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Abstract: This article presents a theoretical investigation of the differential, integrated, elastic, in-
elastic, total, momentum-transfer, and viscosity cross-sections, along with the total ionization cross-
section, for elastically scattered electrons and positrons from a carbon dioxide (CO2) molecule in the
incident energy range of 1 eV ≤ Ei ≤ 1 MeV. In addition, for the first time, we report the spin polar-
ization of e±−CO2 scattering systems. The independent atom model (IAM) with screening correction
(IAMS) using a complex optical potential was employed to solve the Dirac relativistic equation in
partial-wave analysis. The comparison of our results with the available experimental data and other
theoretical predictions shows a reasonable agreement in the intermediate- and high-energy regions.

Keywords: electron and positron scattering; carbon dioxide molecule; independent atom model;
screening correction; spin polarization

1. Introduction

Projectile–atom/molecule scatterings are very common in many natural and man-
made systems, such as gaseous plasma [1], planetary atmospheres [2], radiation chem-
istry [3], radiobiology [3], mass spectrometry [4], etc. Accurate data of various observables
of such scattering phenomena are, therefore, of crucial importance for the enhancement of
our knowledge about the science of planetary, stellar, and interstellar spaces and for the
development of technologies. In particular, the electron (e−) impact scattering from atmo-
spheric molecules is indispensable for the study of physical and chemical models, such as
the electron-transport properties of gases, photochemistry of the atmosphere, atmospheric
auroral emissions, treatment of biomaterials, and plasma discharges [5].

Positron (e+) scattering augments the understanding of e−−atom interaction. Because
of the static component, apart from their difference in sign, the large r dependences of the
polarization potential and the absorption potential are the same in the two interactions. It
is well known that, whereas the net interaction for e−−atom scattering is attractive at all
energies, the net interaction for e+−atom scattering is attractive only at low energies (up to
the Ps formation threshold), and after that, it becomes repulsive. So, the study of e− and
e+ collisions with the same target can unravel more information about projectile–target
collision dynamics. Our recent calculations [6–12] of various scattering observables for
e±−atom systems have produced reasonable agreement with the available data. We thus
now extend our calculations for e± scattering from molecular targets in order to characterize
these scattering systems.

Carbon compounds are the most significant constituents of the atmosphere [13]. They
are fundamental, especially for the organic chemistry taking place in the atmosphere.
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Carbon dioxide (CO2) is a linear, triatomic, non-polar, heteronuclear molecule. This iso-
electronic molecule is the most abundant constituent of the atmospheres of Venus and
Mars [14]. For the understanding of the aurora and day-glow phenomena, a comprehensive
knowledge of the cross-sections of the excitation, ionization, and dissociation of atmo-
spheric species by electrons is needed [15]. Reliable data on the e±−CO2 collision are,
therefore, immensely necessary for controlling the atmospheric environment. Moreover,
CO2 is frequently used in gaseous discharges or low-temperature plasma devices.

In view of the wide applications of CO2 described above, a number of experimental
and theoretical studies of e±−CO2 scattering have been reported to date. Earlier inves-
tigations (up to the year 2001) on the e−−CO2 system have been compiled in review
articles [14,16–19]. Among the recent studies on e−−CO2 scattering, absolute total ion-
ization cross-sections (TICSs) were reported by Hudson et al. [20], who measured them
at the threshold of 250 eV, and by Vinodkumar et al. [21], who calculated the threshold
to be 5000 eV. In a later study, firstly, the total inelastic cross-section was calculated using
the well-known spherical complex optical potential (SCOP) formalism. After that, the
TICS was extracted by employing a semi-empirical formalism called the ’complex spherical
potential-ionization contribution’ (CSP-ic).

In contrast, positron scattering cross-sections for molecular targets have not been
widely studied. However, for e+−CO2 systems, the literature shows a number of
experimental and theoretical studies. For example, the TICS was measured by Lar-
icchia and Moxom [22] at Ei = 3–20 eV, by Sueoka and Hamada [23] at 0.3–10 eV,
by Bluhme et al. [24] at Ei = threshold−2000 eV, and by Marler and Surko [25] at
Ei = threshold−90 eV. The measurement of the direct ionization cross-section was re-
ported by Cooke et al. [26] in the energy range of 10–1000 eV. On the theoretical side,
Baluja and Jain [27] employed a model of the complex optical potential to calculate the
total (elastic + inelastic) cross-section (TCS) for a positron in the range of 1–5000 eV
using several molecular targets, including CO2. Campeanu et al. [28] predicted the same
observable for Ei = 20–1000 eV using the CPE (Coulomb plus plane waves with full
energy range) distorted wave model. Recently, Singh et al. [3] reported a TCS calculated
over a wide energy range (threshold to 5000 eV) using a modified version of the SCOP.

Although extensive experimental and theoretical studies on e±−CO2 scattering have
been performed, most of them only paid attention to the ionization processes. Data on
other observables, e.g., the elastic differential cross-section (DCS), integrated elastic cross-
section (IECS), inelastic cross-section (INCS), momentum-transfer cross-section (MTCS),
viscosity cross-section (VCS), and total (elastic + inelastic) cross-section (TCS), are, therefore,
too scarce in the literature. Moreover, the agreement between experiments and theories
and even between various experiments is still unsatisfactory for practical purposes. To
the best of our knowledge, for the e±−CO2 system, there is neither an experimental
nor a theoretical calculation of the critical minima (CM) in the DCS that is available in
the literature. The destructive interference of the scattered wave of different angular
momentum states is responsible for such minima in the DCS. More studies of electron and
positron collisions with this molecule are, therefore, immensely necessary to resolve the
above problems. In particular, a reliable theoretical model can overcome the ambiguities in
experimental measurements.

In the present work, we report our calculations of the DCS, TCS, IECS, INCS, MTCS,
VCS, and TICS for both electron and positron scattering from a CO2 molecule over a wider
energy range of 1 eV ≤ Ei ≤ 1 MeV. In addition, the spin polarization is evaluated for these
scattering systems for the first time. In these calculations, we adopt a Dirac partial-wave
analysis under the framework of a complex optical potential model (OPM). In order to
make the partial-wave method effective for the projectile–molecule interaction, the present
work uses a single-scattering independent atom model (IAM), as well as the IAM with
screening correction (IAMS), which was first proposed by Blanco and Garcia [29] and then
by Blanco et al. [30].
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The IAMS approach [31] has already proven to be successful in calculating various
observables for electron and positron scattering from a molecular carbon monoxide target.
In this method, the target molecule is approximately replaced by its constituent atoms in
the corresponding positions. The projectile–molecule interaction is thereby reduced to the
projectile–atom interaction in the collision dynamics. It is worth mentioning that, under
the optical potential framework, the present approaches (IAM and IAMS) do not require a
fitting procedure; however, it is possible to vary one parameter (4, the mean excitation
energy of the target in the evaluation of absorption potential) in the calculation to bring
the theory and experiments closer to each other. Nevertheless, the method is capable of
predicting quite reliable cross-section data without adjusting the4 parameter, and thus
produces theoretical results where experimental data are not available.

