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Abstract

The differential, integrated elastic, total, momentum transfer, viscosity cross sections and
spin-polarization for electron and positron elastic scattering from carbon monoxide (CO)
molecule are calculated for the energy range of 1 eV—10 keV. The work also includes the
calculations of inelastic and total ionization cross sections for the same scattering system.
Calculations of the above scattering observables for CO over such a wide range of energy are
reported for the first time. Single scattering independent atom model (IAM) and the screening
correction within the same framework, are used for the present analysis. Dirac partial wave
analysis is used to calculate the phase-shifts required for the generation of the scattering
observables, using a complex optical model potential. Comparison of our calculated results
with the available experimental observations and other theoretical calculations is presented.
The screening corrected independent atom model is found to provide better description of the
results than the TAM.

Keywords: electron and positron-molecule scattering, carbon monoxide molecule, Dirac
partial wave analysis, optical model, screening correction, independent atom model

(Some figures may appear in colour only in the online journal)

stellar plasmas [2]. Data of positron interactions with atoms
and molecules have also great importance in astrophysics and
biomedical applications requiring the above molecular scatter-
ing data as the inputs of several modeling software designed
for the estimation of radiation induced damage to biological
system [3]. Thus, for the enhancement of our knowledge about
science of planetary, stellar and interstellar spaces and devel-

1. Introduction

Reliable data of the electron—atom/molecule collisions are of
great importance in understanding the phenomena of planetary
environments, features of interstellar objects, radiation chem-
istry, radiobiology, gaseous plasma and electron induced reac-
tions on surfaces [1]. Electron scattering by molecules plays

also an important role in modeling of cometary and inter-
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opment of technologies, data on scattering of electron and
positron from molecules is of indispensable [1].

© 2021 IOP Publishing Ltd  Printed in the UK
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CO is a simple diatomic, linear, weakly polar, heteronuclear
molecule. It is important in comprehending and modeling of
the atmospheric convection on Jupiter [4]. This molecule is
one of the significant atmospheric constituents of venus, mars
and also of comets. Besides these, CO is the 2nd most plentiful
molecule in the interstellar space [5]. So, the study of elec-
tron and positron collisions with this molecule unravel useful
information about the above systems.

Due to the complicated procedures for measurements, the
experimental data of projectile—molecule scattering, related to
various observables, very often than not, contain errors in nor-
malization, magnitude and shape [1]. A theoretical model is
essential to overcome the ambiguities in experimental mea-
surements. If a theory is found consistent with several scat-
tering observables of e*—molecule scattering, it can be used
for the predictive purposes, where an experiment is difficult to
perform, and correction of errors, if any, of measured data.

To explain the spin polarization during scattering of elec-
tron and positron, it is necessary to include spin—orbit
interaction term in Schrédinger equation. But, in Dirac’s rel-
ativistic equation, this term is intrinsically incorporated [6].
This is why, we adopt Dirac partial wave analysis with com-
plex optical model potential (OMP), to calculate differential
cross section (DCS), integrated elastic cross section (IECS),
momentum transfer cross section (MTCS), viscosity cross
section (VCS), inelastic cross section (INCS), total cross
section (TCS), total ionization cross section (TICS) and spin
polarization for the scattering of electron and positron from
carbon monoxide (CO) molecule.

The projectile—molecule interaction is not spherically sym-
metric, so the partial wave method cannot be applied directly
for the generation of observable quantities for the projectile
molecule scattering. Various approximate methods are used to
calculate these observables for modeling of different phenom-
ena concerning the scattering. In the additive model, the cross
sections for elastic scattering are derived as the sum of the
cross sections of the individual atoms composing a molecule.
This method ignores the chemical-bonding and aggregation
effects of a molecule. The charge distribution of bound elec-
trons of an atom in molecule is different from that of the free
state of that atom due to the overlapping of atomic orbitals
in the formation of a molecule. In the IAM approach, the
scattering of electron or positron is described assuming the
free-atom potential for the interaction of a projectile with an
atom of a molecule. To obtain the differential and other cross
sections, the scattered wave from a molecule is approximated
as the coherent sum of those from the individual atoms of the
molecule. In these approaches, the projectile—molecule inter-
action is reduced to the projectile—atom interaction in the colli-
sion dynamics designed for the calculation of projectile—atom
scattering.

