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Abstract
We present positron-impact multiple (single to quintuple) and total ionization cross sections of
Ne, Ar, Kr, and Xe, covering an extended energy range from 50 eV to 7 keV. We improve on
previous calculations of the ionization thresholds by adding the mean kinetic energy transferred
to the target electrons. In this way the thresholds compare rather well with the experimental
appearance energies for the different k-fold ionization cross sections. Present results include not
only the novel energy threshold at low energies but also the post-collisional contribution at high
energies. We performed a quite complete particle–antiparticle comparison by including our
positron-impact results, new calculations for electron-impact ionization including the threshold
correction, and a detailed compilation of experimental data. Present positron-impact multiple
ionization cross sections are the first ones in such an extended energy region.

Keywords: positron, electron, multipleionization

1. Introduction

Multiple ionization (MI) processes play an important role in
understanding the physics of the many-electron problems,
such as multiple-electron transitions, collisional and post-
collisional electron emissions or electron correlation effects.
In addition, the comparative study of particle–antiparticle
values (electrons–positrons, protons–antiprotons) contributes
to the analysis of the dominant mechanisms in the inter-
mediate-to low-energy region where differences are clear, i.e.
charge and mass effects, polarization and differences in pro-
jectile trajectories. Some reviews on particle–antiparticle
collisions can be found in [1–4], and particularly for positrons
in [5–9]. Positron-impact ionization remains an interesting
subject of experimental and theoretical study due to its
applications (astrophysics, medicine, material science) [10],
its experimental possibilities compared with antiproton sour-
ces (antiproton sources rely on high-energy experiments such
as the antiproton decelerator facility at CERN), and more
efficient ionization compared to electron impact (i.e. higher
ionization cross sections in the intermediate energy
region) [11].

Recently many articles have focused on the study of
positron interaction with atoms [12–14] and molecules

[11, 15, 16]. Most of the studies on ionization by positrons are
about total or single ionization, experimentally [17–21] or
theoretically [22–25]; few articles report double or triple
ionization [26–33], and only one reports quadruple-ionization
([31], just for Xe). To our knowledge no theoretical proposals
have been put forward to describe the positron-impact MI
problem in a broad and comprehensive manner, encompass-
ing single to quintuple-ionization, from threshold to high
energies. This paper is a step in that direction.

In the last few years we have studied the MI by exten-
sively applying different strategies. We have dealt with MI by
impact of protons [34], antiprotons [35], and lately electrons
[36]. In this article we close this sequence by calculating MI
by impact of positrons.

Our basic consideration is the assumption of the inde-
pendent particle model (IPM), i.e. that the ejected electrons
ignore each others’ fate, neglecting the correlation in the final
state. Within the IPM, the probability of MI is expressed as a
multinomial combination of independent ionization prob-
abilities of the different subshells [37, 38]. Our calculations
employ the continuum distorted-wave eikonal initial state
(CDW-EIS) approximation for ionization probabilities as a
function of the impact parameter [34–36, 39, 40]. We have
also calculated the first Born approximation to confirm the
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high-energy limit. As the CDW-EIS is an approximation valid
for heavy projectiles, to deal with the positron and electron
impact we have corrected the probabilities to account for the
light mass, the momentum and energy transferred, the non-
linear trajectory and the minimum energy required for MI. All
these corrections have been explained in detail in [36] for the
electron impact. For the positron impact we follow the same
pattern. The only difference is that for positrons the trajec-
tories are repulsive, and as a consequence there is an exclu-
sion zone that the projectile cannot visit (see figure 1 of [36]).

Two different ionization mechanisms are responsible for
the target final charge state: the direct ionization (DI) and the
post-collisional ionization (PCI). The first one is the known
electron emission due to the projectile interaction with the
target bound electrons. It is important in the low- and inter-
mediate-energy region but decreases drastically for high-
impact energies. The second one is the electron emission
cascade that follows inner-shell ionization, which determines
the final ion charge state. PCI is independent from the pro-
jectile and may be incorporated using photoionization data
[37, 38]. In the present contribution we follow the same
method as in [34–36].