2. Outline of the Theory

The scattering of electrons or positrons by a molecule cannot be treated straightfor-
wardly with the procedure of partial waves due to the non-spherical nature of the above
projectile–molecule interaction. In the additive rule (AR), the scattering cross-sections due
to a molecule (differential or integrated) are obtained by simply adding the correspond-
ing contributions due to the individual free atoms composing the molecule. This is an
approximation that ignores the chemical bonding and aggregation effects. The density
distribution of an atom in a molecule is different from that of the same atom in an isolated
state. This distortion in the density distribution due to aggregation in the formation of the
molecule changes the projectile–molecule interaction from a projectile–atom interaction and
influences the scattering. In independent-atom approximation (IAM), the interaction of an
atom in a molecule is transformed into that of a free atom, thus reducing the single-center
scattering from a molecule into a multi-center scattering from a spherically symmetric
potential due to a free atom. This approximation prepares the ground for the application
of partial-wave analysis of scattering. In this approach, the molecular effect is taken into
account by determining the differential cross-section (DCS) as the coherent sum of the
waves (not the currents) scattered from the atoms, which are located in fixed positions
in the molecule. Additionally, the first excitation energy and dipole polarizability of the
molecule, instead of the atom, are used in generating the projectile–atom.

2.1. Relativistic Dirac Equation

The relativistic Dirac equation [32] for a projectile of resting mass mo traveling in a
central field V(r) with a velocity v is given by

[cα.p + βmoc2 + V(r)]ψ(r) = Eψ(r), (1)

where E = γmoc2 = Ei + moc2 is the total energy, γ = (1− v2/c2)−1/2, c is the velocity of
light in vacuum, Ei is the kinetic energy of the incident particle, and α and β are the usual
4× 4 Dirac matrices.

2.2. Complex Optical Potential

The above Dirac equation is solved numerically by using the RADIAL subroutine
package [33] and by employing a complex optical potential [34] of the following form:

V(r) = Vreal(r)− iWabs(r)
= Vst(r) + Vex(r) + Vcp(r)− iWabs(r).

(2)

The real components Vst(r), Vex(r), and Vcp(r) represent the static, exchange, and
correlation–polarization potentials, respectively, and the imaginary component, Wabs(r)
represents the magnitude of the absorption potential.

Static potential arises due to the electrostatic interaction between the projectile and the
atomic charge distribution. This static potential is generated using the Dirac–Fock electron
density [35] and Fermi nuclear charge distribution [36]. The exchange potential, Vex(r), for
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electrons arises due to the indistinguishability of the incident and bound electrons of the
target. For positrons, the exchange part is zero. The present study uses the semi-classical
local exchange potential of Furness and McCarthy [37], which is derived from the non-local
exchange interaction using the WKB-like wave functions. The polarization potential comes
into effect due to the displacement of the charges of the atom by the incident charged
projectile and remains attractive for both electrons and positrons. Following Salvat [38],
this work employs a global correlation–polarization potential Vcp(r), which combines the
parameter-free long-range Buckingham potential and the short-range correlation potential
based on local density approximation (LDA). The negative imaginary part, –iWabs(r), is
included to account for the loss of particles into various inelastic channels that open beyond
the inelastic threshold. The detailed shapes of components Vst(r), Vex(r), Vcp(r), and
Wabs(r) are given elsewhere [6,31,39].

In the Dirac partial-wave analysis, the scattering of electrons and positrons by the
potential V(r) is completely described by the elastic scattering amplitude [11]. It consists
of a spin-conserving (direct) contribution f (θ) and a spin-flip contribution g(θ). The elastic
DCS for an initially unpolarized electron/positron is obtained from

dσ

dΩ
=| f (θ) |2 + | g(θ) |2 (3)

2.3. IAM Approach

As the projectile–molecule interaction is not spherically symmetric, the partial-wave
method cannot be directly applied for the generation of observable quantities for e±−CO2
scattering. In the present IAM approach, the direct and spin-flip scattering amplitudes are,
respectively, given by [31]:

F(θ) = ∑
i

exp(iq.ri) fi(θ) (4)

and
G(θ) = ∑

i
exp(iq.ri)gi(θ) (5)

where h̄q is the momentum transfer, ri is the position vector for the nucleus of the i-th atom
relative to an arbitrary origin, and fi(θ) and gi(θ) are the scattering amplitudes for the
constituent-free atom of an element. The corresponding DCS is then obtained by averaging
the orientations of all of the randomly oriented molecules and is given by:

dσ

dΩ
= 〈|F(θ)|2 + |G(θ)|2〉 (6)

= ∑
i,j

exp(iq.rij)[ fi(θ) f ∗j (θ) + gi(θ)g∗j (θ)] (7)

= ∑
i,j

sin(qrij)

qrij
[ fi(θ) f ∗j (θ) + gi(θ)g∗j (θ)] (8)

= ∑
i
[| fi(θ)|2 + |gi(θ)|2] + ∑

i 6=j

sin(qrij)

qrij
[ fi(θ) f ∗j (θ) + gi(θ)g∗j (θ)] (9)

Here, q = 2k sin(θ/2), rij is the distance between the i-th and j-th atoms, sin(qrij)/qrij =
1 when qrij = 0, and the term ∑i 6=j represents the contribution of interference to the molec-
ular DCS.

In terms of the DCS, the integrated elastic σel , momentum-transfer σm, and viscosity
σv cross-sections for the e±−CO2 scattering are expressed as

σel =
∫ dσ

dΩ
dΩ = 2π

∫ π

0

(
dσ

dΩ

)
sin(θ)dθ (10)
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σm = 2π
∫ π

0
(1− cos θ)

(
dσ

dΩ

)
sin(θ)dθ (11)

σv = 3π
∫ π

0

[
1− (cos θ)2

]( dσ

dΩ

)
sin(θ)dθ (12)

The total cross-section σtot for both of the projectiles can be obtained from the follow-
ing expression:

σtot =
4π

k ∑
i

Im fi(0), (13)

where Im fi(0) denotes the imaginary part of the direct scattering amplitude in the forward
direction at θ = 0◦ for the i-th atom. Because of the imaginary component, σtot contains both
the elastic and inelastic (absorption) parts. In the present study, the inelastic cross-section
σin is expressed as

σinel = σtot − σel (14)

2.4. IAMS Approach

The main drawback of the IAM model that it does not consider multiple scattering
of projectiles from the constituent atoms of a molecule, making it applicable only at com-
paratively high energies (>100 eV) [30,31]. Another reason for the low-energy failure of
this model is its ignorance of the mutual overlapping of nearby atomic cross-sections. To
overcome this problem, Blanco and Garcia [29] proposed a screening that corrected si
(0 ≤ si ≤ 1) for i-th and j-th atoms of a molecule, which are given by:

si = 1−
ε
(2)
i
2!

+
ε
(3)
i
3!
−

ε
(4)
i
4!

+ . . .±
ε
(N)
i
N!

(15)

where

ε
(m)
i =

N −m + 1
N − 1 ∑

i 6=j

σjε
(m−1)
j

αij
(m = 2, . . . , N). (16)

represents m-atoms overlapping. N is the number of atoms in the target molecule and
αij = max(4πr2

ij, σi, σj), where σi and σj are the atomic total cross-sections for the i-th
and j-th atoms of the molecule. For a CO2 molecule (N = 3), Equation (15) takes the
following form:

si = 1−
ε
(2)
i
2!

+
ε
(3)
i
3!

