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Abstract. We present new experimental and theoretical cross sections for electron-impact single ioniza-
tion of Xe12+ and Xe13+ ions, and double ionization of Xe12+, Xe13+ and Xe14+ ions for collision ener-
gies from the respective ionization thresholds up to 3500 eV. The calculations use the fully relativistic
subconfiguration-averaged distorted-wave approach and, partly, the more detailed level-to-level distorted
wave method. We find that, unlike in previous work, our theoretical cross sections agree with our exper-
imental ones within the experimental uncertainties, except for the near-threshold double-ionization cross
sections. We attribute this remaining discrepancy to the neglect of direct-double ionization in the present
theoretical treatment.

1 Introduction

Electron-impact ionization (EII) is one of the fun-
damental atomic collision processes that governs the
charge balance in hot plasmas [1]. Prominent examples
of research fields that require large amounts of atomic
collision cross sections are astrophysics [2,3] and mag-
netically confined nuclear fusion [4–6]. In these appli-
cations cross sections not only for single ionization but
also for multiple ionization are of much interest [7].

Here, we provide new experimental and theoretical
data for electron-impact single ionization (EISI) and
electron-impact double ionization (EIDI) of multiply
charged xenon ions, i.e., Xe12+, Xe13+, and Xe14+,
which all have an open 4d subshell. Such many-electron
open-shell systems pose a formidable challenge for
atomic theory. Another challenging aspect of particu-
larly electron-impact ionization arises from the fact that
the ionization event results in at least two electrons in
the continuum which can mutually interact with each
other in the field of the (generally polarizable) product
ion.

In recent years, several studies on electron-impact
ionization of open-4d-subshell xenon ions (Xeq+ with
9 ≤ q ≤ 17) have been conducted. Borovik Jr. et al.
[8] presented experimental and theoretical results for
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EISI of Xe10+ ions in the experimental energy range
from below the ground-level single ionization threshold
at 229 eV up to 5000 eV with the experimental data
beyond 1000 eV having been taken from earlier work by
Hofmann et al. [9], who also measured EISI cross sec-
tions for Xe9+. The theoretical results of Borovik Jr. et
al. [8] for EISI of Xe10+ were obtained with the nonrel-
ativistic configuration-average distorted-wave (CADW)
method and agreed within the experimental uncertainty
with the measured EISI cross section over the entire
experimental energy range.

Pindzola et al. [10] presented a joint experimental
and theoretical study on EISI of moderately charged
xenon ions (q = 10 − 17). The experimental energy
range of 200–1000 eV comprised all single-ionization
thresholds of these ions. The calculations with the
CADW method considered direct ionization and indi-
rect excitation-autoionization processes for ground-
configuration ions and metastable excited-configuration
ions. The resulting theoretical cross sections deviated
significantly from the measured ones, particularly for
ion charge states q ≥ 11. Later, more refined CADW
calculations by Borovik Jr. et al. [11] for q = 8 − 17
improved the agreement of theory and experiment but
did not significantly change the overall picture. Nev-
ertheless, the computational results were very useful
for providing experimentally-derived EISI plasma rate
coefficients (see Ref. [11] for details).

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjd/s10053-024-00854-2&domain=pdf
https://orcid.org/0000-0002-4196-6456
https://orcid.org/0000-0002-6952-3550
https://orcid.org/0009-0001-3405-5910
https://orcid.org/0000-0002-9737-4898
https://orcid.org/0000-0002-0030-6929
http://orcid.org/0000-0002-6166-7138
mailto:ftjin@nudt.edu.cn
mailto:schippers@jlug.de


68 Page 2 of 10 Eur. Phys. J. D (2024) 78 :68

The present investigation extends the above men-
tioned previous experimental work [10,11] to collision
energies of up to 3500 eV and also addresses EIDI in
addition to EISI. Our experimental method is described
in Sec. 2. Also the present theoretical approach is dif-
ferent from the previous nonrelativistic CADW calcu-
lations. We used two different variants of distorted-
wave calculations, i.e., the relativistic subconfiguration-
averaged distorted-wave (SCADW) method [12] and
the even more elaborate level-to-level distorted-wave
(LLDW) method [13]. Our theoretical approaches are
detailed in Sec. 3. Our experimental and theoretical
results are jointly presented and discussed in Sec. 4.
The concluding Sec. 5 provides a short summary of the
present key findings as well as a brief outlook on possi-
ble future research directions.