Concerning the energy threshold, in [36] we assumed
that the minimum impact energy for MI was just the addition
of the binding energies of the emitted electrons. By doing so

we clearly underestimated the experimental appearance
energies for k-fold ionization with ⩾k 2 [36]. In the present
contribution we have improved our previous estimation by
considering not only the binding energies but also the average
kinetic energy of each electron on its way out. In this manner
the comparison with the experimental appearance energies is
highly improved [41].

The paper is organized as follows. In section 2 we state
the physical considerations regarding the threshold for MI by
light particles (section 2.1) and the inclusion of PCI
(section 2.2). In section 3 we comment about the positron
impact experimental data and their normalizations. Finally, in
section 4 we present and discuss our theoretical results for
positron and electron-impact MI and total ionization cross
sections of the heavier rare gases (starting with Ne). Detailed
comparison with experiments is made. Atomic units are used
except when it is indicated.

2. Theoretical considerations

2.1. The energy threshold

The energy threshold in MI is a key point that has deserved
much theoretical and experimental effort [17, 42–46]. If we

Figure 1. Single-ionization cross sections of Ne, Ar, Kr and Xe by positron and electron impact. Curves present results for positron impact
(red-thick curve) and by electron-impact (black-thin curve) including direct and post-collisional ionization; dashed-curve presents results for
direct ionization by electron impact. Experimental data: for positron impact, ▴ Laricchia et al [20] (renormalization of [27]), ■ Jacobsen
et al [18], ☆ Knudsen et al [17]; for electron impact, ◊ Rejoub et al [62], ◁ Kobayashi et al [63], ⊟ McCallion et al [64], ▿ Krishnakumar
et al [53], ▷ Nagy et al [56], □ Schram et al [55], hollow ⋆ Straub et al [65]. The double arrow indicates the region where the theoretical
values are interpolated, from the last not-null CDW-EIS cross section, to zero for the appearance energy.
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consider k-fold ionization, the total energy transferred to the
target electrons is

∑=E q E , (1)k

nl
nl nl

( )

where qnl is the number of electrons removed from the nl-
subshell, Enl is the energy transferred to each electron, and

= ∑k qnl nl. Thus the threshold is given by E k( ) correspond-
ing to the minimum value of Enl, denoted with Enl. In our
previous calculation we just considered =E Inl nl, with Inl
being the orbital binding energy [36]. In the present
contribution we have improved this value by considering
not only Inl but also the mean kinetic energy of the emitted
electrons. Using the classical Thompson approximation [47]
for light projectiles, it can be shown that Enl should be [41]

=
−

>
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This is an energy threshold that depends on the impact energy
E. It is greater than Inl, but tends to it if the impact-energy is
sufficiently low,

=
→

E Ilim . (3)
E I

nl nl
nl

This threshold is not a general cut-off; we have to include Enl

within the multinomial expansion. For example, for the
quadruple ionization of Xe we needed to consider different
thresholds for each of the 467 terms [48]. The inclusion of the
minimum energy given by equation (2) within the MI
calculations makes a dramatic difference in the electron and
positron-impact cross sections in the low-energy region.

The experimental appearance energies in k-fold ioniza-
tion have been compiled by Denifi et al [42, 43]. We have
estimated these values considering that all the electrons are
emitted from the outermost shell (the most loosely bound
electrons),

≃ = =E E k E . (4)k k
nlmin

( )
out
( )

out

In table 1 we display our results for E k
min
( ) given by equation

(4) for single (k = 1) to sextuple (k = 6) ionization of Ne, Ar,
Kr and Xe. The comparison with the experimental values
tabulated by Denifi et al [42, 43] is quite reasonable as shown
in figure 2 of [41]. As an illustration, let us focus on the triple
ionization of Ar. By considering just the binding energy

=I 16.1p3 eV, the threshold would be at × =I3 48.2p3 eV,
while the experimental value is 84 eV [42, 49]. Instead, using
(4) =E 108k

min
( ) eV. The extra 60 eV (difference between

48.2 eV and 108 eV) is the averaged kinetic energy of the
three emitted electrons. The present value is much closer to
the experimental one but still overestimates due to limitations
of our model, i.e. the IPM, the Thompson approximation, and
even the absence of sequentiality within the MI processes,
which plays an important role.