(17)

These coefficients si reduce the contributions of constituent atoms to the molecular
cross-section. Blanco et al. [30] improved the formalism by adding another factor, νij, to

the positive values of ∑i 6=j νijsisj
sin(qrij)

qrij
[ fi(θ) f ∗j (θ)], which is defined as νij = r2

ij/(r
2
ij + ρ2

ij),

with a length-dimensional parameter ρij = max(
√

σi/π,
√

σj/π, 1/k). Here, (
√

σ/π) rep-
resents the radius of a circle of area σ. So, the screening-corrected version of Equation (9) is(

dσ

dΩ

)s

= ∑
i

s2
i [| fi(θ)|2 + |gi(θ)|2]

+ ∑
i 6=j

νijsisj
sin(qrij)

qrij
[ fi(θ) f ∗j (θ) + gi(θ)g∗j (θ)] (18)

The screening-corrected integrated elastic σs
el, momentum-transfer σs

m, viscosity σs
v,

and total σs
tot cross-sections are given by
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σs
el = 2π

∫ π
0

(
dσ
dΩ

)s

sin(θ)dθ (19)

σs
m = 2π

∫ π
0 (1− cos θ)

(
dσ
dΩ

)s

sin(θ)dθ (20)

σs
v = 3π

∫ π
0

[
1− (cos θ)2

](
dσ
dΩ

)s

sin(θ)dθ (21)

σs
tot = σs

el + σs
inel = ∑

i
si(σel + σinel) = ∑

i
siσtot (22)

The spin polarization of a randomly oriented molecule in terms of the scattering
amplitudes is expressed as

S(θ) = i
〈F(θ)G∗(θ)− F∗(θ)G(θ)〉
〈|F(θ)|2 + |G(θ)|2〉 (23)

The interaction energy of the polarizing field with the CO2 molecule vanishes to the
first approximation. However, for a large projectile–atom distance , the polarizability of the
i-th atom of the molecule, the response to the polarizing field, is approximately equal to the
polarizability of the free atom multiplied by the ratio of the molecular polarizability to the
sum of the polarizabilities of the atoms composing the molecule. This way, a molecular
feature enters into the expression for the projectile–atom polarization potential. For the
calculations of scattering amplitudes from the i-th atom, we used the following formula for
effective polarizability:

αd,e f f (i) = αmol
d αd(i)[∑

j
αd(j)]−1. (24)

Here, the summation extends over all of the constituent atoms in the molecule. The
atomic polarizabilities for carbon and oxygen are used: 1.76Ȧ3 [40] and 0.802Ȧ3 [40],
respectively. The molecular polarizability of the CO2 molecule is 2.507Ȧ3 [41]. In the
independent atom model approximation, the effective atomic polarizability defined by
Equation (24) is used to calculate the polarization potential Vp(r) for an atom. The values of
first molecular excitation energy and ionization potential are 11.04 eV [3] and 13.773 eV [42]
for the present analysis.

Since the inelastic channels in e±−molecule scattering consist of both excitation and
ionization, the total inelastic cross-section σinel in Equation (14) can be further divided into
an excitation (σex) and an ionization (σion) part as follows:

σinel = σex + σion. (25)

Therefore, σinel and σion satisfy the following inequality:

σinel ≥ σion. (26)

In the present study, the total ionization cross-section (σion) is calculated from the
following energy-dependent ratio [43,44]:

R(Ei) =
σion(Ei)

σinel(Ei)
, (27)

with 0 ≤ R ≤ 1.
The ratio R(Ei) is a continuous function of energy. For Ei > I (ionization potential),

this function is fitted to the equation

R(Ei) = 1− B1

[
B2

U + C
+

ln U
U

]
(28)
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where U = Ei/I is the reduced energy. It was observed experimentally that the value of
R(Ei) rises steadily as the energy increases above the threshold and approaches unity at
very high energies. The adjustable parameters B1, B2, and C are, therefore, determined
using the following conditions:

R(Ei) =


0 for Ei ≤ I,
Rp for Ei = Ep
RF for Ei ≥ EF > EP.

(29)

Here, Rp is the value of R at Ei = Ep, with Ep being the incident energy at which
the maximum absorption occurs. At incident energies Ei ≥ EF, well above the peak
position Ep, the value of R increases to RF (very close to 1). The optimal values of the
parameters B1, B2, and C obtained from the solutions of Equations (29) using a FORTRAN
program are, respectively, found to be −1.263, −5.886, and 6.436 both for electron and
positron scattering.

3. Results and Discussion

In the present study, the ELSEPA code [34] was used for the calculation of various
scattering observables for e±−CO2 scattering systems over a wide energy range. The
differential and total cross-sections for both of the projectiles (electron and positron) were
calculated for the energy domain of 1 eV ≤ Ei ≤ 1 MeV. The Sherman function was
calculated for the energy range of 5–1500 eV. The program first calculated the phase shifts
δk required for the calculations of scattering amplitudes from the solutions of the Dirac
equation up to a matching distance and then for matching with the known exterior solution.
The program then calculated, using the knowledge of the scattering amplitudes, various
scattering observables for spin-unpolarized electrons or positrons. In this section, we
present the results and analyses of several scattering observables that were calculated with
both our IAM and IAMS approaches.

3.1. The Differential Cross-Section

Figures 1–4 display the DCS results for electrons that are elastically scattered from a
carbon dioxide molecule, as calculated by our two approaches over the energy range
of 40 eV ≤ Ei ≤ 10 keV. As seen in these figures, the IAMS approach produces reduced
values of DCS compared to those obtained with the IAM approach, especially at lower
energies and angles, which is consistent with experimental observations. This important
feature signifies that the inclusion of the screening effect makes the IAMS theory effective
in describing the DCS of e−−CO2 scattering. One can also notice, as expected, that at
higher energies, both the IAM and IAMS give almost the same results. At these energies,
the corresponding de Broglie wavelengths of the projectile are small enough compared
to the inter-atomic distances of the target molecules. Incident particles, therefore, partic-
ipate in the collision with all of the atoms (inside the target molecule) independently,
without any kind of geometrical overlapping among them.

The oscillations of the DCS with the angle (or energy) are interference structures
that are seen only in lower-energy domains (well below 1000 eV). These structures are of
great interest for the study of collision dynamics, as they appear due to the diffraction
effects arising from the quantum-mechanical nature of matter. The interference structures
disappear when the collision becomes so energetic that the projectile–atom interactions
occur inside the K-shell. However, these diffraction minima differ in number between our
two approaches (IAM and IAMS). The number of minima predicted by the IAM theory
varies with energy from 1 at Ei = 40 eV to 2 at 80 ≤ Ei ≤ 600 eV, and then reduces to 1
at 700 ≤ Ei ≤ 1000 eV. At energies greater than 1000 eV, the structure vanishes due to the
incoherent interference of the scattered waves of many angular momenta. The IAMS theory,
on the other hand, produces only one minimum up to Ei = 200 eV, and beyond that, the
DCS shows smooth variation with the energy.
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Figure 1. DCS (a2
0/sr) for the elastic scattering of electrons from carbon dioxide at energies of 40, 50,

60, 70, 80, and 90 eV. Theoretical: IAM, IAMS, and Iga et al. [45]. Experimental: Tanaka et al. [46],
Shyn et al. [47], Register et al. [48], and Kanik et al. [49].

