. atoms

Article

Interaction of Protons with Noble-Gas Atoms: Total and
Differential Cross Sections

Musab Al-Ajaleen 12

check for
updates

Citation: Al-Ajaleen, M.; T6kési, K.
Interaction of Protons with Noble-Gas
Atoms: Total and Differential Cross
Sections. Atoms 2024, 12, 28. https://
doi.org/10.3390/atoms12050028

Academic Editor: Kanti M.
Aggarwal

Received: 1 February 2024
Revised: 30 April 2024
Accepted: 2 May 2024
Published: 7 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Karoly Tékési 13+

HUN-REN Institute for Nuclear Research, ATOMKI, 4026 Debrecen, Hungary

Doctoral School of Physics, University of Debrecen, Egyetem tér 1, 4032 Debrecen, Hungary
HUN-REN Centre for Energy Research, 1121 Budapest, Hungary

Correspondence: tokesi@atomki.hu

W N =

Abstract: We present a classical treatment of the ionization and electron-capture processes in the
interaction of protons with neutral noble-gas atoms, namely, Ne, Ar, Kr, and Xe. We used a three-body
classical-trajectory Monte Carlo (CTMC) method to calculate the total (TCS) and differential (DCS)
cross sections of single-electron processes. The Garvey-type model potential was employed in the
CTMC model to describe the collision between the projectile and the target, accounting for the
screening effect of the inactive electrons. The TCSs are evaluated for impact energies in the energy
range between 0.2 keV and 50 MeV for a number of sub-shells of the targets. The ionization DCS
are evaluated for an impact energy of 35 keV, focusing on the outer sub-shells only. We found that
our ionization and electron-capture TCSs are in very good agreement with the previous theoretical
and experimental data for all targets. Moreover, we presented single (SDCS)- and double (DDCS)-
differential cross sections as a function of the energy and ejection angle of the ionized electron for all
collision systems.

Keywords: classical trajectory Monte Carlo model; single capture; single ionization; total and
differential cross sections; Garvey-type model potential

1. Introduction

The tokamak is regarded the most promising magnetic-confinement design for attain-
ing fusion energy. Nonetheless, certain volatilities can result in plasma disruptions [1,2],
which can cause a quick loss of magnetic and thermal energy, commonly referred to as
thermal quench. Moreover, when a plasma disruption occurs, the sudden loss of plasma
confinement can cause large and destructive forces on the reactor walls and components.
Plasma disruption mitigation [3,4] is critical for the safe and reliable operation of plasma-
based processes, including fusion reactors. Disruption mitigation aims to prevent or
minimize the effects of a plasma disruption in a fusion reactor. Disruption mitigation
techniques include injecting substantial quantities of gas into the plasma to rapidly cool
and quench it, reducing the amount of energy released during the disruption. Nonetheless,
this process leads to an elevation in the quantity of impurities originating from the injected
gas within the plasma [5]. Different noble gases and methods [3,4,6-8] have been proposed
and examined for their effectiveness in plasma disruption mitigation. Due to differences in
mass, reflection coefficients, and ionization, noble-gas particles are anticipated to exhibit
distinct behavior at the boundary compared to the majority of plasma constituents [9].

Another purpose of injecting gases into the tokamak is to diagnose the magnetically
confined plasma. The injected gases help in measuring the plasma turbulence and density
profile of the plasma electron at the edge and in the scrape-off layer [10-15]. Accurate cross
sections for induced processes have a critical part in the successful modelling and control
of the plasma facing the tokamak reactor wall and components. The present study focuses
on single-electron processes, specifically the ionization of targets and electron capture to
the projectile, and it is dedicated to providing single, double-differential, and total cross
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sections. The interactions under investigation involve protons interacting with neutral
inert-gas targets.