In OMP, the non-local potential, is approximated by a local
complex potential and the many-body problem is reduced to
one-body problem. This procedure exemplifies the algorithm
of generating the cross sections from the solution of Dirac’s
equation. The complex e*—atom OMP has both real and imag-
inary parts. The real part comprises three components: static,
correlation-polarization and exchange potentials. The static

potential originates from the interaction between the projectile
(e~ /e™) and bound electrons and nuclear protons of the atom.
So, this potential is same both for electron and positron except
the sign. The correlation-polarization potential results from the
distortion of atomic charge distribution under the influence
of incident particle’s electric field. This component of OMP
is a combination of a long-range and a short-range part. The
exchange potential is the result of exchange between projectile
electrons and the bound electrons of target atom. It is a short-
range interaction. Above the inelastic threshold energy, there
is a loss of incident flux during the collision course. This loss
of flux is represented by the imaginary part of the potential.

In our previous study [6], we have used additivity rule (AR)
to describe e*—N, scattering. Although this method ignores
chemical-binding and aggregation effects, it successfully pro-
duced the scattering observables in case of simple di-atomic
homo nuclear nitrogen molecule. The charge distribution of
electrons in an isolated atom varies from that of a bound atom
in a molecule of the same element. This variation has only
small influence on the elastic DCS, for projectiles with ener-
gies higher than a few 100 eV. The aggregation effect (hav-
ing multiple atoms bound together in a well-defined relative
positions), has more strong influence on the DCS [7]. For
these limitations of AR approximation, this work uses TAM.
According to this model, the target molecule is approximately
replaced by their constituent atoms in the corresponding posi-
tions. The main drawback of this model is not to consider mul-
tiple scattering of the projectile from the constituent atoms of
the molecule, making it applicable only at comparatively high
energies (>100 eV) [8]. Another reason of low energy failure
of IAM is ignoring the mutual overlapping of nearby atomic
cross sections. To overcome this problem, Blanco and Gar-
cia [9] proposed a simple screening correction for overlapping
of nearby atoms in molecules. Later, Blanco et al [8] applied
the same procedure (screening correction), in the fold of non-
relativistic Schrodinger theory to the independent atom model
(IAM), resulting in a significant improvement of the quality
of various cross sections in the low energy domain. Gholami
et al [10] applied this screening correction in the Dirac rel-
ativistic partial wave analysis to report electron impact TCS,
IECS, INCS and DCS on molecules. We apply this model to
the test case of e*—CO scattering to examine the results. We
observe substantial improvement for all the scattering observ-
ables in low to intermediate energy regions. The compari-
son of our results, with experimental observations as well
as other theoretical calculations available in the literature, is
encouraging.