In Figures 1–4, our DCS results for the electron projectiles are compared with the
experimental data from Tanaka et al. [46] that are available at Ei = 60–100 eV, as well
as those of Shyn et al. [47] at Ei = 40–90 eV, Register et al. [48] at 50 eV, Kanik et al. [49]
at Ei = 40–100 eV, Iga et al. [45] at 100, 200, 300, and 400 eV, Bromberg [50] at 300, 400,
and 500 eV, Maji et al. [51] at 500, 700, and 900 eV, and Iga et al. [52] at 500, 800, and
1000 eV. For comparison, the experimental data of [47] are normalized with those of [49] in
Figure 1 at 90◦. Additionally included are the theoretical results predicted by the Schwinger
variational iterative method (SVIM) of Iga et al. [45] at 100, 200, 300, and 400 eV and the
IAM approach of Maji et al. [51] at 500, 700, and 900 eV. We found no experimental or any
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other theoretical results with which to compare our calculations for the energy domain of
1500 eV ≤ Ei ≤ 10,000 eV.
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Figure 2. DCS (a2
0/sr) for the elastic scattering of electrons from carbon dioxide at energies of 100, 150,

200, 250, 300, and 400 eV. Theoretical: References in Figure 1. Experimental: References in Figure 1,
Iga et al. [45], and Bromberg [50].
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Figure 3. DCS (a2
0/sr) for the elastic scattering of electrons from carbon dioxide at energies of 500,

600, 700, 800, 900, and 1000 eV. Theoretical: References in Figure 1. Experimental: References in
Figures 1 and 2 and Maji et al. [51].

The comparison shows that our DCS results predicted by both of the approaches
produce a reasonable agreement with the experimental data for Ei ≥ 60 eV, except with the
data of Maji et al. [51] at 500 eV. The present results, the experimental data, and the other
theoretical values exhibit oscillations at about the same scattering angles. However, at the
particular energy of 500 eV, the data of [51] differ from those of other experiments and
theories, and even from their own calculations. At lower energies, especially at Ei ≤ 50 eV,
our results show noticeable disagreement with the results of the experiments, although they
agree in terms of the number of minima with differences in magnitudes. This low-energy
behavior can be treated properly by more sophisticated theories, such as the R-matrix,
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convergent-close-coupling procedures, etc. The present OPM theory does not work well at
low energies owing to the approximation from coupled-channel theory.
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Figure 4. DCS (a2
0/sr) for the elastic scattering of electrons from carbon dioxide at energies of 1500,

2000, 2500, 3000, 3500, 4000, 5000, 6000, 7000, 8000, 9000, and 10,000 eV. Theoretical: IAM and IAMS.

Figures 5–7 display our DCS results for the positron projectiles in the energy range of
20 eV ≤ Ei ≤ 10 keV. As seen in these figures, the reduction of screening-corrected DCSs at
lower scattering angles and energies is similar to that of their electron counterparts. Our
results are compared with the experiments of Przybyla et al. [53] in Figure 5 at Ei = 10, 20,
50, and 100 eV. For comparison, the experimentally measured data of [53] are normalized
with our calculations (IAMS) at 105◦. As for the electron projectiles, at lower energies
(Ei ≤ 20 eV), in Figure 5, we observe significant discrepancies in magnitude and fair con-
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cordance in the pattern of our calculations with the data. However, the quality of fit of
our results to the data improves beyond 20 eV. Some reasons for the disagreement in the
low-energy region of our calculations with the measured values have already been men-
tioned in the discussion of the electron scattering results. Another reason might be argued
that the scattering data for positrons are not purely elastic, rather quasi-elastic [53]. These
data have elastically scattered and rotational or vibrational excitations and have significant
contributions to elastic scattering in the low-energy region, but lesser contributions in the
high-energy region.

Our DCS calculations for positron scattering are also compared with those of Dapor
and Miotello [54] in Figures 6 and 7, which are available at 500, 1000, 1500, 2000, 2500,
3000, 3500, and 4000 eV. It is to be noted that the e+−CO2 scattering data of Dapor and
Miotello [54] were produced by applying the AR to their positron–atom scattering cross-
sections of C and O atoms. Following the same procedure, we also generated the IECS,
MTCS, and VCS data of [54] and presented them in Figure 17c,e,f for comparison. One
can see a close agreement of our calculations with those of [54] in shape (in the case of
DCS), but slight differences in magnitude (in the case of DCS, IECS, MTCS, and VCS).
However, the difference gradually decreases with increasing impact energy, and the results
of [54] almost merge with those of both of our approaches (IAM and IAMS), implying that,
in the high-energy region, the structural effect does not arise, and the individual atoms
act independently owing to the low de Broglie wavelength of the incident projectile. The
projectile–molecule interaction is predominantly a projectile–atom interaction.
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Figure 5. DCS (a2
0/sr) for the elastic scattering of positrons from carbon dioxide at energies of 10, 20,

50, and 100 eV. Theoretical: IAM and IAMS. Experimental: Przybyla et al. [53].
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Figure 6. DCS (a2
0/sr) for the elastic scattering of positrons from carbon dioxide at energies of 150,

200, 250, 300, 400, 500, 600, 700, 800, 900, 1000, and 1500 eV. Theoretical: IAM, IAMS, and Dapor and
Miotello [54].

Figures 8 and 9, which are, respectively, for the electron and positron projectiles, depict
the variation of the DCS with energy at angles θ = 30◦, 60◦, 90◦, and 120◦. As seen in
these figures, the DCS minima, sharp or flat, occur up to around 200 eV, but disappear at
higher energies. It is to be noted that a minimum in the DCS is formed due to destructive
interference of waves scattered from bound electrons. At higher energies, the structure
disappears in the DCS and leads to a monotonous pattern of the DCS due to the short
interaction time, preventing the interference of scattered waves.
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Figure 7. DCS (a2
0/sr) for the elastic scattering of positrons from carbon dioxide at energies of 2000,

2500, 3000, 3500, 4000, 4500, 5000, 6000, 7000, 8000, 9000, and 10,000 eV. References in Figure 6.

The DCSs for electron scattering in Figure 8 are compared with the experiments
of [45–52], and it was found that our results closely agree, at all angles, with the whole
experimental data range, except at Ei ≤ 20 eV. The same scenario is observed in Figure 9 for
the positron scattering. One can also observe that the experimental cross-sections of electron
scattering show a larger spread among different datasets at some energies, signifying that a
theoretical method is very essential for the removal of the discrepancies and can be used as
the recommended set of cross-sections.
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Figure 8. Energy dependence of the DCS (a2
0/sr) for the elastic scattering of electrons from carbon

dioxide at angles of 30◦, 60◦, 90◦, and 120◦. References: available in Figures 1–4.
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Figure 9. Energy dependence of the DCS (a2
0/sr) for the elastic scattering of positrons from carbon

dioxide at angles of 30◦, 60◦, 90◦, and 120◦. References: available in Figures 5–7.
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Figure 10 displays the DCSs for the impact of electrons and positrons at the four angles
of 30◦, 60◦, 90◦, and 150◦ as a function of collision energy. This comparison shows that,
for both of the projectiles, the dependence on the incident energy is the same for higher
energies beyond 10 keV. However, in the lower-energy region (Ei ≤ 10 keV), the magnitude
is smaller for positron scattering, indicating that the positron–molecule scattering is rather
weaker than its electron counterpart due to the effect of exchange potential in the e−−atom
interaction. It is also observed that the positron DCSs start oscillating at a lower energy
due to the difference in the correlation polarization potential.