2 Experimental approach

The experimental data were measured at the Giessen
electron-ion crossed-beams setup [14,15]. In this setup,
multiply charged xenon ions were produced in an elec-
tron cyclotron resonance (ECR) ion source [16] where
oxygen was added to the xenon plasma in order to max-
imize the production of Xe12+, Xe13+, and Xe14+ ions
as described already earlier [10]. The ions were accel-
erated by putting the ion source on a high voltage of
12 kV, and the desired ion species was selected accord-
ing to its mass-to-charge ratio by passing the ion beam
through a combination of narrow slits and a double-
focussing dipole magnet. The selected ions were then
collimated to a size of about 1 mm × 1 mm by two sets
of four-jaw slits and subsequently crossed with an elec-
tron beam under an angle of 90◦. Product ions result-
ing from electron-impact ionization (and from collisions
with residual-gas particles) were separated from the pri-
mary ion beam by a second magnet. Ions in the chosen
product charge state were counted with nearly 100%
efficiency on a channeltron-based single particle detec-
tor [17]. The primary ions were collected in a Faraday
cup and the ion current was recorded with a sensitive
electrometer. For the ions under study, the electrical
ion currents in the electron-ion interaction region were
approx. 8.5 nA for 129Xe12+, 3.6 nA for 129Xe13+, and
3.5 nA for 129Xe14+.

The electron beam was provided by an electron gun
which is different from the gun used in our earlier work
[10,11]. In particular, the new gun extends the avail-
able electron-energy range from previously maximally
1000 eV to now 3500 eV [18–20]. The electron gun pro-
duces a ribbon-shaped electron beam with currents of
up to 900 mA at the maximum energy. For a specific
measurement, however, the electron current depends on
the electron energy and the selected operation mode of
the electron gun [19].

For the determination of absolute EII cross sections
the mutual geometrical overlap of both particle beams
was measured by moving the electron beam mechan-
ically through the ion beam and by simultaneously

recording the ionization signal as a function of gun posi-
tion. This animated crossed-beams technique [21–23]
also quantifies the background resulting from ionization
in collisions of the primary ions with residual-gas par-
ticles such that it can be readily subtracted. Another
source of background were ions which were trapped in
the space charge potential of the electron beam. This
background was eliminated by a space-charge compen-
sation technique [24], which involved the leaking of
xenon or nitrogen gas into the interaction chamber.
Thereby, the vacuum pressure rose from a background
pressure of some 10−10 mbar to about 10−7 mbar.

The systematic uncertainties of the absolute cross
sections were estimated as the quadrature sum of the
uncertainties of all parameters used for calculating the
cross section. This approach is very similar to the one
used at this setup with the former electron gun still
in operation [15] and only the estimation of the elec-
tron current’s uncertainty was adjusted. It results in
systematic uncertainties of the measured EII cross sec-
tions between 6.5 and 7% depending on the particu-
lar electron beam’s characteristics for every single mea-
surement. For energies well above the particular ion-
ization threshold, statistical uncertainties are typically
less than 1% at 95% confidence level resulting in a dom-
inance of the systematic uncertainties when evaluat-
ing the total uncertainties. Only close to the ionization
threshold the statistical uncertainties and thus also the
total uncertainties are higher due to a low ionization
signal. Also for double ionization of Xe14+, the total
uncertainties were larger for all measurements above
2500 eV because of an accidentally incomplete com-
pensation of the electron beam’s space-charge for these
measurements. All error bars in the figures below cor-
respond to the quadrature sum of the statistical and
systematic uncertainties.