For positron-Ar ionization the threshold measured by
McEachran et al [10] is higher than the electron-impact one.
This is not predicted by our simple model, which gives the
same value for both electrons and positrons. The experimental
minimum energy for positron-impact ionization is not as clear
as for electron impact. Low-energy positron-impact collisions
may lead to positronium formation. The separation between
positronium formation and pure ionization is a sensitive point
in this energy region [20] and may affect the determination of
the ionization threshold.

Note that the values in table 1 correspond to DI while the
experimental ones include DI + PCI. From single to triple
ionization PCI is almost negligible near the threshold. How-
ever, this is not true for k-fold ionization, with ⩾k 4. This
can produce highly charged ions for impact energies below
those in table 1. We will return to this point in section 4.

2.2. The post-collisional processes

When an electron is removed from a deep shell, cascades of
different processes take place (Auger-type processes, radia-
tive decays or combination of both). Thus the final (mea-
sured) charge state is higher than the DI prediction. For
example, above 1 keV the d3 single ionization of Xe is critical
to describe the quintupleonization [48], and so are the p2 of
Kr and p3 of Xe for the sextuple ionization.

We include PCI within the MI as in previous works [34–
36]. The method considers the experimental branching ratios
of the charge-state distribution after a single initial vacancy,
and incorporates them within the multinomial expansion
[37, 38]. Thus DI turns into total MI, including PCI. Pio-
neering in this research are the works by Carlson and co-
workers [50, 51], used in multiple-ionization calculations too
[37, 38, 52]. Due to the advances in photoionization experi-
mental techniques, quite a lot of new research has been car-
ried out in the last twenty years. Improved values and details
of the Auger processes are available in the literature. Updated
tabulations of the experimental branching ratios for PCI of
Ne, Ar, Kr and Xe can be found in [36].

3. Considerations about the experimental data

Despite its technological and medical possibilities [10] the
experimental data on total ionization and MI by positron-
impact is much more scarce than electron-impact measure-
ments. A key point is the normalization of the relative values.
Positron experiments are usually normalized to the total
ionization cross sections by electron impact assuming that at
sufficiently high energies both values converge. For example,
Kara et al [27] and Jacobsen et al [18] normalized to the
single-ionization cross sections by Krishnakumar and

Table 1. Ionization thresholds (in eV) for k-fold direct ionization of
Ne, Ar, Kr and Xe by positron or electron-impact, in Thompson
approximation, using the mean energy transferred given by
equation (2).

K 1 2 3 4 5 6

Ne 23.1 81.3 155 239 331 428
Ar 16.1 56.5 108 166.4 230 298
Kr 14.2 50.1 95.7 147.5 204 264
Xe 13.0 43.7 83.5 128.8 178 230
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Srivastava [53], while Knudsen et al [17] normalized to the
total ionization cross sections by Rapp and Englander-Golden
[54]. Differences should be small because Krishnakumar and
Srivastava [53] values are not absolute ones and have been
normalized to the total cross sections by Rapp and Englander-
Golden [54]. Another possibility is the normalization with the
absolute data by Schram [55], Nagy [56] or by Sorokin et al
[57, 58] as in Laricchia et al [20], which produces a clear
difference for total ionization cross sections of Ne.

The choice of the electron-impact total cross sections for
the normalization is a point of discussion [59]. Many factors
must be considered. The first one is that few electron mea-
surements are absolute cross sections with low relative errors,
as noted by Sorokin et al [57]. Reference values for total
ionization cross sections are the measurements by Rapp and
Englander-Golden [54], by Schram et al [55], and much more
recently, by Sorokin et al [57, 58].

The method used by Sorokin and collaborators reduces
the experimental error below 2% by comparing ionization by
electrons and by photons. However it should be noted that
while the total ionization cross sections by Rapp and Eng-
lander-Golden [54] are gross cross sections, σ Σ σ= k kgross ,