The variation of the DCSs in terms of both collision energy and scattering angle is
displayed in Figures 11 and 12, respectively, for electron and positron projectiles. These
three-dimensional distributions of the DCS also confirm the disappearance of the interfer-
ence structure in the DCS at higher energies because of the short duration of interaction
between the projectile and molecule.
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Figure 10. Comparison of the DCSs (a2
0/sr) for the elastic scattering of electrons and positrons from

carbon dioxide at angles of 30◦, 60◦, 90◦, and 120◦.
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Figure 11. Variation of the DCS (a2
0/sr) for the elastic scattering of electrons from carbon dioxide.

Figure 12. Variation of the DCS (a2
0/sr) for the elastic scattering of positrons from carbon dioxide.

3.2. Sherman Function

In Figures 13 and 14, we present our IAM results of the Sherman function S(θ)
for electrons that are elastically scattered from CO2 molecules for incident energies of
5 ≤ Ei ≤ 1500 eV. As seen in these figures, the minima in S(θ) relate to the minima in the
DCS. In addition, as expected, the structures in S(θ) are much more pronounced because of
the greater sensitivity of this observable to the variation in the potential as compared to
the DCS.
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Figure 13. Angular dependence of the spin polarization of scattered electrons. Theoretical: IAM,
Fink and Yates [55], and Fink and Ingram [56].

As far as we are aware, there are neither experimental nor any other theoretical spin
polarization results for e−−CO2 scattering available in the literature. Fink and Yates [55]
and Fink and Ingram [56] calculated S(θ), respectively, for carbon and oxygen atoms at
energies of 100, 250, 500, 1000, and 1500 eV. By employing AR, we generated S(θ) for
e−−CO2 at the aforementioned impact energies to compare with our calculations. It was
observed that the comparison produces a fairly good agreement in pattern with differences
in magnitude. This is not unexpected; as already mentioned, S(θ) is highly sensitive to
variations in the procedure used to generate it.

Figure 15 shows the Sherman function for positron scattering due to our IAM theory
at the collision energies of 4.75, 6.75, 10, 20, 50, and 100 eV. As is apparent in this figure,
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at lower energies (<10 eV), our calculations produce only one maximum at each of these
energies, which is shifted towards a lower scattering angle with increasing energy. Within
the energy domain of 20 ≤ Ei ≤ 100 eV, the Sherman function produces another maximum,
which is shifted towards a higher scattering angle with increasing energy. Moreover, the
spin asymmetry for positrons is extremely small, implying that the positron–molecule
interaction is much weaker than in the case of electron impact because the spin polarization
depends on the spin–orbit interaction, as well as on the spatial interaction potential. The
lack of experimental and any other theoretical results precludes any comparisons.

0 3 0 6 0 9 0 1 2 0 1 5 0 1 8 0- 0 . 0 0 8

- 0 . 0 0 6

- 0 . 0 0 4

- 0 . 0 0 2

0 . 0 0 0

0 . 0 0 2

0 . 0 0 4

S c a t t e r i n g  A n g l e  ( q o ) S c a t t e r i n g  A n g l e  ( q o )

 

 

 I A M
 F i n k  e t  a l .

( a )  E i  =  2 5 0  e V  ( e _ , C O 2 )

0 3 0 6 0 9 0 1 2 0 1 5 0 1 8 0- 0 . 0 0 8

- 0 . 0 0 6

- 0 . 0 0 4

- 0 . 0 0 2

0 . 0 0 0

0 . 0 0 2

0 . 0 0 4

Sh
erm

an
 fu

nc
tio

n S
(q)

Sh
erm

an
 fu

nc
tio

n S
(q)

Sh
erm

an
 fu

nc
tio

n S
(q)

Sh
erm

an
 fu

nc
tio

n S
(q)

( b )  E i  =  5 0 0  e V  ( e _ , C O 2 )
 

 

  

 I A M
 F i n k  e t  a l .

0 3 0 6 0 9 0 1 2 0 1 5 0 1 8 0- 0 . 0 1 0

- 0 . 0 0 8

- 0 . 0 0 6

- 0 . 0 0 4

- 0 . 0 0 2

0 . 0 0 0

0 . 0 0 2

0 . 0 0 4

0 . 0 0 6
( c )  E i  =  1 0 0 0  e V  ( e _ , C O 2 )

 

 

 I A M
 F i n k  e t  a l .

0 3 0 6 0 9 0 1 2 0 1 5 0 1 8 0- 0 . 0 1 2

- 0 . 0 1 0

- 0 . 0 0 8

- 0 . 0 0 6

- 0 . 0 0 4

- 0 . 0 0 2

0 . 0 0 0

0 . 0 0 2

0 . 0 0 4
( d )  E i  =  1 5 0 0  e V  ( e _ , C O 2 )

 

  

 I A M
 F i n k  e t  a l .

Figure 14. Angular dependence of the spin polarization of scattered electrons. References: available
in Figure 13.

3.3. Total Cross-Section

In Figure 16a, we present our prediction of the total (elastic + inelastic) cross-section
(TCS) for electron scattering from CO2 molecules at 1 eV ≤ Ei ≤ 1 MeV. Our results are
compared with the experimental data of Tanaka et al. [46], Iga et al. [52], Kwan et al. [57],
Szmytkowski et al. [58], Nogueira et al. [59], Garcia and Manero [60], Hoffman et al. [61],
and Shilin et al. [62]. The calculations of Iga et al. [45], Jain and Baluja [63] and the
recommended data of Itikawa [14] are also included for comparison. As in Figure 16a, the
calculations from the IAM and Jain and Baluja [63] overestimate all of the experimental
results. In contrast, our IAMS, along with the calculations of Iga et al. [45], produce a good
agreement with the experimental TCS of [47,48,57–61] at Ei ≥ 20 eV. This observation is
also true in the case of IECS, which is presented in Figure 16c.

Our IAMS calculation of the total ionization cross-section (TICS) for electron scattering
is presented for Ei = 10–10,000 eV in Figure 16b. Additionally included are the predictions
of Vinodkumar et al. [21] and Hwang et al. [64]. These three calculations are compared
with the data measured by Asundi et al. [65], Craggs and Tozer [66], Rapp and Golden [67],



Atoms 2022, 10, 31 20 of 29

Orient and Srivastava [68], Freund et al.[69], Hudson et al. [20], and Straub et al. [70]. The
comparison shows that our results and the other two calculations [21,64] agree well with
the results of most of the experiments [20,67,68,70]. Our calculations underestimate the data
of [65,66], but overestimate those of [69]. We think that more datasets (either theoretical or
experimental) are needed to establish a reference set of TICS data for electron scattering by
CO2 molecules.
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Figure 15. Angular dependence of the spin polarization of scattered positrons.
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Figure 16. Values (a2
0) of TCS, TICS, IECS, INCS, MTCS, and VCS for the scattering of electrons

from carbon dioxide. Theoretical: IAM, IAMS, Vinodkumar et al. [21], Iga et al. [45], Jain and
Baluja [63], Hwang et al. [64], and Mayol and Salvat [71]. Recommended: Itikawa [14]. Experimental:
Hudson et al. [20], Iga et al. [45], Tanaka et al. [46], Shyn et al. [47], Register et al. [48], Iga et al. [52],
Kwan et al. [57], Szmytkowski et al. [58], Nogueira et al. [59], Garcia and Manero [60], Hoffman
et al. [61], Shilin et al. [62], Asundi et al. [65], Craggs and Tozer [66], Rapp and Golden [67], Orient
and Srivastava [68], Freund et al. [69], Straub et al. [70], Kimura et al. [72] and Nakamura [73].