Although the contribution of the ion energy to the
electron-ion collision energy is almost negligible, it was
properly accounted for in the nonrelativistic calculation
of the latter. The uncertainty of the electron-ion colli-
sion energy scale was about 10 eV.

3 Theoretical method

We used quantum mechanical perturbation theory for
the computation of cross sections for electron-impact
single and double ionization of Xe12+, Xe13+, and
Xe14+ ions at electron energies ranging from the indi-
vidual ionization thresholds (Table 1) up to 4000 eV.
All required atomic quantities were obtained from the
Flexible Atomic Code (FAC) [26], which is an imple-
mentation of the fully relativistic Dirac-Fock-Slater
method for the calculation of atomic energy levels and
wave functions (see also [27]). These wave functions
were used for computing radiative and autoionizing
atomic transition rates involving both bound and con-
tinuum levels. Within the current approach, the contin-
uum wave functions are referred to as distorted waves
(DW).
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Table 1 Single ionization potentials (SIP) and double-ionization potentials (DIP) of ground-level Xe12+, Xe13+, and Xe14+

ions in eV: Present FAC results and values from the NIST Atomic Spectra database [25]

Xe12+ Xe13+ Xe14+

SIP DIP SIP DIP SIP DIP

FAC 282.38 592.79 310.41 653.47 343.06 715.66
NIST 281(3) 595(4) 314(3) 657(4) 343(3) 717(4)

Both sets of data agree within the quoted uncertainties of the NIST values, keeping in mind that the FAC values also have
an (unspecified) uncertainty

The computational effort depends on the level of
detail requested. Depending on the individual config-
urations involved, we carried out two different vari-
ants of DW calculations, i.e., the subconfiguration-
averaged distorted-wave (SCADW) method [12] and
the level-to-level distorted-wave (LLDW) method [13].
We have applied this hybrid approach already ear-
lier to EII of W14+, W15+, and W16+ ions [28,29],
where we have shown that the much more costly LLDW
method becomes only necessary when the less demand-
ing SCADW method averages autoionizing and non-
autoionizing levels to joint subconfigurations that are
either autoionizing or non-autoionizing as a whole and,
thus, cannot represent the true atomic structure cor-
rectly. As will be detailed below, this is also the case
for some of the configurations included in the present
calculations.

3.1 Electron-impact single ionization

There are several processes that result in electron-
impact single-ionization (EISI) of ions. The simplest
process is direct ionization (DI) where an initially
bound electron is directly removed from an ion through
a collision with an incoming electron. The DI process
can be formally described by

e− + Aq+ → 2e− + A(q+1)+. (1)

By electron-impact, the ion can also be excited to
an autoionizing level and then autoionize to the next
higher charge state via an Auger process. This so-called
excitation-autoionization (EA) process can be viewed
as a sequence of two steps, i.e.

e− + Aq+ → e− + [Aq+]∗ → 2e− + A(q+1)+, (2)

where [Aq+]∗ denotes the intermediately excited ion.
The EA process contributes significantly to the total
EISI cross section, especially near the ionization thresh-
old and for moderately and highly charged ions.

In some situations, also the resonant-excitation
double-autoionization (REDA) and the resonant-
excitation auto-double ionization (READI) processes
can be important [1]. In these two processes, the Aq+

ion first captures an incident electron by dielectronic
capture (DC) such that an excited level in the lower
charged ion A(q−1)+ is generated. If this level is above

the double-ionization potential of this ion it autoion-
izes by emitting with a certain probability two electrons
either sequentially (REDA) or simultaneously (READI)
such that a net ionization has occurred. For REDA, this
is formally described as

e− + Aq+ → [A(q−1)+]∗∗ → e− + [Aq+]∗

→ 2e− + A(q+1)+. (3)

REDA has been found to make significant contribu-
tions to EISI of Xe24+ ions [30]. In contrast to REDA,
which is governed by two-electron interactions, the
READI process involves a much less probable three-
electron interaction. Accordingly, its cross section is
usually smaller than that for REDA. Therefore, READI
and more higher-order processes are disregarded in the
present study.