The scattering of electron and positron off CO has been
studied extensively by both theoretical and experimental meth-
ods. Tanaka et al [4] measured DCS, IECS and MTCS over
the energy range 3—100 eV. Gibson et al [11] published the
measurements on DCS (1-30 eV). Gote and Ehrhardt [12]
reported DCS (10-200 eV) for electron scattering between
10° and 160°. Middleton et al [13] measured DCS over the
energy range 20-50 eV. Maji et al [14] reported DCS of
300-1300 eV, and theoretical calculations with 3 different
approaches. Przybyla et al [15] have given experimental data
of DCSs for quasielastic scattering of positrons by CO for the
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energy range 5.25—-100 eV. All of these experiments were done
by crossed-beam method. Nickel er al [16] measured DCS
(20-100 eV) using a relative flow technique. DuBois and Rudd
[17] reported DCS of 200—-800 eV energy for scattering of
electron by static CO gas target. Bromberg [18] measured DCS
data for the energy range 300—-500 eV. Experimental TCS data
for electron scattering have been published by Szmytkowski
et al [1], Garcia et al [19], Karwasz et al [20] and Xing et al
[21]. Measurements of TCS for both electron and positron are
reported by Kwan et al [22], Sueoko and Mori [23]. Further-
more, Zecca et al [24] and Sueoka and Hamada [25] reported
measured TCS for positron scattering. Electron impact exper-
imental TICS are reported by Rapp and Golden [26], Asundi
etal [27], Orient and Srivastava [28], Tian and Vidal [29]. Alan
[30] reported measurements of IECS and MTCS for the energy
range 0.5—10 eV. Marler and Surko [31] and Bluhme ez al [32]
reported experimental data on TICS for positron scattering.
Literature shows theoretical studies on e* scattering from
CO molecule. Jain [33] reported elastic DCS, MTCS and IECS
using two potential approach in the energy range 40—800 eV.
A sum of short- and long-range potentials is used as the total
interaction potential. Jain et al [2] reported elastic DCS over
50-200 eV, IECS and MTCS for the energy range 50-800 eV.
The intramolecular multiple scattering effect is embedded
in two-potential coherent approach in their calculations. Lee
et al [34] used a complex optical potential derived from a
fully molecular wavefunction within the framework of the
Schwinger variational iterative method combined with the
distorted-wave approximation to calculate DCS, IECS, MTCS
and TCS for e —CO scattering in the energy range 2—500 eV.
Castro et al [35] reported DCS in the energy range 20—-300 eV,
INCS and TCS for electron scattering in 15-1000 eV energy
range. In their study they used the third version of quasi-free
scattering model with modified absorption potential. Using
modified additivity approach, Joshipura and Patel [36] cal-
culated TCS and INCS for electron scattering in the energy
range 10-2000 eV. Itikawa [5] and Kanik et al [37] reported
recommended cross sections for electron scattering. Vinodku-
mar et al [38] reported TICS from threshold to 5000 eV using
complex spherical potential-ionization contribution method
for electron scattering. Hwang et al [39] reported electron
impact TICS using binary-encounter Bethe model from thresh-
old to 1000 eV energy range. Jain and Baluja [40] reported
TCS, IECS and INCS using the approach based on spherical
complex optical potential (SCOP) of the electron—molecule
system. Land [41] reported theoretical MTCS using the spheri-
cal harmonic expansion approximation. Kothari and Joshipura
[42] reported TCS, TICS, IECS and INCS of positron impact
over the energy range 15-2000 eV, using complex spherical
potential formalism. Baluja and Jain [43] calculated TCS of
positron scattering in the energy range 10-5000 eV. Singh
et al [3] published calculations TCS and INCS over the
energy range from near positronium (Ps) formation thresh-
old to 5000 eV with a modified version of SCOP formalism.
Reid and Wadehra [44] presented TCS and IECS in the energy
range from 100 to 5000 eV using parameter-free interaction
potentials along with the AR. Arretche et al [45] published
their calculations on positron impact DCS and TCS using the

method of continued fractions and iterative Schwinger varia-
tional methods. Dora and Tennyson [46] reported resonance
energies and widths of long-lived metastable electronic states
of the CO™ anion using R-matrix method. Using the same
method, Dora ef al [47] calculated higher lying resonances in
low energy electron scattering. Sun et al [48] published inte-
gral and differential excitation cross sections of the valence
states using the Schwinger multichannel variational method.
Zawadzki et al [49] reported DCS for electron excitation of the
three lowest excited states experimentally using low-energy
electron energy-loss spectroscopy and theoretically using the
R-matrix method. Silva er al [50] investigated positron impact
theoretical cross sections for electronic excitation by using
Schwinger multichannel method.

The organization of this article is as follows. In section 2,
the outline of the theory is presented. Section 3 provides the
discussion of our results in comparison with those from other
calculations and measurements. In section 4, conclusion is
drawn on our findings.

2. Theory
2.1. The interaction potential

The complex OMP of the projectile—atom interaction, as in [7]
is given by following form

V(r) - Vreal(r) - iWabs(r)

= Va(r) + Vex(r) + Vep(r) — iWaps(1). ey

Here, V(r), Vex(r) and V¢ (r), represent the static, exchange
and correlation-polarization potentials respectively and the
imaginary part, Wy(r), the magnitude of the absorption
potential. For positron, exchange part is zero. The details of the
procedure of generation, expressions of these potential compo-
nents and the collision dynamics are provided in reference [6]
and the references therein.