the total cross sections by Sorokin et al [57, 58] are count
cross sections (direct addition of the different k-fold ioniza-
tion cross sections σ Σσ= kcount ). Unfortunately, both are
named total ionization cross sections. Experimentally, gross
is flux of emitted electrons while count is flux of positive ions.
The total cross sections calculated as σ Σσ= nltotal , with nl
being the initial bound state, are actually gross cross sections
[60]. See [35] for a detailed discussion on this subject. We
have found that the difference between gross and count cross
sections is almost negligible for Ne and Ar, but it is important
for Kr and Xe (at 1 keV they are 22 and 34% respectively). A
possibility in order to compare gross and count cross sections
is to use the tabulated ratios gross/count. Tables of these
ratios can be found in [35] (theoretical values for proton and
antiproton impact) and in [61] (experimental values for
electron impact). Both tables show good agreement in the
high-energy region where heavy and light particle values
converge. Considering the count-to-gross ratios, the mea-
surements by Sorokin et al [57, 58] are in good agreement
with Schram [55] for Ne, Ar, Kr and Xe, and also with Rapp
and Eglander-Golden [54], except in the case of Ne [57, 58].

Figure 2. Double ionization cross sections of Ne, Ar, Kr and Xe by positron and electron-impact. Curves as in figure 1. Symbols: for
positron impact, ● Kara et al [27], ▶ Charlton et al [26] (in Laricchia et al [6]), ▴ Moxom et al [31], ◀ Bluhme et al [30] (only for
energies above 60 eV, the lower energy values include positronium formation); for electron impact, ◦ Syage [49], ▿ Krishnakumar et al
[53], □ Schram et al [55], ▷ Nagy et al [56], ◊ Rejoub et al [62], ⊟ McCallion et al [64], ◁ Kobayashi et al [63], ⊝ Almeida et al [66], ⊞
Liebius et al [67], hollow ⋆ Straub et al [65]. The double arrow indicates the region where the theoretical values are interpolated, from the
last not-null CDW-EIS cross section, to zero for the appearance energy.
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4. Results and discussion

4.1. Multiple ionization cross sections

In figures 1–6 we display our positron and electron-impact MI
cross sections of Ne, Ar, Kr and Xe, from single to sextuple.
For positrons these are the first systematic calculations in such
an extended energy range. We compare them with new
electron-impact values, calculated as in [36] but considering
the threshold energy as described in the previous section. The
improvement of the near threshold values is clear. In the
figures we have marked with a vertical line the last not-null
calculated value. The curves are interpolated from this value
to zero cross section at the appearance energy, also marked
with a vertical line.

In figure 1 our single-ionization results are shown toge-
ther with the available experimental data for positron and
electron impact. We found that both projectiles have similar
behaviour, with the positron values above the electron ones
near the maximum. This has been noted by other authors [4]
and can be observed in figure 1 in the data by Knudsen et al
[17] for Ne and Ar, Jacobsen et al [18] for Ne or by Kara et al
[27] for Xe. But it is fair to mention that near the threshold
there are positron experimental values equal to and also below
the electron ones.

For Ne at high energies our results describe well the
electron-impact experimental data by Krishnakumar et al
[53], Rejoub et al [62] and Kobayashi et al [63]. These values
are above the measurements of Schram [55] and Nagy et al
[56] at 1 keV. This is important because these are the different
values employed in the normalization of the positron data, as
mentioned in the previous section.

For Ar in figure 1, the different electron-impact data are
quite close to each other and so are our high energy values.
For positron impact our theoretical results describe the single
ionization measurements above 100 eV. Below this impact
energy our cross sections are closer to the values measured by
Knudsen et al [17] than to the recent data by Jacobsen et al
[18] and Laricchia et al [20]. These measurements show a
maximum of the cross sections around 100 eV while Knudsen
et al [17] and our own results display a maximum at 60 eV.
The near-threshold region is always complicated for our
theoretical model due to the limitations of the CDW-EIS and
the IPM. Experimentally it is a critical region too due to the
positronium-formation contribution.

For Kr and Xe, the agreement with the positron data
above 80 eV is good. At high energies, the Kr and Xe single-
ionization cross sections including PCI are below the single
DI, denoted with dotted-curves. This is because part of the
single ionization ends up as higher MI.

Figure 3. Triple-ionization cross sections of Ne, Ar, Kr and Xe by positron and electron impact. Curves: as in figure 1. Symbols: for positron
impact, ▾ Moxom [31], ■ Helms et al [32] as derived in [31], ● Kruse et al [33] as derived in [31]; for electron impact, as in figure 2, plus
⋇ Koslowski et al [68] for Ar.
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Figure 2 shows our double-ionization results. The solid
lines are the ionization cross sections adding DI and PCI and
the dotted lines are DI by electron impact. At high energies
the positron-impact DI is similar to the electron-impact one.
The PCI contribution has been explicitly marked in this
figure.