The present results of the IECS and MTCS are displayed, respectively, in Figure 16c,e,
along with the experimental measurements [45–48,52,72,73]. Additionally included are the
calculations of Iga et al. [45], Jain and Baluja [63], and Mayol and Salvat [71], as well as
the recommended data of [14]. The theoretical data of [71] were generated by applying
AR on their atomic data. As with the TCS and IECS, our IAMS result of MTCS produces
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good agreement with the data and the calculations at Ei ≥ 20 eV. Figures 16d,f show,
respectively, the inelastic cross-section (INCS) and viscosity cross-section (VCS) due to
both of our approaches (IAM and IAMS). No experimental measurements for these two
observables are available in the literature. Therefore, we include the calculations of Jain and
Baluja [63] and Mayol and Salvat [71] to compare with our results for the INCS and VCS,
respectively. As is evident in Figure 16d, the INCS calculation of [63] shows disagreement
with our results. As expected and explained earlier, a good agreement of the calculated
results for IECS, MTCS, and VCS with those of [71] is observed throughout the compared
energy range.

Table 1 presents the numerical values of the IECS, MTCS, VCS, INCS, TICS, and TCS
for e−−CO2 scattering. It is worth mentioning that, at Ei < 10 eV, the TCS, IECS, and
MTCS predicted by both of our methods (IAM and IAMS) and other approaches differ
notably from the experimental results. In addition to that, no theoretical calculations are
able to produce the shape resonance at ∼4 eV, except for the broader resonance at ∼30 eV.
Theoretical approaches, such as R-matrix or multichannel calculations, might be able to
reproduce these special low-energy features.

The TCS, TICS, IECS, INCS, MTCS, and VCS for positron scattering are displayed in
Figure 17. The numerical results of these cross-sections for positron impact scattering are
provided in Table 2. Our TCS results in Figure 17a are compared with the measured data
from Kwan et al. [57], Hoffman et al. [61], Sueoka and Hamada [23], Charlton et al. [74,75],
Zecca et al. [76], and Kimura et al. [72]. Additionally included in the comparison are
theoretical calculations of Singh et al. [3] and Baluja and Jain [27]. The comparison shows
a good agreement between our findings and the experiments at Ei ≥ 40 eV. However,
at lower energy (<40 eV), our results differ in magnitude but follow the pattern of the
experimental data. This difference decreases with increasing energy. It is worth mentioning
that a unique feature of positron impact scattering is the formation of Ps, the threshold of
which for our current target CO2 is 7 eV [53]. As in Figure 17a, the TCS suddenly increases
from around 7 eV, which indicates Ps formation.

Figure 17b depicts our findings of the TICS for positron scattering in comparison with
the experiments of Cooke et al. [26], Laricchia and Moxom [22], and Bluhme et al. [24], as
well as the calculations of Singh and Antony [77] and Campeanu et al. [28]. As is evident
in this figure, there are large discrepancies in the experimental data. However, we observe
a reasonable agreement of our results with those of [77] and the data of [24]. The measured
values from [22] are noticeably lower than those from the other experiments, our IAMS
results, and other calculations [28,77].

Our IECS, INCS, MTCS, and VCS results for positron scattering are presented, re-
spectively, in Figures 17c–f. We did not find any experimental data for these scattering
observables in the literature to compare with our results. A significant variance is observed
between our calculated INCSs and those of Singh et al. [3], as seen in Figure 17d, throughout
the compared energy range.
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Figure 17. Values (a2
0) of TCS, TICS, IECS, INCS, MTCS, and VCS for the scattering of positrons from

carbon dioxide. Theoretical: IAM, IAMS, Singh et al. [3], Baluja and Jain [27], Campeanu et al. [28],
Dapor and Miotello [54] and Singh and Antony [77]. Experimental: Laricchia and Moxom [22],
Sueoka and Hamada [23], Bluhme et al. [24], Cooke et al. [26], Kwan et al. [57], Hoffman et al. [61],
Kimura et al. [72], Charlton et al. [74,75], and Zecca et al. [76].
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Table 1. Elastic total (IECS), momentum-transfer (MTCS), viscosity (VCS), inelastic (INCS), and total (TCS) cross-sections for electron scattering from CO2.

Energy (eV) IECS (a2
0) MTCS (a2

0) VCS (a2
0) INCS (a2

0) TCS (a2
0) Energy (eV) IECS (a2

0) MTCS (a2
0) VCS (a2

0) INCS (a2
0) TCS (a2

0)