Static potential is the electrostatic interaction of the pro-
jectile (electron or positron) with atomic charge distribution
(nuclear proton and electron cloud). The proton and electron
number density functions o(r) are normalized according to the
following relation

/ o(rdrridr = Z. )
Here, Z is the atomic number of the atom. To model the nuclear
potential, Fermi nuclear density function of the following form
[51] are used for the constituent atoms

Q0

= 1 —+ e(r_Rn)/a ’ (3)

On
Here a = 0.546 fm, is the diffuseness parameter and the half-
way radius R, = 1.944 fm and 2.140 fm respectively for
C and %0 nuclei. g, is normalization constant. Dirac—Fock
electron density generated within the framework of multi-
configuration technique by Desclaux code [52] is used to
generate the components of the optical potential.
The exchange interaction, a unique feature of elec-
tron—atom interaction, arises from the anti-symmetrization
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of the wave function of the whole system comprising the
atomic and incident electrons. It leads to a set of coupled
integro-differential equations and gives rise to a nonlocal inter-
action. The semi-classical local exchange potential of Furness
and McCarthy [6, 53] derived from the non-local exchange
interaction using the WKB like wave functions is used in the
present study.

The global correlation-polarization potential is obtained
by the combination of the long-range Buckingham potential
V,(r) and the short-range LDA correlation potential V) as
follows [54],

Vi) = { max {V5(r), Vp(n}
’ Vy(r)

if r<rgp

“)

ifr > rep.

where r¢, is the outer radius at which V() and V,(r) cross
first. V() for electron and positron are taken from Perdew and
Zunger [55] and Jain [56] respectively as in reference [6].

Projectiles with impact energy greater than the inelastic
threshold are absorbed due to the opening of inelastic chan-
nels. A negative imaginary potential —iW,s(7), is included in
the OMP to describe this effect. In present work, we adopt,
for Waps(r), the potential proposed by Salvat [7, 54], which is
given by

2(Er + mec?)?
Wabs = B >
mec?(EL 4 2mec?)

h.
X Aabsz [U]’? Qe(r)abc(EL, Oe; A)] . (5)

Here A,ps is a projectile-target dependent parameter. In present
study, its value is 2 for both electron and positron.

2.2. Partial wave analysis

The scattering of electrons and positrons by a central field V(r)
is completely described by the direct and spin flip scattering
amplitudes, given by [57, 58]

1 & .
f(0) = ﬂ[; {4 1) [expQid— 1) — 1]

+ £ [exp(2i6,—¢) — 1] }P(cos 6), (6)

and

1 o0
g(0) = ﬂ; [exp(2i0,,—¢) — exp(2id,—__1)] x P}(cos 6)
(N

respectively. Here, k is the relativistic wave number of the
projectile which is related to the kinetic energy E; by

(chk)? = E{(E; 4+ 2mec?). (8)

Py(cos) and P}(cos 0) are the Legendre polynomials and
associated Legendre functions respectively. « is relativistic
quantum number defined as kK = (¢ — j)(2j + 1), where jand ¢
are the total and orbital angular momentum quantum numbers
that are both determined by the value of k as j = |k| — 1/2,
0= j+ Kk/Q2|k).

The partial wave series converge very slowly for the small
angle elastic scattering by molecules. There is scope for 25 000
partial waves [7, 59]. Angular momentum is increased up to a
certain maximum for which the absolute value of the phase-
shift is less than 107°. At this point partial wave expression
for f(#) and g(#) converge to the required accuracy (usually
more than six decimal places) for all angles.

The partial-wave method is not applicable directly on the
e*—molecule interaction because the interaction potential in
these cases is not spherically symmetric. In the [AM, the direct
and spin flip scattering amplitudes to describe the scattering
from a molecule with a given orientation are given by [58]

F() = expligr)fi6)

and

G(6) =) expliq.r;)gi(6) ©)

here fiq is the momentum transfer, r; is the position vector
for the nucleus of the ith atom, relative to an arbitrary ori-
gin and f;(A) and g;(#) are the scattering amplitudes for the
constituent free atom of element. The corresponding DCS,
obtained by averaging the orientations of all the randomly
oriented molecules, is given by

do _

2 2
o = (FOF +16O))

(10)

- Z&,@wa)ﬁ(e) +e®g;®1 - AD
Lj

L

=Y IO +12®)]

£ ST 0) + s O0] (12
i#J

where ¢ = 2ksin(6/2), r; ;j is the distance between ith and
jth atoms, sin(gr,;)/qr;; =1 when gr;; =0 and the term
i Tepresents interference contribution to the molecular
DCS.