The study of ion—atom collisions involving a single electron has been the subject of
many theoretical approaches in the scientific community. Classical, quantum, and semi-
classical mechanical methods have been developed to compute the cross sections of electron
processes in such collisions. Several references for these approaches are reported in [16-18].
Theories used to investigate electron transfer in ion-atom collisions at mid- to high-impact
energies include the continuum-distorted-wave method (CDW) [19]. Additionally, other
theories such as the classical-trajectory Monte Carlo method (CTMC) [20,21], density func-
tional theory (DFT) [22], two-center atomic-orbitals close-coupling (AO) method [23,24],
Oppenheimer-Brinkman—-Kramers approximation (OBK) [25-27], and plane-wave first
Born approximation (PWFBA) [28] have been employed in this area of research. The advan-
tage of CTMC method is that it is useful when treating atomic collisions where the quantum
mechanical ones become intricate, i.e., when higher-order perturbations should be applied,
when or many particles take part in the processes [29]. On a microscopic level, plasma is
governed by the collisions of its composing particles. For the control of the fusion reactor,
we need to know accurately, in principle, all possible reactions and collisional cross sections,
like excitation, ionization, recombination, and charge-transfer cross sections. Along this
line, in this work, the total cross sections for single-ionization and electron-capture channels
in H* — (Ne, Ar, Kr, and Xe) collision systems are presented in the energy range between
0.2 keV and 50 MeV for a number of sub-shells of the targets. The impact energy is set
to 35 keV for differential cross sections. The impact energy is selected to achieve a high
interaction probability between the projectile and the plasma. A low impact energy will
not allow the projectile to penetrate the plasma, moreover, a large energy will lead to the
projectile to pass the plasma with low probability of collision. According to these facts, an
impact energy of 35 keV was selected. An advantage of choosing proton as a projectile
over heavier particles is that the ejected electrons from the collision are purely from the
target. Due to its light mass, protons can ionize targets at lower impact energies compared
to heavier particles. The CTMC results are compared with available experimental and
theoretical data. The paper is structured into the following three sections: the Theoretical
model Section, which provides a review of the classical-trajectory Monte Carlo method in
non-Coulombic interactions between interacting particles; the Results and Discussion Sec-
tion; and the Conclusion Section. Throughout the paper, atomic units are used consistently,
unless otherwise specified.

2. Theory

In this work, we used the CTMC method to model ion-atom collisions. The approach
involves randomly sampling the initial conditions of colliding particles and subsequently
solving the classical equations of motion using numerical methods for a large number of
trajectories. The system under consideration is a reduced three-body system consisting of
the projectile (HT), the core of the target (X*), and one active electron of the target that
is initially bound to the target nucleus. Figure 1. shows the schematic diagram of our
calculation system.
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Flgure 1. Schematic dlagram of the relative position vectors 7 Xe=TX—Te, PXH=TX — 7 g and
— —
7 He =T TH— Te. T cm is distance between the projectile and the centre-of-mass (O) of the target

system; v H is the projectile velocity and b being the impact parameter.
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The interaction between H" projectile and the active electron is pure Coulombic.
However, we used a Garvey model potential [30,31] to describe the electron—target X
and proton-target (X™) interaction. This model potential includes an effective charge of the
target core, the effective charge depends on the interaction distance between the interacting
objects, the form of this model potential is given by the formula:

] Z-(N-1)(A-Y(r)

v(r) = :

1)

where g is a test charge, r is the interaction distance between the electron and target core, Z
is number of protons, N is number of electrons in the target, and the function Y(r) is the
screening potential, which is given by,

Y() = [0/0) (¢ 1) +1] @

The parameters 77 and ¢ were obtained to minimize the energy of an atom or ion with
Z larger than 1. The formulae of the parameters # and ¢ for the target are given by:

n=1"+7(Z-N) (3a)

E=+¢(Z-N) (3b)

where the parameters 7, 71, ¢ and ¢! for the targets in our study are given in Table 1,
these parameters were calculated by Garvey et al. [30].

Table 1. Parameters values of the targets.

0 [ 7’ U
Ne 1.792 0.4515 2.710 0.3671
Ar 0.957 02165 3.500 0.2560
Kr 1.351 0.1872 4418 0.1611
Xe 1.044 0.1107 5101 0.1316

In Figure 2, we present the effective-charge profile of various targets as a function of
the interaction distance with the active electron. The effective charge of all objects decays
exponentially with increasing interaction distance. Moreover, the effective-charge values
become almost equal for interaction distances larger than 3 a.u., and they approach to unity.

The total potential energy V for the current three-body system can then be written as:

V= quS(S) I qPQx(x) i qegp @)

where s (7 Xe), X (7 xn) and d (7 He) are the separation between the interaction particles, g,
and g are electron and proton charges, respectively. Q(s) and Q(x) represent the effective
charge [Q(r) = Z — (N —1)(1 — Y(r))] of the target corresponding to the electron and to
the proton, respectively.

The equations of motion for the system were generated using the Hamiltonian. To
solve the equations for a large number of projectiles numerically, the adaptive Runge-Kutta
method was employed.