Our positron-impact results are always above the elec-
tron-impact ones at intermediate energies (around the max-
imum of the cross sections) and tend to similar values at high
energies. On the other hand, the experimental data for posi-
tron impact by Kara et al [27] and by Charlton et al [26] are
below the electron data, even at rather high impact energies.
The overall tendency at high energies is correct. We have
tested this with the proton-and antiproton-impact double-
ionization cross sections (experiments and theory) [35, 36],
which clearly converge at high energies. For Ar, Kr and Xe an
overestimation of the experimental data can be noted in the
above threshold region, but goes down drastically due to the
minimum energy given by equation (2). This overestimation
is a characteristic of the present model for light particles.

The case of Ne deserves a separate comment. Only for
Ne have we included PCI considering the valence shell
contribution too, not due to Auger processes, which are
energetically not allowed, but due to the change in the Ne
binding potential [34, 35]. This gives very good results at

high energies but increases in excess in the intermediate
energy values, and does not reproduce the threshold at all,
although the minimum energy of the equation (2) has been
included. No matter the projectile, our attempts to describe
the MI of Neon at intermediate to low energies have always
failed. Perhaps a different physics is involved (see comments
in [39]). A study of multiple ionization of Ne by heavy
charged particles has been recently published by Schenk et al
[69]. This work improves on our previous results in [40] by
including charge-exchange processes and projectile elec-
tron loss.

The triple-ionization cross sections are displayed in
figure 3. To our knowledge, no positron-impact data is
available, except for the Xe target: the measurements by
Moxom [31], Helms et al [32] and Kruse et al [33]. The
values by Moxom [31] and Helms et al [32] are clearly below
the electron-impact ones, even for rather high energies (400
eV). Instead the data by Kruse et al [33] are in very nice
agreement with the electron-impact ones and with our
predictions.

Figure 3 shows the good agreement obtained at high
energies where the PCI dominates. On the other hand, the
thresholds are fairly well described. A two-maximum shape
can be noted in the electron-impact experimental values for
Ar, Kr and Xe at the impact energy where PCI becomes more

Figure 4. Quadruple-ionization cross sections of Ne, Ar, Kr and Xe by positron and electron impact. Curves as in figure 1. Symbols,
experimental data: for positron impact, ▾ Moxom [31]; for electron impact: □ Schram et al [55], ▿ Krishnakumar et al [53], ◦ Syage [49],
◊ Rejoub et al [62], ⊟ McCallion et al [64],◁ Kobayashi et al [63], hollow ⋆ Straub et al [65],⊝ Almeida et al [66], ⊞ Liebius et al [67],⋇
Koslowski et al [68].
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Figure 5. Quintuple-ionization cross sections of Ne, Ar, Kr and Xe by positron and electron impact. Curves as in figure 1. Experimental data
for electron impact: □ Schram et al [55], ▿ Krishnakumar et al [53], ◦ Syage [49], ◊ Rejoub et al [62], ⊟ McCallion et al [64], ◁
Kobayashi et al [63], ⊝ Almeida et al [66], ⊞ Liebius et al [67], ⋇ Koslowski et al [68].

Figure 6. Sextuple-ionization cross sections of Kr and Xe by electron impact. Curves: solid line presents results including direct and post-
collisional ionization; dashed line; present results considering only direct ionization. Experimental data: □ Schram et al [55],◦ Syage [49], ◊
Rejoub et al [62], ◁ Kobayashi et al [63], ⊞ Liebius et al [67].
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important than DI. This two-peak shape is also found in our
theoretical curves at the same energies, but is somewhat
exaggerated. The tendency to overestimate at intermediate
energies has already been found in MI by ion-impact. The
IPM (multinomial analysis of the single particle transitions) is
one of the limiting factors [39, 70]. Kirchner and collabora-
tors found that DI can be described by an IPM when the final
target charge state does not exceed that of the projectile by
much more than one [69, 71, 72]. This is valid for ion-impact
MI of intermediate targets, such as Ne or Ar. For Kr and Xe
the statistical description of the MI given by a multinomial
expansion is expected to work better [35]. For electron impact
we have found a similar behavior: a clear overestimation of
the triple-ionization cross sections for Ar in the energy region
where DI dominates (short dashed lines in figure 3); and a
rather good description of the triple ionization for Kr and Xe.
However, there is an important difference in MI by light-
particles. The drastic decrease in the cross sections when
approaching from intermediate energies to the threshold
makes PCI dominate almost in the whole energy range (see
for example Xe in figure 3), and extends the validity of the
IPM to higher final target charge states.