The integrated elastic o, the momentum transfer o, and
the viscosity o, cross sections for the projectile—molecule
scattering are expressed in terms of the DCS as

do T (do\ .
Oel = / d—QdQ = 27r/0 (d_§2> sin(6)do (13)

T do\ .
Om = 277/0 (1 —cos 0) (d_§2> sin(6)do (14)

oy = 37r/0ﬂ [1— (cos 6)*] (jg) sin(9)dd.  (15)

The molecular total cross section (TCS) oy, for both elec-
tron and positron scattering, sum of integrated elastic (o)
and absorption cross section (ojne), can be obtained from the
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following expression

4
Otot = Ol + Tinel = 72,; Imf;(0), (16)

where Imf;(0) denotes the imaginary part of direct scattering
amplitude in the forward direction at § = 0° for the ith atom.

To account for the mutual overlapping of nearby atoms in
molecule, Blanco and Garcia [9] proposed a correction which
is known as the screening correction. According to this formu-
lation [9], the screening correcting factors s;, (0 < s5; < 1) for
ith and jth atoms of a molecule are given by,

2) 3) 4)

€ g €

sl — 17
where
N—-m+1 oe™ D
(m) _ § : A =2, ... N 18
61 N _ 1 # ‘ Olij (m ’ 5 ), ( )
i# ]

represents m-atom overlapping. N, is the number of atoms in
the target molecule. «;; = max(47rr,»2j, 0i,0}), 0; and o ; are the
atomic TCSs for the ith and jth atoms of the molecule. Since
CO is a diatomic molecule, N = 2 and the equation (17) takes
the following form

19)

The coefficients s; reduce the contribution of constituent
atoms to the molecular cross section. From the formu-
lation of [8], another factor v;; is used to the positive

SinGari) [ ) f5(0)], which is defined

S
J qrij

values of >, visi

as vy = r;;/(r}; + p7;), with length dimensional parameter

pij = max(y/o;/m, \/o;/m, 1/k). Here (/o /) represents the

radius of a circle of area 0. So, the expression for the differen-
tial scattering cross section with the correcting factors (s, v;;)
i.e. the screening corrected version of equation (12)

d S
(dg) =Y SFUOF + [240)]

(20)

+Y v, qu(jf D £0)£5(6) + 8:0)gO)]
i#] Y

.The first summation in equation (20) accounts for each atomic
contribution, reduced by s; factors and the second one for
the reduced interference contributions. The screening cor-
rected integrated elastic og;, momentum transfer o, and vis-
cosity o} cross sections are obtained from equations (13)—(15)
replacing (4%) with (42)* from equation (20).

The screening corrected total cross section oy, is given by

S S S
Otot = Ol t Oipel = § 5{(0el + Tinel) = E SiOtot- 21
i i

The asymmetry function of randomly oriented molecule is

(F(O)G*(6) — F*(0)G(9))
(FOF +1G6@O)})

SO) =i (22)

Since CO is a polar molecule, the interaction energy of
the projectile with the permanent dipole moment vanishes
when it is averaged over different molecular orientations and
can be neglected in elastic scattering calculations, as a first
approximation. For the correct large-r behavior of the polariza-
tion field, it is assumed that the effective dipole polarizability
agefr(7) of the ith atom of the molecule is proportional to the
polarizability of the free atom, a4(i). The molecular polariz-
ability must be equal to the sum of effective atomic polariz-
abilities. For the calculations of scattering amplitudes from the
ith atom, we have used the effective polarizability

-1
ageri(i) = o ag(i) [Zadu)] : (23)
J

here the summation extends over all the constituent atoms in
molecule. The atomic polarizabilities for carbon and oxygen
are used 1.76 A% [60] and 0.802 A3 [60] respectively. The
molecular polaziability of CO molecule is 1.95 A3 [42]. In the
IAM approximation the effective atomic polarizability defined
by equation (23) is used to calculate the polarization potential
V,(r) for an atom. The 1*' molecular excitation energy is used
6.3 eV [61] for present analysis.

Total INCS (coipe;) and ionization cross section (oo, ) satisfy
the following relation

(24)

Oinel 2 Tion

as the former itself is partitioned into excitation and ionization
cross section. Ionization cross section (oo, ) can be calculated
from the following ratio (energy dependent) as is done in [62,
03],

Tion(E})
Oinel (El) .
The ratio R(E;) is a continuous function of energy. For E; > I
(ionization potential), this function is fitted to the equation

R(E) = (25)

2 ln_U] , (26)

RE)=1-Cl |——

(&) {U +A i U
where U = E;/I is the reduced energy. The adjustable param-
eters C1, C2 and A are determined using the following condi-
tions.