The position of HT is determined by its initial distance from the centre of mass of
the target system, denoted as 7y o, as well as the impact parameter b (see Figure 1). We
note that the maximum values of b (b, ) were selected in such a way that the ionization
and electron-capture processes are negligible above the values of by,. The value of rcp 0
is chosen such that the H"-electron interaction is much smaller than the X' -electron
interaction. In terms of the projectile ion’s initial momentum vector, which is assumed
to be in the z direction at the start, it is determined by the impact velocity vy of the



Atoms 2024, 12, 28

40f17

projectile ion in relation to the target’s center of mass. The procedure initially introduced
by Reinhold and Falcén [32] is utilized to determine the initial position and momentum
vector of the active target electron, which is initially bound to the target nucleus and moves
in a non- Coulombic potential. The process of selecting the initial conditions depends on
constraints related to the binding energy of the electron in a specific shell. The coordinate
of the electron is confined to a specific interval dictated by E, — V(s) > 0, where E, is the
ionization energy of the electron and V(s) is the model potential of the electron and the
target core. Transforming position and momentum variables of the electron into uniformly
distributed ones involves consecutive coordinate changes. The first transformation involves
defining parameters, followed by introducing initial distributions and performing a second
transformation to obtain the desired distribution. Random selection within the defined
intervals produces the initial conditions for the active electrons.

50}
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Figure 2. The distance-dependent effective charge as a function of interaction distance between the

active electron of the target core and different targets cores. Red solid line, Ne; green dotted-dashed
line, Ar; blue dashed line, Kr; black dotted line, Xe.

The total, single-, and double-differential cross sections are evaluated using the fol-
lowing formulae,

ey ©
0= iﬁfﬁgi bi ?)
o~ Lt ®

where Ny is the total number of trajectories calculated for impact parameters less than by,
and N; is the number of trajectories that satisfy the criteria for the given atomic process,
and b; is the actual impact parameter for the trajectory corresponding to the atomic process
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under consideration in the energy interval AE and the emission-angle interval AQ) of the
electron. The statistical error for a given measurement has the form

Niot — Ni ) 1/2
Ao =0 ==2—— . 9
( Niot Nt ©)

3. Results and Discussion

In this section we present the results of total cross section for both ionization and
electron-capture processes, as well as the single- and double-differential cross section for
ionization process. The classical-trajectory Monte Carlo (CTMC) method is employed to
solve the scattering problem. Table 2 shows the binding energies of the targets for the shells
used in our study.

Table 2. Binding energies (eV) used in our simulations.

Ne Ar Kr Xe
2s 48.5
2p 21.6 248.4
3s 29.3
3p 15.7
3d 93.8 676.4
4s 27.5 213.2
4p 14.1 145.5
4d 67.5
5s 23.3
5p 12.1

The total cross section of electron-capture and ionization, and the differential cross
section, are presented for the collision of proton (H') with Ne, Ar, Kr, and Xe. For the DCS,
the impact energy of proton was set to 35 keV for fusion-plasma diagnostic applications,
while we used a wider energy range for TCS to cover more research areas. The grayed cells
represent unused sub-shells in the study.

There are three points we want to draw attention to regarding our methodology, which
are: the energy range of the CTMC, the nucleus—nucleus interaction, and the inner-shells
contribution. The CTMC method is a reasonable approximation for medium to high impact
energies, but it lacks accuracy at low energies, i.e., slow projectiles. The contribution of
nucleus—nucleus interaction to the collision cross sections is negligible [19], as we verified in
our previous works [33,34], performing calculations with and without the nuclear potential.

Figure 3 shows the TCS of the single-electron ionization from Xe by protons for various
sub-shells. For impact energies below 50 keV, we clearly see that the contribution of the
inner shells to the TCS is insignificant, with the ionization from the 5p shell approximately
approaching the TCS. Beyond 50 keV, the contribution of inner shells to the TCS increases
when increasing the impact energy. According to this result, we will include the contribu-
tions of the inner shells into the TCS cross sections. However, for the case of ionization
differential cross section at impact energy of 35 keV, it is a good approximation to consider
only the 5p shell, see green shaded area in Figure 3. From Figure 3, we can also see that the
cross section maxima of inner shells shift to higher energies. Moreover, the TCS of the 5s
shell surpasses the TCS of the 4d shell up to impact energies around 120 keV, but above
this energy, the TCS of the 4d shell becomes larger.
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Figure 3. Total cross section of ionization channel of the collision H* — Xe for 3d, 4s, 4p, 4d, 5s and
5p shells. Our theoretical CTMC results: cyan dashed-dotted line, 4s; black dashed line, 4p; magenta
dotted line, 4d; green dashed-dotted-dotted line, 5s; blue dashed-dashed-dotted line, 5p. Red solid
line is the sum of the sub-shells of Xe. The green shaded area represents the total cross section at
impact energy near 35 keV.

