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Abstract: Although the comparison of fully differential ionization data for particle and antiparticle
impact provides the ultimate tests of theoretical models, only very low antiparticle beam intensities
are available. Hence, few experiments of this type have been performed. Therefore, available
experimentally obtained single and double differential cross-sections, which are much easier to
obtain, are compared in order to demonstrate differences when only the projectile mass or charge (+1
or −1) is changed. Included in the comparison are cross-sections calculated for positron and electron
impact using a three-particle classical trajectory Monte Carlo method. The calculated cross-sections
provide independent information about the ejected electron and the scattered projectile contributions,
plus information about the impact parameters, all as functions of the collision kinematics. From these
comparisons, suggestions as to where future investigations are both feasible and useful are provided.

Keywords: particle; antiparticle; differential; ionization; argon; CTMC

1. Introduction

Following the discovery of the positron and antiproton, numerous experimental and
theoretical projects have compared antiparticle–particle and particle–particle interaction
data in order to investigate whether they are similar or fundamentally different. In the field
of atomic physics, comparing particle and antiparticle impact data allows an investigation
of interaction probabilities and kinematics where only the projectile mass or the sign of
projectile charge has been changed. We remind the reader that changing the projectile
mass influences the amount of momentum/energy transfer from the projectile to the target
components while the sign of the projectile charge reverses the direction of the electric fields
between the projectile and the target components. Based on the electron density picture of
the atomic systems, an example of charge effects is that upon entering the electron cloud
of the target, the projectile is subject to a net positive charge from the partially screened
nucleus. Thus, the expectation is that an electron projectile will be slightly attracted and
interact with a bound electron at smaller impact parameters than a positron projectile,
which will be slightly repelled and interact at larger impact parameters. Assuming the
same electron cloud densities for these impact parameters, this would result in a slightly
larger cross-section for positron impact. These alterations, of course, will decrease with
collision energy since the repulsive/attractive forces have less time to act. Also, at low
collision energies, differing portions of the incoming flux act with other inelastic channels
for positron and electron impact; hence, the above expectation does not apply.

Another expectation is that the direction of the electric field forces should cause an
electron to scatter “away” from the target, whereas a positron should scatter “toward” the
target, which means that for binary interactions, the ejected electron will move “toward”
the nucleus for electron impact and “away” from the nucleus for positron impact. Thus,
for electron impact, the ejected electron should undergo a stronger attraction towards the
nuclear charge, resulting in a larger probability for ejected electrons to be observed in the
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backward direction. With the availability of antiparticle data, it is possible to isolate and
study these effects and more stringently test various theoretical models and assumptions.

Experimentally, the problem with providing data for such tests is that antiparticle
beam intensities are orders of magnitude smaller that particle beam intensities, e.g., mA
electron or proton beams are easily created, whereas typical positron and antiproton beam
intensities are fA or smaller. Another problem is that to obtain these beam intensities for
antiprotons has meant using a wide range of energies. Therefore, many comparisons of total
cross-sections have been reported, whereas far fewer measurements of differential cross-
sections resulting from antiparticle impact are available for comparison. The tables in [1]
provide a listing of available measurements for positron impact. For antiproton impact, only
total cross-section measurements are available ([2–5] and the references within). Ideally,
a comparison of fully differential data is desired. But, because of the small cross-sections
and low positron beam intensities that are currently available, only three laboratories have
reported fully differential data ([6–8] and references therein). Comparisons on the fully
differential level, e.g., for single ionization, cross-sections where the kinematics of the
scattered projectile and ejected electron are fully defined, have generally shown that for
heavier targets, such as argon and nitrogen, theory has difficulty in predicting the measured
binary-recoil intensity ratios. See, for example, refs. [9,10]. As will be shown in the following
figures, for positron impact, the cross-sections in the backward direction are considerably
smaller than those in the forward direction, which is an additional experimental problem.

Therefore, the intent of the present paper is to show comparisons on the single and
double differential level where, with respect to the fully differential level, the cross-sections
are considerably larger. Using data that are currently available, combined with theoretical
results obtained using the classical trajectory Monte Carlo (CTMC) method [11], we com-
pare single and double differential cross-sections (SDCS and DDCS) and offer suggestions
as to where future studies would be useful. We note that for some of the comparisons, data
are available from several sources. In order to make the figures more readable, we have
chosen data that we regard as “reliable and representative” for making our comparisons.
Also, we have restricted our comparisons to interactions with an argon target because more
differential data are available. We also only consider fast collisions, e.g., impact velocities
(Vo) greater than 2 a.u., in order to avoid electron capture, positronium formation, and
electron exchange processes. The overall message from these comparisons is to show where
future studies on the single and double differential level might provide useful information
for testing theoretical predictions regarding how simply changing the sign of the projectile
charge or the projectile mass alters the inelastic cross-section.