1.0 42.0854 23.98482 41.07042 1.638150 43.72359 500 9.08970 1.26628 2.24338 6.10128 15.19098
1.5 56.1819 31.55945 53.25334 1.362240 57.54414 550 8.50429 1.10932 2.00673 5.66504 14.16933
2.0 64.8906 36.91512 60.25945 1.171040 66.06168 600 7.99641 0.98165 1.80794 5.28682 13.28323
2.5 70.4222 40.94651 64.35240 1.033250 71.45554 650 7.55041 0.87605 1.63892 4.95605 12.50646
3.0 74.6747 44.46517 67.35923 0.940170 75.61496 700 7.15491 0.78753 1.49379 4.66444 11.81935
3.5 77.3191 47.07412 68.85656 0.864100 78.18324 750 6.80126 0.71246 1.36808 4.40550 11.20676
4.0 78.8274 48.96623 69.28283 0.800820 79.62824 800 6.48279 0.64815 1.25836 4.17406 10.65685
4.5 79.5257 50.28929 68.94716 0.748320 80.27407 850 6.19423 0.59258 1.16195 3.96597 10.16021
5.0 79.6438 51.15950 68.07291 0.703410 80.34728 900 5.93137 0.54418 1.07672 3.77789 9.70926
6.0 78.7427 51.88624 65.31629 0.630560 79.37326 950 5.69081 0.50173 1.00096 3.60704 9.29784
7.0 76.9509 51.67313 61.86663 0.574800 77.52578 1000 5.46970 0.46427 0.93328 3.45116 8.92086
8.0 75.0720 51.09960 58.51929 0.533000 75.60503 1500 3.95256 0.24702 0.52331 2.41427 6.36683
9.0 73.8490 50.73996 55.95032 0.503300 74.35231 2000 3.10288 0.15521 0.33902 1.86027 4.96315
10 72.6002 50.21334 53.53634 0.479610 73.07981 2500 2.55727 0.10736 0.23939 1.51489 4.07215
11 71.3549 49.58229 51.29557 0.459590 71.81454 3000 2.17672 0.07909 0.17906 1.27863 3.45536
12 70.1252 48.88473 49.22426 0.443350 70.56856 3500 1.89591 0.06092 0.13955 1.10677 3.00268
13 68.9171 48.14579 47.30963 0.429340 69.34652 4000 1.68007 0.04851 0.11217 0.97607 2.65614
14 67.7322 47.38034 45.53585 0.417790 68.15000 4500 1.50898 0.03963 0.09236 0.87329 2.38227
15 66.5713 46.59925 43.88764 0.407600 66.97898 5000 1.36997 0.03305 0.07753 0.79035 2.16032
16 65.4344 45.80875 42.35064 0.399210 65.83361 5500 1.25478 0.02802 0.06611 0.72200 1.97678
17 64.3217 45.01423 40.91303 0.391780 64.71351 6000 1.15775 0.02409 0.05712 0.66470 1.82245
18 63.2330 44.21868 39.56436 0.385840 63.61887 6500 1.07489 0.02096 0.04991 0.61598 1.69087
19 62.1688 43.42543 38.29632 0.380690 62.54957 7000 1.00331 0.01841 0.04402 0.57404 1.57735
20 61.1293 42.63653 37.10176 0.376440 61.50576 7500 0.94084 0.01632 0.03915 0.53756 1.47840
22 59.1249 41.07920 34.91004 0.370410 59.49532 8000 0.88585 0.01457 0.03508 0.50553 1.39138
24 57.1988 39.51914 32.90082 0.633270 57.83212 8500 0.83707 0.01310 0.03163 0.47719 1.31426
25 56.2152 38.65356 31.88650 1.068660 57.28394 9000 0.79351 0.01184 0.02868 0.45193 1.24544
26 55.1807 37.66610 30.83114 1.783060 56.96381 9500 0.75436 0.01077 0.02614 0.42928 1.18364
28 53.1045 35.59678 28.77283 3.450760 56.55532 10,000 0.71899 0.00984 0.02393 0.40885 1.12784
30 51.1376 33.62184 26.90229 5.019120 56.15674 15,000 0.48923 0.00479 0.01186 0.27850 0.76773
32 49.3114 31.80384 25.23542 6.387610 55.69908 20,000 0.37474 0.00287 0.00718 0.21268 0.58742
35 46.8329 29.37655 23.08099 8.073230 54.90616 25,000 0.30529 0.00193 0.00486 0.17297 0.47826
40 43.3393 26.06374 20.25115 10.03933 53.37863 30,000 0.25867 0.00139 0.00353 0.14640 0.40508
45 40.4751 23.42668 18.12230 11.31222 51.78741 40,000 0.20005 8.32× 10−4 0.00214 0.11310 0.31315
50 38.0845 21.26576 16.48502 12.15395 50.23855 50,000 0.16471 5.60× 10−4 0.00145 0.09306 0.25777
55 35.9628 19.46319 15.21109 12.72534 48.68822 60,000 0.14108 4.06× 10−4 0.00106 0.07968 0.22076
60 34.1392 17.90347 14.18016 13.11308 47.25237 70,000 0.12418 3.09× 10−4 8.09× 10−4 0.07013 0.19430
65 32.5491 16.53843 13.32758 13.37236 45.92153 80,000 0.11149 2.45× 10−4 6.43× 10−4 0.06296 0.17445
70 31.1420 15.33249 12.60837 13.53775 44.67976 90,000 0.10162 1.99× 10−4 5.26× 10−4 0.05738 0.15901
75 29.8818 14.25735 11.98851 13.63682 43.51870 100,000 0.09373 1.66× 10−4 4.404× 10−4 0.05293 0.14666
80 28.7444 13.29421 11.44535 13.68409 42.42852 150,000 0.07011 8.32× 10−5 2.23× 10−4 0.03960 0.10971
85 27.7103 12.42691 10.96134 13.69332 41.40366 200,000 0.05839 5.15× 10−5 1.39× 10−4 0.03299 0.09138
90 26.7664 11.64579 10.52648 13.66786 40.43429 250,000 0.05143 3.57× 10−5 9.74× 10−5 0.02906 0.08049
95 25.9004 10.93954 10.13083 13.61692 39.51739 300,000 0.04684 2.67× 10−5 7.30× 10−5 0.02648 0.07332
100 25.1031 10.29893 9.767290 13.54679 38.64990 400,000 0.04122 1.69× 10−5 4.67× 10−5 0.02331 0.06453
150 19.5995 6.25218 7.21430 12.31879 31.91836 500,000 0.03795 1.20× 10−5 3.32× 10−5 0.02146 0.05941
200 16.4716 4.33727 5.70653 10.90102 27.37261 600,000 0.03583 9.04× 10−6 2.52× 10−5 0.02028 0.05611
250 14.3514 3.23499 4.66128 9.70991 24.06132 700,000 0.03437 7.14× 10−6 2.00× 10−5 0.01945 0.05382
300 12.7780 2.52920 3.89092 8.73757 21.51563 800,000 0.03331 5.83× 10−6 1.64× 10−5 0.01884 0.05214
350 11.5650 2.05474 3.31937 7.90969 19.47475 900,000 0.03251 4.87× 10−6 1.37× 10−5 0.01842 0.05093
400 10.5895 1.71708 2.88076 7.20521 17.79471 1,000,000 0.03189 4.15× 10−6 1.17× 10−5 0.01808 0.04997
450 9.77496 1.46330 2.52934 6.60900 16.38396 - - - - - -
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Table 2. Elastic total (IECS), momentum-transfer (MTCS), viscosity (VCS), inelastic (INCS), and total (TCS) cross-sections for positron scattering from CO2.

Energy (eV) IECS (a2
0) MTCS (a2

0) VCS (a2
0) INCS (a2

0) TCS (a2
0) Energy (eV) IECS (a2

0) MTCS (a2
0) VCS (a2

0) INCS (a2
0) TCS (a2

0)