The total EISI cross section from level i of an ion Aq+

to level j of the ionized ion A(q+1)+ can be expressed
as

σij(ε) = σDI
ij (ε) +

∑

k

σCE
ik (ε)Bkj

+
∑

lm

σDC
il (ε)BlmBmj . (4)

Here, σDI
ij is the DI cross section at the incident electron

energy ε, and σCE
ik is the electron-impact collisional-

excitation cross section from level i to an autoionizing
level k of the ion. σDC

il is the DC cross section from the
level i of Aq+ to the level l of the lower charge state ion
A(q−1)+ with the requirement that level l needs to be
capable of double autoionization. Bkj , Blm, and Bmj

represent the branching ratios (BR) for autoionization.
Bkj is the BR of the EA process, which is determined
by the expression

Bkj =
Aa

kj +
∑

n Ar
knBnj∑

m Aa
km +

∑
n Ar

kn

, (5)

where Aa
kj is the Auger rate from level k of the ion Aq+

to level j of the ion A(q+1)+, and Ar is the radiative
transition probability. The second term in the numera-
tor accounts for radiative transitions into energetically
lower autoionizing levels n of the ion Aq+. In Eq. 4, Blm

and Bmj are defined in the analogous way for the two

123



68 Page 4 of 10 Eur. Phys. J. D (2024) 78 :68

autoionization steps required for a REDA process from
level i of ion Aq+ to level j of the ionized ion A(q+1)+

via the intermediate levels l and m.
In the present EISI calculations, contributions from

DI of K-, L-, and M -shell electrons are not considered
because all the resulting hole states can — and in the
vast majority of cases will — result in at least another
Auger process and effectively lead to net multiple ion-
ization of the original ion. Therefore, only DI of the
4s, 4p and 4d subshells has been taken into account in
the present calculations. Concretely, the considered DI
channels are

e + [Ar]3d104s24p64d6−x → 2e +

⎧
⎪⎪⎨

⎪⎪⎩

4s24p64d5−x

4s24p54d6−x

4s14p64d6−x,

(6)

where x = q − 12 = 0, 1, 2 for the ion charge states
q = 12, 13, 14, respectively. In the DI calculations, the
cross sections were summed over the angular momenta
of the initial and the ejected electrons [26]. In order to
obtain converged DI cross sections, partial waves with
relativistic angular momentum quantum numbers of up
to κ = 6 for both the incident and the ejected electron
were considered in our computation. The same number
of partial waves was used in the EA and EIDI calcula-
tions discussed below.

In the calculation of the EA cross section all excita-
tions that result in states with the potential to autoion-
ize must be included. This applies in particular to the
excitation of M -shell electrons. In analogy to the DI,
the excitations of electrons from the K and L shells are
not considered as these will result in effective multiple
ionization. The EA channels that have been taken into
account in our calculations are

e + [Ne]3s23p63d104s24p64d6−x

→ e +

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

3s23p63d104s24p54d6−xnl

3s23p63d104s14p64d6−xnl

3s23p63d94s24p64d6−xnl

3s23p53d104s24p64d6−xnl

3s13p63d104s24p64d6−xnl,

(7)

where all n ≤ 25 and l ≤ 8 had to be considered for
reaching convergence of the total EA cross sections. It
should be noted that nl also includes the 4d subshell.

For the calculation of the REDA cross section—
analogous to the EA—all DC channels that result in
states with the potential for double-ionization but not
triple-ionization need to be included, i.e.

e + [Ne]3s23p63d104s24p64d6−x

→

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

3s23p63d104s24p54d6−xn′l′nl

3s23p63d104s14p64d6−xn′l′nl

3s23p63d94s24p64d6−xn′l′nl

3s23p53d104s24p64d6−xn′l′nl

3s13p63d104s24p64d6−xn′l′nl,

(8)

where n′ ≤ 9, l′ ≤ 5 (n′l′ also refers to 4d), and n ≤ 25,
l ≤ 5. Analogous to EA, these ranges of quantum num-
bers of the excited electrons proved to be sufficiently
high for the total REDA cross sections to converge. For
the decay of the thus formed [A(q−1)+]∗∗ ions (cf. Eq. 3),
all possible Auger and radiative decay channels were
included to obtain the autoionization branching ratios
(Eq. 5) that are needed for the computation of the var-
ious partial cross sections contributing to Eq. 4.