2. Theory

The classical trajectory Monte Carlo (CTMC) method is a well-known method to
describe atomic collisions and to calculate cross-sections. In the present work, the CTMC
simulations were made using a three-body approximation where the many-electron argon
atom is replaced by a one-electron atom. A summary of the detailed calculation procedure
are available in [11]. Here, we give a shorter description of the used model. In our present
model, the three particles (target nucleus, target electron, and projectile) are characterized
by their masses and charges. A central model potential developed by Green [12] with Z
(the nuclear charge), N (the total number of electrons in the target), and r (the distance
between the nucleus and the target electron q), is written as

V(r) = q
Z− (N − 1)

(
1−Ω−1(r)

)
r

= q
Z(r)

r
, where Ω(r) =

η

ξ
(erξ − 1) + 1 (1)

The potential parameters ξ and η are such that they minimize the energy for a given
atom or ion. Garvey et al. [13] obtained the following parameters for Ar: η = 3.50 and
ξ = 0.957 (in atomic units, a.u.). We note that this type of potential has further advantages,
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because it has a correct asymptotic form for both the small Equation (2) values and the
large Equation (3) values of r.

lim
r→0

Z(r) = Z (2)

lim
r→∞

Z(r) = Z− (N − 1) (3)

The Lagrange equation for the three particles can be written as:

L = LK − LV (4)

where

LK =
1
2

mP

.
→
r

2

P +
1
2

me

.
→
r

2

e +
1
2

mT

.
→
r

2

T (5)

and

LV =
ZPZe∣∣∣→r P −

→
r e

∣∣∣ +
ZPZT(

∣∣∣→r P −
→
r T

∣∣∣)∣∣∣→r P −
→
r T

∣∣∣ +
ZeZT(

∣∣∣→r e −
→
r T

∣∣∣)∣∣∣→r e −
→
r T

∣∣∣ (6)

→
r , Z, and m are the position vector, the charge, and the mass of the noted particle (i.e.,

P: projectile; T: target core; e: target electron, respectively). The equations of motion can be
calculated as:

d
dt

∂L
∂

.
qi

=
∂L
∂qi

, (i = P, e, T). (7)

For a large number of incoming projectile trajectories, the classical equations of motion
obtained by Equation (7) of the system were integrated with respect to time using the
standard Runge–Kutta method for a given set of initial conditions. The initial parameters
for the projectile ion, defined with respect to the center-of-mass of the target system, were
position R0 and impact parameter b, which was randomly selected. The initial momentum
was determined using the impact velocity vP, and the initial direction was chosen in
the direction of the z axis. The target electron was initially confined to the nucleus and
was subjected to a non-colombic potential described by Equation (1). See Reinhold and
Falcón [14] for a comprehensive explanation of the methodology for determining the initial
parameters of this active electron.

After solving the equations of motion for a large number of trajectories, the total,
the energy and angular single differential, and the double differential cross-sections were
obtained using the following expressions:

σ =
2πbmax

Ntot
∑Nt

i=1 bi, (8)

dσ

dE
=

2πbmax

Ntot∆E ∑Nt
i=1 bi (9)

dσ

dΩ
=

2πbmax

Ntot∆Ω∑Nt
i=1 bi (10)

d2σ

dΩdE
=

2πbmax

Ntot∆Ω∆E∑Nt
i=1 bi. (11)

In Equations (8)–(11), Ntot is the total number of trajectories calculated for impact
parameters less than bmax, Nt is the number of trajectories that satisfy the criteria for
ionization, and bi is the actual impact parameter for the trajectory corresponding to the
ionization process under consideration in the energy interval ∆E and the emission angle
interval ∆Ω of the electron.
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The statistical error for a given measurement has the form

∆σ = σ

(
Ntot − Nt

NtotNt

)
. (12)

Using this method, cross-sections for direct comparison with experimental data were
calculated. We note that this classical method contains information about the pre- and post-
collision effects from all particles. In addition, impact parameter information is available
and various sorting techniques can be used in order to investigate correlations between the
outgoing particle energies and directions.