The quadruple-ionization cross sections are displayed in
figure 4. The description is reasonable for Ar, Kr and Xe. It
can be noted that calculations without PCI are two or more
orders of magnitude below the data. Moreover, the values for
just direct quadruple ionization of Xe are out of scale in
figure 4. As usual, our calculations predict positron cross
sections slightly above electron ones. On the other hand, the
data from Moxom et al [31] for positron impact on Xe is
below the electron-impact data. It would be interesting to
have new measurements, not only for Xe but for the other
targets too.

In figure 5 we display our quintuple-ionization cross
sections and compare them only with electron-impact data. To
our knowledge no measurements have been published for
quintuple ionization by positron impact in these targets.
Nevertheless we include the theoretical predictions for both
electrons and positrons. Our electron-impact cross sections
clearly improve on previous ones [36] in the near-threshold
region. Quintuple DI is almost negligible even at low ener-
gies. To make them visible we have to multiply DI per 10 in
the Kr and Xe plots. We stress that for Kr and Xe, deep sub-
shells such as Kr-2p and Xe-3d are very important to the PCI
[48] and have been included. Again, we can note the chronic
disability of the present model to deal with Ne. Instead, this
figure shows that Ar, Kr and Xe measurements are very nicely
described. For these targets, the quintuple ionization is due to
PCI even near the threshold. This is mainly single or double
ionization ending in quintuple. As a consequence, the men-
tioned limitations of the IPM to deal with MI are avoided, and
a good description of the inner-shell ionization is highlighted.

Figure 6 shows our total sextuple-ionization values only
for electron impact in Kr and Xe. The contributions of the
deepest shells are explicitly shown. We have recalculated the
values in [36] considering the new energy threshold. Sextuple
DI ionization is so small that to fit the scale of this figure we
needed to multiply them by 100. Our energy threshold

describes rather well the experimental one. Close to this
threshold our model overestimates but describes the qualita-
tive trend of the measurements. The agreement with the
experimental data is actually very good at high energies, as
already noted in [36].

4.2. Total ionization cross sections

Finally, in figure 7 we display the present results for the total
(gross) ionization cross sections of the four rare gases studied
here. As can be noted, the thresholds for each target are well
described (see table 1, first column). We have marked with a
vertical line the last calculated value. The curves are inter-
polated from this value to zero cross section for the appear-
ance energy.

The positron-impact data included in figure 7 are total
(gross) cross sections [19, 21, 27] and single-ionization cross
sections [17, 18, 59]. The total values by Kara et al [27] for
Kr and Xe have been calculated from the MI measurements in
[27] as single plus twice double. By doing this, Kara et al [27]
total cross sections agree quite well with those of Marler
et al [21].

It can be noted that, at intermediate energies, there are
positron measurements above the electron data: Knudsen and
collaborators in [17, 18] for Ne and Ar, Mori and Sueoka [19]
for Ar, Marler et al [21] and Kara et al [27] for Xe. But there
are also measurements quite close to the electron data, mainly
for Ar and Kr.

The positron–electron normalization is crucial, even
when it is performed considering the keV values where they
are actually the same. We only include in figure 7 the
experimental data normalized to gross cross sections, not to
count ones, except for Ne and Ar because the gross–count
difference is minor in these targets [35]. For example, in the
very recent review by Chiari and Zecca [8] the authors noted a
discrepancy between the data by Marler [21] and by van
Reeth et al [59] (see figure 16 in [8]). This is because count
cross sections are compared with gross cross sections.