3.2 Electron-impact double ionization

The conceptually simplest contribution to EIDI is
direct-double ionization (DDI)

e− + Aq+ → 3e− + A(q+2)+, (9)

where two initially bound electrons are simultaneously
released. This can happen by two collisions of the inci-
dent electron with two bound electrons, or by one col-
lision of the projectile with one bound electron which
then knocks off another bound electron on its way out.
A third possibility is that the projectile electron knocks
out a bound electron and by the sudden change of
screening a second bound electron is shaken off.

A theoretical description of this double-ionization
channel is notoriously difficult because it requires a
thorough treatment of the correlations between the
three outgoing continuum electrons [31]. To date, a gen-
eral computational method for the calculation of DDI
cross sections is not available, and the development of
such a method is beyond the scope of the present work.
Therefore, DDI is neglected in our present EIDI calcu-
lations.

Similarly to what has been done in recent work
by others [32,33] we take only indirect ionization
processes into account. In particular, we consider
ionization-autoionization (IA) and excitation double-
autoionization (EDA), which are the dominant contri-
butions to EIDI of heavy many-electron ions. In IA an
inner-shell electron of the Aq+ ion is initially removed
by direct ionization such that a multiply excited state of
the ionized A(q+1)+ ion is formed, which subsequently
decays via autoionization resulting in the production
of a net doubly ionized A(q+2)+ ion. In EDA the Aq+

ion is excited to a level in the double-ionization con-
tinuum, which autoionizes in two consecutive steps to
form an A(q+2)+ ion. In principle the autoionization
can also occur in one step, where two electrons are
emitted simultaneously and which is called excitation
auto-double ionization (EADI). As already discussed
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for REDA and READI, such higher-order processes typ-
ically are of minor importance and were neglected as
well to keep the calculations tractable.

The total double-ionization cross section resulting
from IA and EDA can be written as

σij(ε) =
∑

k

σDI
ik (ε)Bkj +

∑

lm

σCE
il (ε)BlmBmj ,

(10)

where the subscripts i and j refer to an initial level
in the primary Aq+ ion and a final level in the prod-
uct ion A(q+2)+, respectively. The quantity σDI

ik is the
direct ionization cross section from level i of Aq+ to the
autoionizing level k of A(q+1)+, and Bkj is the autoion-
ization branching ratio from level k to level j of A(q+2)+,
and σCE

il is the electron-impact excitation cross section
from level i to level l of Aq+, and Blm and Bmj are
the autoionization branching ratios from level l to the
autoionizing level m of A(q+1)+ and from level m to the
non-autoionizing level j of A(q+2)+, respectively.

In the present calculations, we considered the IA
channels

e + [Ne]3s23p63d104s24p64d6−x

→

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

3s23p63d94s24p64d6−x

3s23p53d104s24p64d6−x

3s13p63d104s24p64d6−x,

(11)

and the EDA channels

e + [Ne]3s23p63d104s24p64d6−x

→ e +

⎧
⎪⎪⎨

⎪⎪⎩

3s23p63d94s24p64d6−xnl

3s23p53d104s24p64d6−xnl

3s13p63d104s24p64d6−xnl.

(12)

For both, IA and EDA, calculations were performed for
4 ≤ n ≤ 25 and l ≤ 6 as required for the convergence
of the total cross section.

3.3 Computations for metastable primary ions

Up to now, we have implicitly assumed that all ions
were initially in their respective ground configurations.
However, the ECR ion source also produces excited
ions. If the excited levels are sufficiently long-lived, they
will survive their transport from the ion source to the
electron-ion collision region. In the present experiments,
the corresponding flight times were about 9 μs at an
acceleration voltage of 12 kV [11].