3. Antiparticle and Particle Impact Comparisons
3.1. Total Cross-Sections (TCS)

Although the primary objective of this work is to compare single and double differ-
ential data, a brief discussion of how total cross-sections compare is in order. For this
comparison, we used single ionization data reported by McCallion et al. for electron im-
pact [15], data reported by Bluhme et al. [16] and Jacobsen et al. [17] for positron impact,
data reported by DuBois and Manson for proton impact [18], and data reported by Paluden
et al. for antiproton impact [3]. For impact velocities greater than 2 a.u., the cross-sections
for all four projectiles agree within approximately 15%, which is roughly the uncertainties
quoted for each. It should be noted that the published antiparticle data were placed on
an absolute scale using various normalization methods with respect to electron impact
data. The observed agreement implies that for single electron removal in fast collisions,
any effect associated with projectile mass or sign of charge is quite small. For collision
velocities of less than 2 a.u., the positron and proton cross-sections are in agreement with
each other and are larger than the electron and antiproton cross-sections, in accordance
with one of the expectations mentioned in the introduction. Interested readers are directed
to the work of Montanari and Miraglia [19], where comparisons of multiple ionization for
several atoms are made.

3.2. Single Differential Cross-Sections (SDCS)

For a more sensitive comparison, single differential cross-sections, either as a function
of ejected electron and/or scattered projectile energy or as a function of electron emission
and projectile scattering angle, are used. Such data for electron and proton impact are
available, whereas only a few measurements have been taken for positron impact and,
to our knowledge, no differential studies on antiproton impact have been attempted.
For electron and proton impact, typical uncertainties are ~25%; for positron impact, the
uncertainties are similar or larger and are also subject to the size of the cross-section, which
introduces statistical uncertainties.

In Figure 1, we compare energy distributions reported for electron [20,21], proton [22],
and positron impact [23]. In addition, we show the values we obtained using our CTMC
model. Three impact energies are shown and Bethe scaling, e.g., dividing the cross-section
by lnT/T, where T is the impact energy in atomic units, has been applied in order to present
all the data in a single figure. Also, rather than a horizontal energy axis, the ejected electron
or scattered projectile, velocity, vpost, with respect to the impact velocity, vp, is used. Thus,
for leptons, the maximum-scaled velocity is 1 and for protons, there is a rapid decrease in
the cross-sections beginning at a scaled velocity of 2, i.e., the value obtained classically for
elastic collisions between a massive projectile and a light target.
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Figure 1. Bethe scaled single differential cross-section energy distributions for 100, 250, and 500 eV
electron (blue circles) [20,21], positron (green triangles, scaled; see text) [23] (0.2 Crooks and Rudd,
ref. [22]; 0.5 Gabler et al., ref. [22]; 1.0 MeV Toburen; ref. [22]), and proton impacts (red symbols);
and our CTMC results for 500 eV electron and positron impacts (blue and green lines, respectively).
Individual curves are shown for the ejected electrons and the scattered projectile CTMC results.

The measurement technique used to collect the electron and proton data did not
discriminate against multiple or subshell ionization. However, multiple ionization con-
tributes less than 10% [15,18] and 3s ionization should contribute less than 20% [24] to the
cross-sections. Also, for electron impact the cross-section is the sum of the ejected electron
and scattered projectile cross-sections. In contrast, the technique used for positron impact
recorded only single ionization events on a relative scale. Here, we arbitrarily scaled the
positron data. Our CTMC calculations are only for single 3p ionization. After accounting
for these uncertainties, there appears to be no significant projectile mass or sign of charge
effects for the ejected electron portion of the spectrum, which our CTMC results show is the
dominant process for scaled velocities of less than approximately 0.5. However, our CTMC
results show significant differences due to projectile charge, both in the ejected electron
and the scattered projectile cross-sections, for collisions where the energy transfer is large.
Currently, we are not aware of any positron data for directly testing these observations.

In Figure 2, the angular distributions for electron emission for 100, 250, and 500 eV
electron impact (blue symbols) [20,21] are compared with 0.2, 0.5, and 1 MeV proton impact
data [22]. Included in the comparison are normalized data for 120 eV positron impact
(open and filled red symbols) [25]. The calculated ejected electron and scattered projectile
cross-sections for 500 eV electron and positron impact are shown as blue and red solid and
dashed curves. For clarity, the intermediate and highest energy data were divided by 10
and 100, respectively. In making these comparisons, it is again important to remember
that the electron impact data are the sum of the scattered projectile and ejected electron
signals, whereas the proton data is only the ejected electron portion. However, for positron
impact and our CTMC results, the scattered projectile and ejected electron cross-sections
are independently determined.
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Figure 2. Single differential cross-section angular distributions for 100, 250, and 500 eV electron
impacts (half-filled blue circles) [20,21]; 120 eV positron impact (open and filled green circles, scaled;
see text) [25] (0.2 Crooks and Rudd, ref. [22]; 0.5 Gabler et al., ref. [22]; 1.0 MeV Toburen, ref. [22]) and
proton impact (red symbols); and our CTMC results for 500 eV electron and positron impact (blue
and green lines, respectively). The solid curves are the ejected electrons and the dashed curves the
scattered projectile contributions. The intermediate and high energy data are divided by 10 and 100,
respectively, for display purposes.