3.1. Total Cross Section for Single-Electron Capture

Figure 4 shows the total cross sections of electron capture for the interaction of pro-
ton with noble gases. The impact-energy range of TCS for the electron-capture channel
investigated is 0.2-1300 keV. The TCS curves have a parabola-like shape, with TCS having
the peak at impact energies around 10 keV, 4 keV, 1 keV and 0.5 keV for Ne, Ar, Kr and
Xe, respectively.

In comparing the maximum TCS for the four elements, Ne has the lowest TCS, Xe
has the highest, and Ar and Kr have approximately the similar values. But we note that
the TCS of Kr is slightly higher. These results are attributed partly to the binding energy
of the outermost shell, i.e., Ne has the highest, Xe the lowest, and Ar and Kr have close
binding energies of the outermost shell (see Table 2), and partly because the outermost
shell contributes the most to the overall TCS (see Figure 3).

In the case of HT — Ne collision (see Figure 4a), the experimental data by Alli-
son [35], Williams et al. [36], and Rudd et al. [37] are in an energy range below 200 keV,
and are in a very good agreement with each other. Moreover, the experimental data by
Varghese et al. [38] and Almeida et al. [39] are in very good agreement with each other
as well, but for impact energies higher than 300 keV. Regarding to the theoretical refer-
ences, the data by Nikolaev [25], Belkic [19], and Houmar et al. [28] are in agreement with
each other and with the experimental data beyond impact energy of 300 keV. However,
below this energy, the data of Belkic [19] and Houmar et al. [28] lose agreement, while the
data of Nikolaev [25] still kept the agreement with the experimental data. In his study,
Nikolaev [25] used the Brinkman—-Kramers approximation. Our data follow the trend of
the experimental data, but slightly overestimate it.



Atoms 2024, 12, 28

7 of 17

—— ArCp3sip)

\‘4‘\'
10-18 L - Bclkicll?l " Y

o (cm?)

—— Kr(3ddsdp)
— -+ Nikolaev [25]

o
A s et al. [36]

-19 O Rudd etal. [37]
3 {  Toburen et al. [43]

Energy (keV)

Figure 4. Total cross section of electron-capture channel of the collision (a) H™ — Ne for 2s and 2p
shells, (b) H" — Ar for 2p, 3s, and 3p shells, theoretical references, (¢c) H™ — Ar for 2p, 3s, and 3p
shells, experimental references, (d) HT — Kr for 3d, 4s, and 4p shells, and (e) HT — Xe for 3d, 4s, 4p,
4d, 5s and 5p shells. Red solid line: Our theoretical CTMC results. Experimental results are plotted
using scatter markers; theoretical results are plotted with lines.

For the case of the H" — Ar collisions, we present the theoretical and the experimental
data in Figures 4b and 4c, respectively. We can clearly see that the experimental references
exhibit very good agreement. Moreover, below 2 keV, only experimental data are available
by Allison [35]. Our results agree well with the experimental results by Allison [35],
Williams et al. [36], Ormrod et al. [40], Morgan et al. [41], and Rudd et al. [37] in the energy
range between 0.4 keV and 200 keV; beyond this energy, our results slightly overestimate
the experimental results by Allison [35], Welsh et al. [42], and Toburen et al. [43]. This
is also true for most of the theoretical results in Figure 4b. Regarding the theoretical
references, the data of Houmar et al. [28] slightly overestimate the experimental data, while
Belkic [19] and Vinogradov et al. [27] agree well with the experimental and other theoretical
data. It is worth noting that Houmar et al. [28] and Vinogradov et al. [27] do not have
data below 100 keV, while Belkic [19] does not have data below 50 keV. Nikolaev [25]
and Shevelko [26] also show very good agreement with each other. For impact energy
below 20 keV, the theoretical data differ from each other. Although Kirchner et al. [22]
and Cabrera Trujillo et al. [44] show a slight disagreement with each other, they both
follow the trend of experimental results of Allison [35]. Kirchner et al. [22] used density
functional theory (DFT) to build the time-dependent independent particle model (IPM)
in the energy range between 1 keV and 200 keV. Cabrera Trujillo et al. [44] employed
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semiclassical coupled-channel and a nonadiabatic electron-nuclear dynamics approach in
the energy range between 0.01 keV and 100 keV.