1.0 21.31376 9.04547 16.16806 — 21.31376 500 6.13463 0.62842 1.32568 7.988410 14.12304
1.5 14.64154 4.41747 9.09951 — 14.64154 550 5.86076 0.56935 1.21088 7.360950 13.22171
2.0 11.77617 3.41346 6.18675 — 11.77617 600 5.61262 0.51897 1.11161 6.825040 12.43766
2.5 10.39729 3.58501 4.94863 — 10.39729 650 5.38628 0.47554 1.02498 6.362100 11.74838
3.0 9.683410 4.12826 4.47923 — 9.683410 700 5.17866 0.43773 0.94881 5.958260 11.13692
3.5 9.294760 4.74907 4.38943 — 9.294760 750 4.98736 0.40458 0.88137 5.602900 10.59026
4.0 9.075470 5.33761 4.49373 — 9.075470 800 4.81038 0.37530 0.82132 5.28781 10.09819
4.5 8.947990 5.85614 4.69675 0.022530 8.970520 850 4.64608 0.34928 0.76759 5.00652 9.65260
5.0 8.791060 6.21986 4.90586 2.493160 11.28422 900 4.49309 0.32604 0.71928 4.75386 9.24696
6.0 8.706730 6.60407 5.38391 10.02620 18.73293 950 4.35028 0.30520 0.67567 4.52567 8.87595
7.0 8.995430 6.81869 5.90467 15.58556 24.58100 1000 4.21664 0.28641 0.63616 4.31851 8.53515
8.0 9.335050 6.76016 6.26459 22.48894 31.82399 1500 3.23440 0.16869 0.38346 2.96623 6.20063
9.0 9.722720 6.55397 6.49990 28.99780 38.72052 2000 2.63111 0.11290 0.26023 2.26187 4.89298
10 10.15614 6.33429 6.66653 34.09654 44.25268 2500 2.22138 0.08161 0.18997 1.82930 4.05068
11 10.57529 6.14749 6.78050 37.68302 48.25831 3000 1.92427 0.06213 0.14571 1.53650 3.46077
12 10.95133 5.99034 6.84942 40.18165 51.13298 3500 1.69864 0.04909 0.11583 1.32509 3.02373
13 11.27257 5.85506 6.88140 41.90944 53.18201 4000 1.52132 0.03989 0.09461 1.16524 2.68656
14 11.53878 5.73539 6.88474 43.09077 54.62955 4500 1.37819 0.03313 0.07894 1.04014 2.41833
15 11.75516 5.62711 6.86672 43.87846 55.63362 5000 1.26018 0.02801 0.06700 0.93956 2.19974
16 11.92770 5.52692 6.83287 44.38120 56.30889 5500 1.16118 0.02403 0.05768 0.85694 2.01812
17 12.06341 5.43239 6.78744 44.67995 56.74336 6000 1.07691 0.02086 0.05025 0.78785 1.86477
18 12.16665 5.34237 6.73368 44.82097 56.98762 6500 1.00431 0.01830 0.04422 0.72923 1.73354
19 12.24139 5.25615 6.67412 44.83814 57.07953 7000 0.94109 0.01620 0.03925 0.67887 1.61996
20 12.29155 5.17318 6.61067 44.75847 57.05002 7500 0.88555 0.01446 0.03510 0.63513 1.52068
22 12.34065 5.01289 6.47673 44.43228 56.77294 8000 0.83635 0.01299 0.03161 0.59679 1.43314
24 12.32951 4.86104 6.33969 43.92987 56.25939 8500 0.79248 0.01173 0.02863 0.56291 1.35538
25 12.30806 4.78775 6.27134 43.63920 55.94726 9000 0.75310 0.01066 0.02606 0.53275 1.28584
26 12.27922 4.71585 6.20348 43.33667 55.61589 9500 0.71755 0.00973 0.02384 0.50573 1.22328
28 12.19977 4.57739 6.07058 42.68939 54.88916 10,000 0.68531 0.00893 0.02190 0.48139 1.16670
30 12.10260 4.44497 5.94177 42.02174 54.12434 15,000 0.47788 0.00446 0.01110 0.32664 0.80452
32 11.98864 4.31973 5.81869 41.33653 53.32517 20,000 0.36790 0.00271 0.00680 0.24891 0.61680
35 11.80039 4.14345 5.64396 40.30803 52.10842 25,000 0.30065 0.00183 0.00464 0.20214 0.50279
40 11.47062 3.87874 5.37857 38.65748 50.12810 30,000 0.25528 0.00133 0.00338 0.17093 0.42621
45 11.13984 3.64701 5.14290 37.10724 48.24707 40,000 0.19796 8.00× 10−4 0.00206 0.13186 0.32982
50 10.82024 3.44391 4.93337 35.66469 46.48493 50,000 0.16325 5.40× 10−4 0.00140 0.10841 0.27166
55 10.59385 3.16367 4.69440 34.21506 44.80891 60,000 0.13998 3.92× 10−4 0.00102 0.09277 0.23276
60 10.55688 2.97217 4.55067 32.89154 43.44841 70,000 0.12331 2.99× 10−4 7.84× 10−4 0.08161 0.20492
65 10.55709 2.82815 4.44206 31.67675 42.23384 80,000 0.11078 2.37× 10−4 6.24× 10−4 0.07324 0.18402
70 10.56426 2.71101 4.34963 30.55911 41.12338 90,000 0.10103 1.93× 10−4 5.10× 10−4 0.06673 0.16776
75 10.56748 2.61247 4.26708 29.52444 40.09192 100,000 0.09322 1.61× 10−4 4.27× 10−4 0.06153 0.15475
80 10.56155 2.52664 4.18951 28.56732 39.12887 150,000 0.06981 8.06× 10−5 2.17× 10−4 0.04600 0.11581
85 10.54226 2.45203 4.11741 27.66548 38.20774 200,000 0.05818 4.98× 10−5 1.35× 10−4 0.03830 0.09648
90 10.51084 2.38396 4.04624 26.82760 37.33844 250,000 0.05127 3.46× 10−5 9.45× 10−5 0.03373 0.08500
95 10.46829 2.32201 3.97679 26.04335 36.51163 300,000 0.04671 2.58× 10−5 7.09× 10−5 0.03073 0.07744
100 10.41215 2.26253 3.90614 25.30739 35.71954 400,000 0.04112 1.64× 10−5 4.53× 10−5 0.02704 0.06816
150 9.58138 1.76368 3.23099 19.81904 29.40042 500,000 0.03787 1.16× 10−5 3.22× 10−5 0.02488 0.06275
200 8.80091 1.42913 2.72322 16.33623 25.13714 600,000 0.03577 8.73× 10−6 2.45 × 10−5 0.02351 0.05928
250 8.16199 1.19573 2.34308 13.90700 22.06899 700,000 0.03431 6.90× 10−6 1.94× 10−5 0.02254 0.05685
300 7.62864 1.02244 2.04751 12.11221 19.74085 800,000 0.03326 5.63× 10−6 1.59× 10−5 0.02182 0.05508
350 7.17515 0.88922 1.81158 10.72907 17.90422 900,000 0.03246 4.71× 10−6 1.33× 10−5 0.02136 0.05382
400 6.78321 0.78391 1.61935 9.628990 16.41220 1,000,000 0.03184 4.01× 10−6 1.13× 10−5 0.02096 0.05280
450 6.43951 0.69868 1.45990 8.732760 15.17227 - - - - - -
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4. Conclusions

This paper reports on the elastic differential cross-section, total (elastic + inelastic)
cross-section, integrated elastic cross-section, inelastic cross-section, momentum-transfer
cross-section, viscosity cross-section, total ionization cross-section, and spin polarization
for both the electron and positron impact scattering from CO2 molecules over a wide range
of incident energy of 1 eV ≤ Ei ≤ 1 MeV and scattering angles of 0◦ ≤ θ ≤ 180◦. All of
the above scattering observables were calculated within the framework of Dirac partial-
wave analysis. The procedure of calculation adopted the IAM and IAMS approaches, as
explained earlier, which employ projectile–atom interaction instead of projectile–molecule
interaction. Our study revealed that the inclusion of the screening effect improved the
quality of our predictions by reducing the cross-sections at low energies and angles.

For positron projectiles, the scattering observables show some different features. The
cross-section produces less of a structure and is smaller in magnitude. However, the
additional consideration of the correlation-polarization potential produces some structures
in the positron impact cross-section and in the spin asymmetry, but only up to Ei ∼ 100 eV.
As a consequence of the dominance of the nuclear Coulomb field, both the cross-section
and Sherman function are reduced by several orders of magnitude as compared to their
electron counterparts.

Our findings were compared with the available experimental results and other the-
oretical results that were obtained by using different methods and potentials. It is worth
mentioning that, for the first time, we have reported on several collision cross-sections
over such a wide range of energies. The comparison shows that our screening-corrected
results reasonably agree with the available experimental measurements and other theoreti-
cal findings. However, the present predictions at energies of <20 eV show conspicuous
discrepancies with the experimental data in and around the minimum region. It is well
known that, before the onset of the inelastic threshold, the optical potential is not suitable
for accurately modeling the invasion of a substantial contribution of the resonance elastic
channel corresponding to the isolated levels of a composite system. Despite this limitation,
the present study reveals that our screen-corrected theory (IAMS) is capable of generat-
ing cross-sections reasonably well, apart from those at very low energies. This simple
method might be used to produce useful data for other molecules, which are immensely
needed in the modeling of material and biological processes. More data are needed for
further refinement of the theory. Our predictions for positrons still await verification by
future experiments.
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