Using our CTMC results as a guide, we see that for electron impact the cross-sections in
the forward and backward directions are dominated by the scattered projectile contribution.
In the forward direction, our CTMC results indicate very little difference between positive
and negative projectiles, whereas in the backward direction, projectile scattering is much
more important for electron impact than for positron impact. This, as mentioned in the
introduction, can be associated with the direction of scattering since the partially screened
nuclear charge can more strongly interact with the outgoing projectile electron, which can
lead to more scattering at large angles.

Turning our attention to the ejected electron distributions, both our CTMC calculations
and the data of Falke et al. [25] show that ejection of a target electron is more probable
than projectile scattering at intermediate angles. Lastly, comparing our CTMC results for
ejected electrons, the angular distribution is fairly constant for electron impact, whereas it
decreases with the angle for positron impact. Thus, in the forward/backward directions,
the ejection of a target electron is more/less probable for a negatively charged projectile
than for a positively charged projectile. This can also be associated with the direction
of scattering, since for a binary collision, the target electron is propelled in the forward
direction away from/toward the partially screened nucleus for electron/positron impact.
Hence, subsequent forces by the screened nucleus should cause some of the forward
emission to shift to larger angles for positron impact.

3.3. Double Differential Cross-Sections (DDCS)

The next step in increasing the sensitivity is to compare data where both the energy and
angle of the post-collision particles are known. Typically, both experiment and theory have
concentrated on determining these for the ejected target electrons. However, similar data
can be measured for the scattered projectiles. For argon, electron and proton data are avail-
able [20–22], and for positron impact, a very limited amount of data are available [26–29].
These, along with our CTMC results for both electron and positron impact, are compared
and are shown in Figure 3. We note that in comparing these experimental data with our
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one-electron model, on the DDCS level, single ionization is known to dominate for electron
impact [30]. Based on this, we assume that the same applies for positron and proton impact. 
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Figure 3. Double differential cross-sections for 100 eV electrons (half-filled blue circles) [20,21] and
positrons (open red circles and stars) [27]; 0.2 MeV protons (red x) (Crooks and Rudd, ref. [22]); and
our CTMC results for electron and positron impact (blue and red lines, respectively). The solid curves
are for the ejected electrons and the dashed curves for the scattered projectile contributions.

Uncertainties in the electron and proton data are ~±25%. Uncertainties for the positron
data, due to normalization and limited statistics are larger. Larger uncertainties are also
expected for the experimental data at the smallest emission energies, i.e., for scaled ve-
locities of less the 0.2. With this in mind, the data and CTMC results both show that
electron emission caused by positive particle impact is larger than that caused by negative
particle impact. For projectile scattering, both the data and CTMC results show a larger
cross-section for positron impact in the forward direction. But, in the backward direction,
the positron scattering cross-sections are an order of magnitude smaller than for electron
impact, in accordance with one of the expectations mentioned in the introduction.

Regarding these features for projectile scattering, we note that the relative DDCS
measurements of projectile energy loss at zero degrees for positron impact [26] showed
nearly identical decreases with increasing energy loss, which is in agreement with our
CTMC SDCS results, see Figure 1. But, because the positron and electron impact data were
normalized to each other, no information about which cross-section is largest is available.
However, the similar cross-sections for electron and positron scattering in the forward
directions after target ionization are extremely similar to what is seen in elastic scattering,
as shown in Figure 4, where experiment [31] and theory [32] are in good agreement. We
note that the optical model used includes absorption processes, which may account for the
similar features to the DDCS.