For the collision of H™ with Kr (Figure 4d), the only available theoretical data are
provided by Nikolaev [25] and Houmar et al. [28]. Regarding the experimental data, for
impact energy below 20 keV, we only have data from Allison [35]. For impact energy above
200 keV, we have the data by Toburen et al. [43]. Similar to the previously discussed collision
systems, the Houmar et al. [28] result overestimate the experimental data, while data by
Nikolaev [25] show very good agreement with the experimental data. Our calculated
cross sections also show very good agreement with the experimental data in the energy
range between 5 keV and 200 keV. Below 5 keV, our results underestimate the data of
Allison [35] and Williams et al. [36]. Above 200 keV, our results slightly overestimate the
data of Toburen et al. [43] and Nikolaev [25]. It is interesting to note that we can also see
a bit (the most prominent here among the investigated targets) a shoulder-like structure
in the energy range around 300 keV impact energy. The detailed investigations of this
structure we plan to show in our forthcoming publication.

For the case of H" — Xe collisions (in Figure 4e) there are no theoretical references, and
the available experimental data are limited to the energy range between 0.2 keV and 50 keV.
These data are by Allison [35], Williams et al. [36], and Afrosimov et al. [45]. Our data are
in very good agreement with the existing experimental results at energy between 5 keV
and 50 keV. However, below 5 keV, our data underestimates the results of Allison [35].
According to our results from the collisions of H" — Ne, HT — Ar, and H" — Kr, we have
confidence in the accuracy of our results of Ht — Xe system for impact energy above 50 keV.

3.2. Total Cross Section for Single lonization

Figure 5 shows the total cross sections of ionization for the interaction of proton with
noble gases. The investigated impact-energy range of TCS for the ionization channel was
between 1 keV and 50 MeV. The TCS have the maximum at impact energies, around the
range of 60-70 keV for all targets.

10‘15 T T T T T T T T T T 3

—— Ar(p3s3p)
O Ruddetal. [37)
X Melo et al. [46]

—— Ne(2s2p)
O Ruddetal. [37]
X Melo et al. [46]

#  Deheer et al. [48]

== Clementi et al. [49]
++ Bunge et al. [50]

—— Xe(3ddsdp4dsssp)
X Melo etal. [46]
o Cavalcanti et al. [47]

Kr(3d4sdp)
O Rudd etal. [37]
X Melo et al. [46]
*  Cavalcanti et al. [47]
Deheer et al. [48]

4 10°10° 10

10

Energy (keV)

Figure 5. Total cross section of ionization channel in the collision (a) H — Ne for 2s and 2p shells,
(b) HT — Ar for 2p, 3s, and 3p shells, (c) HT™ — Kr for 3d, 4s and 4p shells, and (d) H' — Xe for 3d, 4s,
4p, 4d, 5s, and 5p shells. Our theoretical CTMC results. Experimental results are plotted using scatter
markers; theoretical results are plotted with lines.
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Comparing the peaks of the ionization TCS for the four elements, we arrive at the
same conclusion as for the case of the electron capture, i.e., Ne has the lowest, Xe has the
highest; Ar and Kr have approximately the same values, and the value of Kr is slightly
higher. These results are attributed to the binding energy of the outermost shell of the
targets, as discussed for the case of the single-electron capture.

For a single ionization in the collision of a proton with Ne, Ar, and Kr, Rudd et al. [37]
performed experiments in the impact-energy range between 5 and 5000 keV. Melo et al. [46]
studied the ionization of Ne, Ar, Kr, and Xe at 2 MeV protons. Cavalcanti et al. [47]
studied multiple ionization of Ar, Kr, and Xe in the energy between 0.75 and 3.50 MeV.
De Heer et al. [48] presented an ionization cross section of proton collision with Ne, Ar,
and Kr in the range 10-140 keV. The results by De Heer et al. [48] are in agreement with the
results by Rudd et al. [37]. Regarding the theoretical data, Clementi et al. [49] and Bunge
et al. [50] provided data for all sub-shells of H — Ne and H" — Ar collisions. However, for
H* — Krand H' — Xe collisions, Clementi et al. [49], Bunge et al. [50] and others [51-54]
provided ionization TCS for inner-shells only, namely, K and L shells. for H" — Kr collision,
and K, L, and M shells for H" — Xe collision. We did not show these results in our present
work due to their negligible contribution to the overall TCS, as discussed in Figure 3.
Clementi et al. [49] and Bunge et al. [50] employed Roothaan-Hartree-Fock (RHF) method
in their study.

