix. It is found that the overall
agreements between the present calculations and experimental
data are obtained at the present energy range. Note that the
present results overestimate the experimental values [24] for
Ne>* ion at the energies greater than about 1500 eV.
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FIG. 6. Total cross sections of the electron-impact double ion-
ization for C*, N**, O**, and Ne’* ions. The present results are
compared with experimental measurements by Zambra et al. [21],
Westermann et al. [22], Lecointre et al. [23], and Duponchelle
et al. [24]. Total denotes the total cross sections including the direct
ionization cross sections (denoted as Direct) and indirect cross sec-
tions (denoted as Indirect). The cross sections of the direct process
are calculated in model II (see the text for explanations on model II).
The results are taken from our previous work [20] for O3 ion.
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As found in Fig. 6, total DI cross sections show a two-peak
structure. The first and second peaks result from the DDI and
IDI processes, respectively. The maxima of the IDI cross sec-
tions (with the shaded areas in Fig. 6) are decreased by about
one orders of magnitude from C* to Ne>*, while that of DDI
cross section are decreased by about two orders of magnitude
(as discussed above and shown in Fig. 3). For example, these
two maxima are comparable for C* ion, while the maxima of
DDI are far smaller than those of IDI by about an order of
magnitude for Ne>* ion. Hence, DDI cross sections decrease
more rapidly than those of the IDI process with increasing
atomic number, which is also observed in other isoelectronic
sequences [6]. This predicts that the IDI is dominant to the
total DI cross section while the DDI is very weak for heavier
highly charged B-like ions with Z > 10. This also implies that
the contributions of DDI processes become small for highly
charged ions, as illustrated by our recent work for Fe!>* ion
[50].

IV. CONCLUSION

The theoretical investigations of the DI process of B-like
C*, N2+, O3, F**, and Ne* ions are presented. Two differ-
ent and competing processes of the DDI and IDI are included
for the DI. The IDI is considered as a TS process that involves
a primary SI of an inner-shell 1s electron followed by a SA.
The TS approach based on KO mechanism is utilized to de-
scribe the DDI process that is decomposed into the primary SI
and the subsequent KO process. Based on the TS approach, DI
cross sections are calculated by using FAC with DW approx-
imation. For calculating the DDI cross sections, the central
potential of intermediate Be-like ion (i.e., model II) are ba-
sically equivalent to the mean one constructed by three ions
involved (i.e., model III) in the present TS approach. More-
over, DDI cross sections obtained by both of models II and
IIT agree well with available experimental data, while using
the central potential of the ionizing ion in the each step (i.e.,
model I) significantly overestimates the DDI cross section.
With increasing atomic number, the influences of different
central potentials become small on the calculations of the DDI
cross section. The present total cross sections including the
contributions from the DDI and IDI processes are compared
with the available experimental and theoretical data, and the
overall agreements are obtained.
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FIG. 7. Cross sections of electron-impact double ionization for

F** ion. (a) The present cross sections are given in models I, II, and

III for the direct process (see the text for explanations on models I, II,

and III); (b) the present total cross sections of electron-impact double

ionization including the the direct and indirect processes. The direct-
process results are calculated in model II for total cross sections.
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APPENDIX: CROSS SECTIONS OF THE
ELECTRON-IMPACT DOUBLE IONIZATION FOR B-LIKE
F* ION

Figure 7 displays the DDI cross sections in models I, II,
and III as well as the total DI cross sections of F** ion. Here
the DDI cross sections in model II are used to obtain the total
DI cross sections. From Fig. 7(a), no significant differences
of the results between models II and II are found, both of
which are smaller by about 40% than the results in model I.
For the total DI cross section in Fig. 7(b), the contributions
from the IDI process are dominant and are greater than those
of the DDI process by about an order of magnitude.
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