In Figure 5, DDCS for 15 eV electron emission from argon by electrons, protons, and
positrons are shown. Note that the experimental data from Schmitt et al. [29] were originally
placed on an absolute scale via a best fit to calculations for molecular hydrogen. In making
the present comparison, we found poor agreement, both in magnitude and shape, with
the other data in Figure 5. Therefore, here the magnitude of the Schmitt et al. data was
increased by seven for electron impact data and by two for positron data; plus, both were
divided by sin(θ). A possible explanation for the sin(θ) correction is that the experiment
used a target emerging from a multicappilary orifice. Thus, depending on the beam target
overlap, the target density could be modeled as a uniform jet or a static gas, the latter of
which requires a sin(θ) correction. The figure shows that with the sin(θ) correction, good
agreement with the positron data of Kövér et al. [27] and the electron data of DuBois [20,21]
is achieved. The angular dependence in Figure 5 supports what was found above, namely
larger cross-sections in the forward direction when the projectile charge is positive and in
the backward direction when the projectile charge is negative.
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Figure 4. Elastic scattering from argon by 300 eV electrons and positrons. Experimental data from
Hyder et al. [31]; theory by Joachain et al. [32].
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Figure 5. Double differential cross-sections for 15 eV electron emission from argon resulting from
100 eV electron (blue-filled circles [20] and open triangles [29]), positron (green-filled triangles [29]
and open stars [27]), and 200 keV proton [22] impact (red cross). The positron data of Schmitt et al. [29]
were adjusted in magnitude and shape. See text for details.

4. Summary and Possible Future Investigations

Experimentally obtained single and double differential data resulting from particle
(electron and proton) and antiparticle (positron) impact ionization of argon were compared.
Comparisons with CTMC calculations, where the ionized electron and scattered projectile
contributions were independently computed, were also performed. The purpose of this
study was to investigate whether projectile mass or the sign of charge effects are evident
in data which, when compared to fully differential data, are much more able to experi-
mentally feasible for antiparticle impact. Our findings from the comparisons can be briefly
summarized as follows.

TCS: For impact velocities greater than 2 a.u., any differences in the total cross-sections
due to a projectile mass or sign of charge are a few percent level or smaller. Differences
were noted for smaller velocities, but in this region, any comparisons require data where
contributions from the various contributing channels are known.

SDCS-energy distributions: From a comparison of single differential energy distri-
butions for electron and proton impact, no differences were observed for energies where
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ejected electrons dominate, i.e., velocities of less than half the beam velocity. Only a single
measurement for positron impact is currently available; more positron measurements
would be useful. We note that, in this region, the cross-sections are much smaller than the
total cross-sections. An interesting area for future investigations is the large energy transfer
where our CTMC results imply large differences between electron and positron impact,
particularly for the scattered projectile channel. But the cross-sections in this region are
quite small, meaning experimental investigations will be difficult.

SDCS-angular distributions: The main difference in the angular dependences for
electron and proton impact is in the very forward and backward directions. In these areas,
differences are attributed to the importance of scattered projectiles. Only a single positron
measurement is available at present. More positron data are needed where both the ejected
electron and scattered projectile signals are independently measured. We note that, except
for large angle scattering, where differences in electron impacts can be orders of magnitude,
these cross-sections are only a factor of 5 to 10 smaller than the total cross-sections.

DDCS: Although antiparticle data are quite limited, the major finding is that for
forward electron emission, the cross-sections for positively charged projectiles is larger
than for negatively charged projectiles, whereas in the backward direction, it is just the
opposite. More double differential antiparticle data are needed but, we note that the DDCS
are more than 20 times smaller than SDCS.

According to the above summary we propose the possible future investigations
as follows.

The primary need is additional single and double differential measurements for
positron impact and, hopefully at some point, also for antiproton impact. From the com-
parisons presented here, angular dependences with emphasis on obtaining information at
backward angles would be the most useful. Such data could be collected using a simple
experimental setup, such as those used by Falke et al. [25] many years ago. Equally impor-
tant are measurements where both the ejected electron and scattered projectile signals are
measured on an absolute scale, perhaps by normalizing to elastic scattering data, which
could also be measured using the same setup.

Various categorizations of our CTMC calculations also indicated other interesting
avenues to pursue. One is obtaining some information about the impact parameters,
and whether a method can be found that is appropriate for lepton impact. Another is
that, according to our CTMC results, although positrons mainly are scattered “away”
from the target and electrons are mainly scattered “toward” the target, i.e., larger/smaller
radial distances from the incoming trajectory, a portion of the beam is scattered in the
opposite direction. The preliminary calculations we performed indicate that the “opposite”
scattering accounts for about 10% of the ionization at 1 keV with its importance being
considerably more important at lower impact energies. The significance of this is that in
binary collisions, the target electron is ejected in the opposite direction from the direction
of projectile scattering. Thus, an electron ejected “toward” the target core is subject to
a stronger field than one ejected “away” from the target core. Hence, any post-collision
kinematic effects will be different for these two cases. Experimentally measuring the
scattering direction might be possible using the sensitive measurements of the recoil ion.
Whether this effect that we observed using our classical calculation can be incorporated
into quantal calculations is a question worth pursuing.

In conclusion, we hope that the comparisons shown and the suggestions we have
provided lead to new experimental studies and additional differential data for positron,
and, someday, for antiproton impact.
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