Our CDW-EIS total ionization cross sections by electron
and positron impact converge in the high-energy region, as
expected. In this region the experiments are nicely described.
For lower energies, the electron-impact values agree with the
measurements for Kr and Xe and overestimates 20–30% for
Ne and Ar. For positron-impact ionization of Ne and Ar, near
the maximum our values describe only one set of experi-
mental data, by Knudsen et al [17]. For Kr, the positron-
impact measurements by Kara et al [27] and Marler et al [21]
are similar to the electron-impact data. We agree with the
electron data but clearly overestimate the positron data below
100 eV. For Xe, the description is good in the whole energy
range.

This tendency to overestimate the positron-impact data
has already been noted in the MI cross sections. Different
reasons converge. On one hand are the limitations of the
CDW-EIS approximation for low-energy light particles (see
comments in [36]). On the other hand, positron scattering at
low energies will be affected by positronium formation. Even
within the IPM, the inclusion of a two-center description
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considering capture and ionization may improve these results
[69]. The importance of the positronium formation in the
range of energies included in figure 7 depends on the target.
Following Laricchia et al [20] and Marler et al [21], the
positronium formation cross section for Ne has a maximum
around 30 eV and is still important at 100 eV. This shifts to
lower energies for a heavier target, with the maximum for Xe
being around 10 eV and almost negligible above 70
eV [15, 21].

Our total ionization cross sections by positrons are
always above the electron-impact ones, and both converge
around 600 keV for Ne and Ar, and 1 keV for Kr and Xe.
Instead, we have found that the positron-impact cross sections
converge to the equal-velocity proton-impact ones [36] at
even lower energies (300 eV for Ne and Ar, 600 eV for Kr
and Xe): equal charge seems to be more decisive than
equal mass.

Recently, McEachran et al [10] derived and tabulated
recommended positron-Ar cross sections based on the
experimental data available and theoretical considerations.
Our ab initio values are in general above those of McEachran
et al [10], except in the keV region.

It is important to stress that if PCI is not taken into
account the total ionization cross sections for Kr and Xe in the
keV region are 20–30% below the experimental data by
Schram [55] or Nagy et al [56] as noted in [35, 36]. A similar
difference is found between the total cross sections and the
count cross sections [35].

We did not include in figure 7 other theoretical results for
positron-impact ionization cross sections such as those found
in [22–25]. A compilation of them is presented in the review
by Chiari and Zecca [8]. Our theoretical results are in
agreement with the calculations by Moores [24] and Bartschat
[22] for Ar and Xe (the latter only around the maximum, not
for low energies).

5. Conclusions

In this work we have presented positron-impact multiple as
well as total ionization cross sections of Ne, Ar, Kr, and Xe
covering an extended energy range. The theoretical model
employed is the CDW-EIS for light particles, following the
same scheme of our previous work [36]. We have obtained

Figure 7. Total ionization cross section of Ne, Ar, Kr and Xe by positron and electron impact. Curves present results for total ionization cross
sections including PCI by positron impact (thick redline) and by electron impact (thin blackline). Experimental data: total ionization by
positron impact, ◀ by Marler et al [21], ▾ by Mori and Sueoka [19], ● Kara et al [27] (single plus 2 × double),▶ by McEachran et al [10]
(suggested values for positron-Ar); single ionization by positron impact, ▴ van Reeth et al [59], ■ Jacobsen et al [18], ☆ Knudsen et al
[17]; total ionization by electron impact, □ Schram et al [55], ⋇ Rapp and Eglander-Golden [54],▷ Nagy et al [56], ▿ Krishnakumar et al
[53], ◊ Rejoub et al [62]. The vertical dotted grey line indicates the last not-null value calculated. We interpolate between this value and zero
at the appearance energy.
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good results even for quadruple-, quintuple- and sextuple-
ionization cross sections. This is related to the good
description of the deep-shell contribution and the post-colli-
sional ionization. We have found that for highly charged ion
production by light particles the post-collisional ionization is
the main ionization channel in the whole energy range. A
novel contribution of the present work is the correction of the
energy threshold for the k-fold ionization events by including
the mean kinetic energy transferred to the emitted electrons.
We have employed this energy threshold for positron and
electron-impact multiple ionization at the deepest of the
multinomial distribution. In this way we highly improved
previous electron-impact results in the threshold region. We
have also presented particle–antiparticle comparison by
including the large amount of data available in the literature.
We expect that the present theoretical results may be a
motivation for future positron-impact measurements.
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