In the measured cross sections, metastable ions reveal
their presence by producing an ionization signal at ener-
gies below the threshold for ionization of the ground
level. In the EISI cross sections of all ions under con-
sideration, there are weak contributions of that kind,

which suggests that minor fractions of the primary ions
were initially in excited metastable levels which, accord-
ing to comprehensive lifetime calculations, belong to
excited levels of the [Kr]4d6−x−14f excited configura-
tion [11]. Therefore, we performed cross section cal-
culations also for EISI and EIDI of ions in initially
[Kr]4d6−x−14f configurations, which were carried out
analogous to the calculations for ground state ions. As
discussed in detail below, the (small) metastable ion
fractions were finally inferred from the comparison of
the calculated total EISI cross sections with the mea-
sured ones.

4 Results and discussions

4.1 Electron impact single ionization

Figure 1 shows our experimental and theoretical
SCADW results for the EISI cross section of Xe12+. The
experimental results agree with our earlier ones [10,11]
(not shown), which were limited to a maximum collision
energy of 1000 eV. This is also the case for the other two
ions presently under study. The SCADW calculations
comprised DI and EA and only the ground configu-
ration [Ar]3d104s24p64d6 was considered. According to
our calculations and in agreement with the results from
our earlier CADW calculations [11], the largest contri-
butions to the EISI cross section in the experimental
energy range are by DI of the 4d and 4p subshells and
by EA involving the excitation of a 4p or a 3d elec-
tron. The agreement between experiment and theory
is not totally satisfying. The theoretical cross section
is significantly smaller than the experimental one, par-
ticularly, below the cross-section maximum at about
800 eV. This discrepancy is due to oversimplifications

Fig. 1 EISI cross section of Xe12+: Present experimental
results (open circles with error bars) and purely SCADW
results for Xe12+ in its ground-subconfiguration with the
various shaded curves representing the indicated contribu-
tions to the total cross section
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Fig. 2 Comparisons between LLDW (solid black lines) and
SCADW (dashed red lines) EA cross sections for the 4p →
5f (a), 4p → 5g (b), and 4p → 6p (c) excitation channels

in the model used for calculating the cross section in
Fig. 1. In the following we refine our theoretical model
by partly applying the fine-structure resolving LLDW
approach and by accounting for REDA processes as well
for the presence of metastable primary ions.

As discussed already in Sect. 3, the EISI cross sec-
tion cannot be calculated correctly by the SCDAW
model whenever it combines autoionizing and non-
autoionizing levels to joint subconfigurations that are
either autoionizing or non-autoionizing as a whole. This
affects predominantly the EA cross sections with the
excitation energies being in the vicinity of the ionization
threshold. Examples are shown in Fig. 2 which com-
pares LLDW and SCADW EA cross sections for some
4p excitation channels. The results of both methods are
strikingly different from each other.

In the SCADW calculation, the 4p → 5f excita-
tion to the 4s24p54d65f configuration splits into 20 rel-
ativistic subconfigurations spreading out over excita-
tion energies ranging from 260 to 281 eV, which are all
below the ionization threshold. Therefore, this chan-
nel does contribute to EA in the SCADW model. In
the LLDW calculation the situation is much differ-
ent. There the 4s24p54d65f configuration splits into
2022 levels which are distributed over the energy range
251–306 eV. Among these levels are 688 above the
ionization threshold which thus contribute to EA. A
similar reasoning also applies to the 4p → 5g and
4p → 6p excitation channels where LLDW calcula-
tions predict a larger number of above-threshold con-
tributions than the SCADW method. In all cases this
leads to significantly larger LLDW EA cross sections as
compared to the corresponding SCADW cross sections,
which emphasizes the need for a detailed level-to-level
treatment of the excitation channels that straddle the
threshold.