0 for E; <1,
R(E) = { R, for E =E, 7
Rr for E; > Eg > Ep.

First condition of equation (27) implies that, no ioniza-
tion takes place below the ionization threshold energy of the
molecule. Here, Ej, is the impact energy at which absorption
gets its maximum and R, represents R at E; = E,,. In present
analysis, we observe E, = 100 eV for both projectiles. From
the discussion of references [62—-64], we choose R, = 0.8. At
incident energies E; > Eg, beyond the peak position E,, the
value of R increases to Ry (very close to 1). However, it is
observed that maximum ionization (R(E;) = 1) does not hap-
pen even at high energies suggests that R(E;) must be less than
one. To get optimal fit with the experimental observations, the



J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 095203 M M Billah et a/

2 2
10° T T T T T T T T T T 10° T T T T T T T T T T
[ (a) E,=3.0eV (e,CO) t (b) E =5.0 eV (e-,CO)
., S ~
10' 10" el Do
=
@ =
S €
= memed] e
ol S < AT e e Ve S o o
g 2
—IAMS a
10° F ——IAMS 10°F --- 1AM E
[ ---1AM [ @ Tanaka et al./1978
® Tanaka et al./1978 =-=--Lee et al./2002
=-=-- Lee et al./2002 A  Gote & Ehrhardt/1995
@ Gibson et al./1996 @ Gibson et al./1996
------ Gibson et al./1996 -++--+Gibson et al./1996
10-1 1 1 1 1 1 1 1 1 1 1 1 10-1 1 1 1 1 1 1 1 1 1 1 1
0 30 60 90 120 150 180 0 30 60 90 120 150 180
10 — T T T T T T T T T 10 — T T T T T T T T T T
t(c) E,=7.5¢eV (e,CO) F (d) E, =9.9 eV (e,CO)
10' | 10"
=
2] =
Nmo Q
;; ......... st
Q ()]
(a] (8]
o
10’ 10° f ——IAMS
E ---1AM [ --- 1AM
@® Tanaka et al./1978 1 | @ Tanakaetal./1978
=-=-- Lee et al.;2002 1 =-=--Lee et al./2002
@ Gibson et al./1996 @ Gibson et al./1996
------ Gibson et al./[1996 -+ Gibson et al./1996
10-1 " 1 " 1 " 1 " 1 " 1 " 10-1 " 1 " 1 " 1 " 1 " 1
0 30 60 920 120 150 180 0 30 60 920 120 150 180
10° F T T T T T T T T 3 T T T T T T T T T T
;(e) Ei =15¢eV (e,CO) (f) Ei =20eV (e ,CO) —— IAMS
[ ] i --- 1AM
, ] | Y Nickel et al./1988
, @® Tanaka et al./1978
10 3 - - - Castro et al.;2007 E
, ® Gibson et al./1996
10 . w  Middleton et al./[1993
= A =-=--Lee et al./2002 )
8 @
& 10' F o
N (7]
2 3]
(=]
10°
[ ()
[ ——1ams 10 F
[ ---1AM
| @ Tanaka et al./1978
[ =-=--Lee et al./2002
10-1 " 1 " 1 " 1 n 1 " 1 " 10-1 " 1 " 1 " 1 " 1 I 1
0 30 60 90 120 150 180 0 30 60 90 120 150 180

Scattering Angle (0") Scattering Angle (0")

Figure 1. DCS (a(z) /Sr) for the elastic scattering of electrons from CO at energies 3, 5, 7.5, 9.9, 15 and 20 eV. Theoretical: IAM—independent
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value of R is chosen as 0.95 at Er = 500 eV. The numerical
values of the parameters C1, C2 and A are, respectively, found
to be —1.263, —5.886, 6.436 both for electron and positron
scattering. These values are obtained from the solutions of
equation (27) using a FORTRAN program.

3. Results and discussions

In this work, the ELSEPA code [7] is used for the calculation of
the scattering cross sections of electrons and positrons by CO
molecule. DCSs for electron scattering calculated for a wide
range of energy (3.0eV—-10keV) are compared with the exper-
imental measurements [4, 11-14, 16—18] and the theoretical
calculations [14, 33-35]. DCSs for positron scattering are cal-
culated for the energy range 5.25 eV—10 keV. TCSs, TICSs,
IECSs, INCSs, MTCSs and VICSs for both the projectiles are
calculated for the energy range 1 eV—10 keV.