In Figure 5a, we present TCS results for single-electron ionization of Ne by proton
impact. Below 25 keV, our results are in very good agreement with Rudd et al. [37],
while results by Clementi et al. [49] and Bunge et al. [50] are equal but overestimate the
experimental data. Above 25 keV, the results of Bunge et al. [50] diverge from the data
of Clementi et al. [49] and showed a very good agreement with experimental data. In
25-400 keV range, both our results and those of Clementi et al. [49] overestimate the
experimental data by Rudd et al. [37] and De Heer et al. [48]. Beyond 400 keV, our results
show relatively good agreement with theoretical and experimental data by Rudd et al. [37]
and Melo et al. [46].

For the results of the interaction of protons with Ar (see the Figure 5b), Clementi et al. [49],
and Bunge et al. [50] fully overlap; furthermore, they overestimate the experimental data
of Rudd et al. [37] and De Heer et al. [48] for impact energy above 50 keV. At the same
time, however, they show good agreement with the experimental data below this energy.
Conversely, our results show very good agreement with experimental data above this
energy but underestimate it below 50 keV.

In the collision of H — Kr (see Figure 5c), our results follow the trend of the experi-
mental data of Rudd et al. [37]. Beyond 30 keV, our data are in good agreement with the
experimental data, but below this energy, our results underestimate the experimental data
by Rudd et al. [37] and De Heer et al. [48].

For the case of H" — Xe collision (see Figure 5d), the available experimental data to
compare with are by Melo et al. [46] and Cavalcanti et al. [47]. Our ionization cross sections
slightly overestimate the cross sections by Melo et al. [46] and Cavalcanti et al. [47].

3.3. Single-Differential Cross Sections (SDCS) of lonization

Figures 6 and 7 show the energy and angular single-differential cross sections (SDCS)
for an impact energy of 35 keV. During the calculations, only the outer shells were con-
sidered, except for Xe, where 5d and 5p shells were considered. In Figure 6, the energy
distribution of SDCS curves for different targets follows a similar trend but has different
magnitude in cross sections. This can be attributed to the fixed charge of +1 for the projec-
tile throughout the interaction with the target. Xe(4d) has the lowest SDCS cross sections,
which is a result of its high binding energy. On the other hand, Xe(5p) has the highest
SDCS cross sections due to its low binding energy, and its cross-section trend is similar
to those of Ar(3p) and Kr(4p). Additionally, the SDCS values of Ar(3p) and Kr(4p) are
nearly identical, which can be attributed to the minimal difference in their binding energies.
Furthermore, the SDCS for all targets maintains almost a constant value for ejection energy
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less than 20 eV; above this energy, the cross-section decreases drastically. Moreover, due
to the fact that, compared to the low energy collision, relatively high-energy electrons are

obtained (E > 100 eV), the signature of multiple scattering in the electron spectra can be
seen. The binary peaks are clearly visible, but at higher electron energies, the signature
of higher order collision sequences, the so-called Fermi-shuttle-type ionization [55], can
also be recognized. The detailed investigation of the multiple-scattering sequence will be
published in our forthcoming publication.
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Figure 6. Energy distribution of the electrons emitted from the collision of 35 keV protons (H™).
Magenta solid line, Ne(2p); green dashed-dotted line, Ar(3p); black dotted line, Kr(4p); blue dashed
line, Xe(4d); red dashed-two-dots line, Xe(5d).
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Figure 7. Angular distribution of the electrons emitted from the collision of 35 keV protons (H™).
Magenta solid line, Ne(2p); green dashed-dotted line, Ar(3p); black dotted line, Kr(4p); blue dashed
line, Xe(4d); red dashed-two-dots line, Xe(5d).