Another improvement of our calculations concerns
the inclusion of REDA (Eq. 3) in the theoretical EISI
cross sections. REDA was not treated in our earlier
work [11]. Figure 3 shows the computed REDA cross

Fig. 3 REDA of Xe12+. The black line refers to the REDA
in which in the dielectronic capture process a 3d electron is
excited. The blue, red, magenta and green lines refer to the
3p, 3s, 4s and 4p excitations, respectively

Fig. 4 EISI cross section of Xe12+: Present experimen-
tal results (open circles with error bars) and hybrid
SCADW/LLDW results assuming a mixture of the [Kr]4d6

ground configuration (97%) and the [Kr]4d54f excited
metastable configuration (3%) for the primary ion-beam
composition

sections for Xe12+. Their contribution to the total EISI
cross section (Fig. 1) is significant. The strongest REDA
channels involve the excitation of a 3d electron. The
open 3d subshell leads to a large number of doubly
excited levels which span the energy range 500−900 eV,
i.e., to beyond the maximum of the total EISI cross
section where also resonances from REDA processes
involving the excitation of a 3p electron occur.

In addition to the improvements in our calculations
discussed above, we also considered (weak) contribu-
tions from metastable excited primary ions, as was
done already in our earlier work [11]. The presence
of (long-lived) excited states in the primary ion beam
employed in the experiment is responsible for the non-
zero EISI cross section below the threshold for ground-
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Fig. 5 EISI cross section of Xe13+: Present experimen-
tal results (open circles with error bars) and hybrid
SCADW/LLDW results assuming a mixture of the [Kr]4d5

ground configuration (97%) and the [Kr]4d44f excited
metastable configuration (3%) for the primary ion-beam
composition

level ionization of Xe12+ at about 282 eV (Table 1).
These metastable states also contribute to all measured
total cross sections in the entire experimental colli-
sion energy range. The metastable-ion fractions were
adjusted in our computations to achieve the best pos-
sible match between the theoretical EISI cross sections
and the corresponding experimental ones. This resulted
in 4d6−x−14f metastable fractions of 3%, 3%, and 2%
for Xe12+, Xe13, and Xe14+, respectively, largely in
agreement with what was already obtained from our
earlier CADW calculations [11].

Figure 4 compares the result of our improved cal-
culation for EISI of Xe12+ with the measured cross
section. The theoretical cross section agrees with the
measured data very well over the entire experimental
energy range, notably now also in the range around
and below the ground-level ionization threshold and up
to the cross section maximum. The REDA contribu-
tions are decisive for the improved agreement at these
energies. In Fig. 4, the LLDW contribution to 4p EA is
plotted separately. It makes up for almost 20% of the
entire 4p EA cross section.

Analogous to the approach described above, we also
calculated the EISI cross sections of Xe13+ and Xe14+
ions. In Figs. 5 and 6, respectively, these are com-
pared with the corresponding experimental data. In the
case of Xe14+ we compare with our previously pub-
lished experimental data [10,11] since new EISI mea-
surements have not been conducted for this ion. Also for
Xe13+ and Xe14+ the inclusion of REDA contributions
improves the agreement between theory and experiment
decisively. The importance of the LLDW contribution
to 4p EA obviously decreases with increasing charge
state. For Xe14+ it is almost negligible. This behavior
does not follow a general rule as it is rather related to
the specific atomic structures of the ions investigated.

Fig. 6 EISI cross section of Xe14+: Experimental data
from Ref. [10] (open circles with error bars) and present
hybrid SCADW/LLDW results assuming a mixture of the
[Kr]4d4 ground configuration (98%) and the [Kr]4d34f
excited metastable configuration (2%) for the primary ion-
beam composition. The thick black line represents experi-
mental data [10] that resulted from a fine energy scan and
that were normalized to the absolute experimental data
points [11]

This emphasizes the need for separate detailed atomic
calculations for each individual ion.

4.2 Electron impact double ionization

Figures 7, 8, and 9 present our measured and calcu-
lated EIDI cross sections for Xe12+, Xe13+, and Xe14+,
respectively. In general, the measured double-ionization
cross sections rise less steeply than the respective single-
ionization cross sections. None of the dominant IA or
EDA processes straddles the threshold. Therefore, a
detailed level-to-level treatment was not considered in
our theoretical EIDI cross sections and all EDA and
IA contributions (Eq. 10) were calculated within the
confines of the SCADW method.