In figures 1(a)—(f), we present our calculated DCS (IAM
and IAMYS) at energies 3, 5, 7.5, 9.9, 15 and 20 eV. At these
energies both of our approaches show noticeable disagreement
with the experiments [4, 11-13], but agree with the number of
minima with shifts in positions. At 15 and 20 eV, both IAM
and TAMS produce deep minimum at ~ 100° while the exper-
imental minimum is observed at ~80°. Calculations of Lee
et al [34] show better agreement than our works, with the
experimental data at these energies. The predictions of Lee
et al [34] and Castro et al [35] for DCS at 20 eV, reasonably
agree with the experimental observations. R-matrix calcula-
tion of Gibson et al [11] shows a good agreement in shape
and magnitude except the forward angle (<45°) at energies 3
and 5 eV. Our results produced by IAM and IAMS show dis-
agreements with the experimental data at most of the angular
points at these energies. This is due to the resonant scattering
from the isolated states of the constituent atoms of CO and that
the OMP does not take into consideration this indirect process
of scattering.

In figures 2(a)—(f), we present our DCS calculations for
electron scattering at 25, 30, 40, 50, 60 and 70 eV and com-
pare with experimental data [4, 11-13, 16] and theoretical cal-
culations [34, 35]. The most significant feature in the figure
is the reduced values of DCS of IAMS than that of 1AM,
specially at low angle region, which are consistent with exper-
imental observations. At 30 eV, the IJAMS model shows rea-
sonably good agreement with experiments [4, 11, 13] up to
80°. Theoretical calculations of [34] overestimate, whereas
the present predictions underestimate the experimental data
at minimum. At 40 eV, both of our models produce reason-
ably good agreement with slight underestimation at minimum.
At energy 50 eV, our present IAMS and those of [35] show
quite reasonable agreement with experimental data [4, 12, 13,
16] except at 130° and beyond. The calculation of [34] over-
estimates the experimental data in and around the minimum.
We see an excellent agreement of IMAS with the experimen-
tal data at 60, 70, 80 and 90 eV, both in shape and magni-
tude. At these energies, IAM overestimates the experimental
cross sections in forward angles. As expected, the inclusion of
screening effect makes this theory effective to describe DCS
of e~ —CO scattering from 50 eV. In the low energy (<50 eV)

region, the inconsistent behavior of our calculations with data
might be due to ignoring of the multiple scattering of electrons
and positrons from the constituent atoms in the target molecule
and structure effect.

In figures 3-5, we compare our results with the available
measurements [4, 12, 14, 16—18] and theoretical calculations
[14, 33-35]. At 75 eV, our IAMS agrees reasonably with the
experimental data up to 100° beyond which it does not. At this
energy, DCS values of [34] overestimate the experimental data
except at lower angles. IAMS is far better than the calcula-
tion of [34]. At energies 80—150 eV, we see a reasonably good
agreement of IAMS with existing theoretical and experimental
data.

At 175 and 700 eV, both of our calculations (IAM and
IAMS) are reasonably in concord with experimental data
[12, 14]. At energies 200, 300, 400, 500 and 800 eV, we
see close agreement of our calculated DCSs with the mea-
surements of [17, 18] and an available calculations of [34].
At 200 eV, we observe significant difference in the experi-
mental cross sections of Gote and Ehrhardt [12] and Dubois
and Rudd [17] beyond 90°, DCS of [17] is 54% higher than
that of [12] for the angle 110°. Deviation of our calculations
from [12] at 125 and 150 eV energies (see the figures 3(e)
and (f)) in the aforementioned angular range is not more than
54%. At 300 and 500 eV, the calculation of Maji et al [14]
is not consistent with any set of experimental data. At 400
and 800 eV, our predictions and those of Jain [33] produce
close agreements with experimental data of [17, 18]. For the
energies at 700 and 900 eV, we see reasonably a good agree-
ment of the calculations of Maji et al [14] and ours with their
experimental data. The former calculations are only available
within the data range. At 1100 eV, our calculations fairly agree
with the experimental measurements and calculations of [14]
with slight differences in magnitude. If the projectile energy
increases, the interaction time will be shorter and consequently
cross sections will be lower. At 1300 eV, both the experimental
data and calculations of [14] are almost 10 times smaller than
our calculations.