The results presented in Figure 7 provide insight on the angular distribution of SDCS
curves of the studied targets. It is observed that the angular distribution of SDCS curves
of Ar(3p), Kr(4p), and Xe(5p) follows a similar pattern, starting with high SDCS values at
small angles, which then decrease rapidly until the ejection angle is around 90 degrees,
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followed by a gradual decrease in the SDCS. On the other hand, the angular distribution
of SDCS curves of Ne(2p) and Xe(4d) follows almost the same pattern, with SDCS values
starting with high values at small angles, then rapidly decreasing until the ejection angle is
around 90 degrees, and then maintaining constant SDCS values. Furthermore, the angular
distribution of SDCS curves of Ne(2p) and Xe(4d) are lower than that of their counterparts

Ar(3p), Kr(4p), and Xe(5p). This can be attributed to the larger binding energies of Ne(2p)
and Xe(4d).

3.4. Double-Differential Cross Sections (DDCS)

In DDCS calculations, only the outer shell is considered. Figure 8 shows the DDCS
contour as a function of the energy and ejection angle of the ejected electrons in collision
between 35 keV protons with the neutral noble gases (Ne(2p), Ar(3p), Kr(4p) and Xe(5p)).
The majority of the ionized electrons are ejected in forward scattering at angles less than
80 degrees and energies less than 20 eV. Notably, for electrons ejected with energy larger
than 100 eV, the DDCS is very small. Figures 9 and 10 provide more detail about the energy
distribution of DDCS at selected angles, while Figure 11 shows the angular distribution of
the DDCS at selected energy ranges.
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Figure 8. Double-differential cross section (DDCS) (in cm?/eV.Sr) of ionization channel as a function
of ejection angle and electron energy in the collision of 35 keV protons (HT) with, (a) Ne(2p), (b)
Ar(3p), (¢) Kr(4p), (d) Xe(5p).
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Figure 9. Double-differential cross section (DDCS) of ionization channel as function of an electron
energy in the collision of 35 keV protons (H) with, (a) Ne(2p), (b) Ar(3p), (c) Kr(4p), and (d) Xe(5p).
The ejection angles: red solid line, 30°; green dashed line, 60°; black dotted line, 90°; blue dashed-
dotted line, 120°; and magenta dashed-two-dots line, 150°.
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Figure 10. Double-differential cross section (DDCS) of ionization channel as function of electron
energy in the collision of 35 keV protons (H™) at ejection angles, (a) 30°, (b) 607, (c) 907, (d) 120", and
(e) 150°. The targets: red solid line, Ne(2p); green dashed line, Ar(3p); black dotted line, Kr(4p); and
magenta dashed-two-dots line, Xe(5p).
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Figure 11. Double-differential cross section (DDCS) of ionization channel as function of ejection
angle in the collision of 35 keV protons (H') with, (a) 0 < E. < 12 eV, (b) 12< E. < 50 eV,
(c) 50 < E. <100 eV, and (d) 100 < E. < 1000 eV. The targets: black dotted line, Ne(2p); red solid
line, Ar(3p); green dashed line, Kr(4p); and blue dashed-dotted line, Xe(5p).

In Figure 9, the DDCS is plotted as a function of electron energy at selected angles
for various targets. The angles in Figures 9 and 10 are taken in the range between 0’ and
10°. The DDCS is largest at forward scattering, especially at ejection angle of 30° for all
targets. The DDCS at ejection angles of 120° and 150° are almost identical. For targets
Ar(3p), Kr(4p), and Xe(5p), the DDCS at 120° and 150° angles are the smallest across the
entire energy range. However, this is not entirely true for the case of Ne(2p); the DDCS for
Ne(2p) is smallest at these angles for electron energy below 20 eV. Beyond this energy, the
DDCS at 120° and 150° becomes larger than that for ejection angles of 60° and 90°.

In Figure 10, the DDCS is plotted as a function of electron energy for various targets
at selected angles. At 30° (see Figure 10a), the DDCS for Ne(2p) is the smallest among
all targets for all energies. For Ar(3p) and Kr(4p), the DDCSs are almost equal, with the
DDCS of Kr(4p) slightly higher due to the close binding energies of outer shells. Xe(5p)
has the highest DDCS, but the difference is not significant compared to both Ar(3p) and
Kr(4p). For all targets, the DDCS remains nearly constant below around 10 eV. Above this
energy, the DDCS decreases drastically. At ejection angle 60° (see Figure 10b), the DDCS
behavior is similar to that at 30°; however, a slight difference is that the DDCS does not
remain constant at low energies but starts decreasing from the beginning.

At right-angle scattering (90°, see Figure 10c), the DDCSs of Ar(3p), Kr(4p), and Xe(5p)
show similar behavior compared to the DDCSs at ejection angle 60° for energies less than
around 40 eV. Additionally, the DDCS of Ne(2p) at 90° is less steep compared to the DDCS
at ejection angle 60°.