From our calculations we find that the EIDI cross
sections are dominated by EDA and IA. The ener-
getically lowest excitation channel into Xe(12+x)+ con-
figurations (x = 0 − 2) above the double-ionization
thresholds involves the excitation of a 3d electron to
the 4d subshell. However, the ionized configurations
Xe(13+x)+(3d104s24p54d6−x) and Xe(13+x)+

(3d104s4p64d6−x), which can be reached from the 3d →
4d excited Xe(12+x)+(3s23p63d94s24p64d7−x) configu-
rations by a single Auger transition, are below the
Xe(13+x)+ single ionization thresholds. Therefore, 3d →
4d excitation contributes only to single but not to dou-
ble ionization. EDA opens up only when a 3d electron
is excited to the 5d or higher subshells, i.e., at ener-
gies much beyond the thresholds for double ionization.
For example, the 3d → 5d exciation energy in Xe12+ is
∼ 773 eV while the double ionization threshold occurs
at about 593 eV (Table 1). We conclude that EDA and
IA cannot explain the experimental cross section in the
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Fig. 7 EIDI cross section of Xe12+: Present experimental
results (open circles with error bars) and SCADW results
assuming a mixture of the [Kr]4d6 ground configuration
(97%) and the [Kr]4d54f excited metastable configuration
(3%)

Fig. 8 EIDI cross section of Xe13+: Present experimental
results (open circles with error bars) and SCADW results
assuming a mixture of the [Kr]4d5 ground configuration
(97%) and the [Kr]4d44f excited metastable configuration
(3%)

vicinity of the double ionization threshold. At these
energies, most probably the neglected (by us) DDI pro-
cess (Eq. 9) contributes significantly to the total EIDI
cross sections. In any case, our EDA and IA calculations
yield total theoretical EIDI cross sections which agree
with the experimental ones at high energies beyond
about two times the double-ionization threshold.

5 Conclusions

Employing the electron-ion crossed-beams technique
new experimental cross sections for electron-impact
single-ionization (EISI) of Xe12+ and Xe13+ as well as
for electron-impact double-ionization (EIDI) of Xe12+,

Fig. 9 EIDI cross section of Xe14+: Present experimental
results (open circles with error bars) and SCADW results
assuming a mixture of the [Kr]4d4 ground configuration
(98%) and the [Kr]4d34f excited metastable configuration
(2%)

Xe13+, and Xe14+ were measured. A recently installed
new electron gun [18–20] allowed us to extend the col-
lision energy range from previously up to 1000 eV to
now up to 3500 eV. The agreement of the new EISI data
with our previously measured cross sections [10,11] tes-
tifies that the new gun operates as intended. With the
new possibility to perform cross-section measurements
at increased energies we can, in the future, extend our
detailed EISI and EIDI studies to higher ion charge
states and also to multiple ionization beyond double
ionization.

Different from earlier CADW calculations [8,10,
11] our present theoretical hybrid SCADW+LLDW
approach leads to a satisfying agreement between the-
oretical and experimental EISI cross sections over the
entire experimental energy range. The decisive ingre-
dients for reaching this agreement were the inclusion
of resonant-excitation double-autoionization (REDA)
processes in the calculations and the detailed level-to-
level calculations for excited configurations that strad-
dle the ionization threshold. It should be noted, that it
can be decided on the basis of atomic-structure calcu-
lations which configurations fall into this class. There-
fore, the hybrid SCADW+LLDW method is generally
applicable, independent of the availability of any exper-
imental cross-section data.

There is also good agreement between our experi-
mental and theoretical EIDI cross sections for electron
ion collision energies beyond two times the ionization
threshold. At lower energies, the theoretical cross sec-
tions underestimate the experimental ones by large fac-
tors. We attribute this mainly to the neglect of direct
double-ionization in our calculations. An even only
approximate treatment of this ionization channel with
three continuum electrons in the final state is beyond
the scope of the present investigation. Nevertheless, we
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hope that our work stimulates future research in this
direction.
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