In backward scattering at ejection angles of 120° and 150° (see Figure 10d,e), the
DDCSs exhibit the same behavior. The DDCS of Ne(2p) maintains a constant value for
energy below around 20 eV. Furthermore, the DDCSs of Ne(2p) and Ar(3p) for energies
below around 40 eV are lower than the DDCSs of Kr(4p) and Xe(5p). However, for energies
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between around 40 eV and 100 eV, the DDCSs of Ne(2p) and Ar(3p) are higher than those
of Kr(4p) and Xe(5p).

In Figure 11, the DDCS is plotted as a function of ejection angles for various targets
and at selected electron energy ranges. In Figure 11a, we present the DDCS for electrons
with energies less than 12 eV. Xe(5p) exhibits the largest DDCS across all angles, while
Ne(2p) exhibits the lowest. The DDCSs of Ar(3p) and Kr(4p) have close magnitudes. All
curves at this energy range start high at small angles, then they decrease drastically until
reaching a right-angle scattering. For the backward scattering, the DDCS curves become
less steep and decrease gradually.

For electron energies ranging between 12 eV and 50 eV (see Figure 11b), the DDCS
curves of Ar(3p), Kr(4p) and Xe(5p) show similar behavior. In this electron energy range,
the DDCS curves drastically decrease with increasing the ejection angles in the forward
scattering, compared to the DDCS curves of electrons with energies less than 12 eV (see
Figure 11a). For the backward scattering of Ar(3p), Kr(4p), and Xe(5p), the DDCS values
become almost constant. In the case of Ne(2p), the DDCS curve also shows a drastic
decrease in the forward scattering, reaching minimum value at right-angle scattering. In
the backward scattering, the DDCS curve starts to show a small increase when the ejection
angle increases.

For electron energies ranging between 50 eV and 100 eV (see Figure 11c), the DDCS
values are smaller compared to previous electron energy ranges. The DDCS curves of
Kr(4p) and Xe(5p) are almost equal and decrease slowly until they reach the 90° scattering,
then they show almost constant values. The DDCS values of Ar(3p) are nearly equal to the
DDCS values of Kr(4p) and Xe(5p) in the forward scattering. However, the DDCS curve
has a minimum at 90° scattering. The DDCS values increase in the backward scattering.
The DDCS values of Ne(2p) are much smaller than those of Ar(3p), Kr(4p), and Xe(5p) in
forward scattering. The DDCS curve of Ne(2p) shows a minimum around the 90° scattering
similarly to the case of Ar(3p). Moreover, in the backward scattering, the DDCS values of
Ne(2p) increase slowly, and they are almost equal to the DDCS values of Ar(3p).

For electron energies ranging between 100 eV and 1000 eV (see Figure 11d), the DDCS
values are very small compared to the lower-energy cases discussed earlier. Due to the low
calculation statistic effected by a low number of ionized electrons, the DDCS curves for
all targets are now tangled, especially for ejection angles larger than 120°, and they show
very close values to one another. However, the DDCS values of Ne(2p) are the smallest
by a narrow margin, while the DDCS values of Xe(5p) are the largest by a similarly small
margin for ejection angles less than 120°.

4. Conclusions

We have presented the total (TCS) and differential (DCS) cross sections of the interac-
tion of protons H* with neutral noble gases. We used the three-body CTMC calculations
based on Garvey-type model potential. In the model potential, only one active electron
was included in the interaction dynamics, while the remaining electrons contributed to the
screening effect. The TCSs of single-electron capture and single-electron ionization from
different sub-shells were presented and discussed for the 0.2 keV-50 MeV energy range.
The ionization DCSs were presented and discussed for impact energy of 35 keV, focusing
only on the outer sub-shells of the targets. Our results showed that the inner sub-shells’
contribution to the overall cross section is insignificant for low impact energies; however,
when increasing the impact energies, the inner shells slowly start to contribute to the overall
cross section. Our CTMC results of TCS of the ionization and electron-capture channels
show very good agreement with the existing theoretical and experimental data, especially
in the case of electron capture at the energy range between 10 keV and 200 keV. In addition,
we presented and discussed double-differential cross sections (DDCS) as function of the
ionized electron energy and its ejection angle. We showed that the majority of electrons
were ionized in the forward scattering, and most of the electrons were ejected with low
energies, i.e., less than 12 eV. The backscattered DDCSs were generally the lowest.
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