In figures 6(a)—(d), we present the calculated cross sections
at energies 1500 to 10000 eV. We do it for future reference
and to see the trend of energy variation of DCS. One impor-
tant point to notice that at higher energies both IAM and [AMS
give almost the same results. This is because of the correspond-
ing de Broglie wavelengths of the projectile at these energies
are small enough compared to the inter-atomic distances of the
target molecules. Incident particles are participating in the col-
lision courses with all the atoms (inside the target molecule)
independently without any kind of geometrical overlapping
among them.

In figure 7, we have plotted the experimental data [4, 1114,
16—18] with our screening corrected DCS over the energy
range 1 eV-10 keV at angles 30°, 60°, 90° and 120°. We find
our IAMS calculations closely agree, at all angles, with the
whole experimental data range except at the backward angle
120° below about 20 eV. We also observe that the experimen-
tal cross sections show a much more larger spreading between
different data sets at some energies, signifying that a theoreti-
cal method is very much essential to remove the discrepancies
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and can be used as the recommended set of cross sections.
This is why we have extended our DCS calculations up to
10 keV. From this figure, it is visible that the experimental
cross sections at 900 and 1100 eV of [14] are same and sud-
den fall of cross sections at 1300 eV poses doubt about the
authenticity of data at 1300 eV. Our IAMS calculations appear
as the mean of the experimental data within the data range
and as extrapolation beyond the range. Although these plots
are revealing the consistency and reliability of our calcula-
tions, we are expecting at least one more set of data (either
theoretical or experimental) at 1100 and 1300 eV, to estab-
lish a reference set of DCS data for electron scattering by CO
molecule. It observed that the DCS maximum occurs at the
0 = 0° at all energies. This is due to the interference of inci-
dent wave and that scattered from the forward direction. The

optical theorem bears testimony to this inference. DCS min-
ima, sharp or flat occur up to around 200 eV, but disappear
at higher energies. Unlike the scattering from atoms, a single
minimum features the scattering from CO molecule. A mini-
mum in DCS is formed due to destructive interference of waves
scattered from bound electrons. At higher energies, the struc-
ture disappears and leads to monotonous pattern of DCS due
to the short interaction time.

In figures 8(a)—(f), we depict our calculated DCS of
positron scattering at energies 5.25,6.75, 10, 20,50 and 100 eV
and compare with the measured scattering data of Przybyla
et al [15] and Sullivan et al [65]. A calculation of Arretche
et al [45] shows significant disagreement with experimental
data. Below 20 eV, we see significant discrepancies in magni-
tude and fair concordance in pattern of our calculations with
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data. However at 20 eV, the quality of fit of our results to
the data improves. A very close agreement at energies 50
and 100 eV is obtained. We think, the disagreement in low
energy region of our calculations with the measured values
are due to the same reasons as that of electron. In addition to
those, another reason might be the lack of pure elastic scatter-
ing data. These data [15] are quasi-elastic with positrons that
have elastically scattered and rotational or vibrational excita-
tions have significant contribution to elastic scattering at low
energy region and lesser contribution at high energy region.
In figure 9, we present our calculations over the wide energy
range (150-10000 eV). There is no DCS data (either theo-
retical or experimental) of et —CO collision in the interme-
diate and high energy domain. We have applied the AR to
positron—atom scattering data of Dapor & Miotello [66] at
energies 500, 1000, 1500, 2000, 2500, 3000, 3500 and 4000 eV
to calculate e —CO scattering cross-sections from those of C

and O atoms to compare with our JAM and TAMS calculations.
We find close agreement in shape but differences in magni-
tude (since the approaches are different) with our calculations
and the difference gradually decreases with increasing impact
energy. At 4000 eV, the data of [66] almost merge with both of
our approaches (IAM and IAMS), implying that at high energy
region the IAM, TAMS and additive approximation reproduce
the same cross sections in case of simple di-atomic molecule
like CO. In the similar way, we also compare our calculated
IECS, MTCS and VCS with the corresponding cross sections
derived from the atomic data of [66] in figures 15(c), (e) and
(f) and find close agreements in all the cases. This result indi-
cates that the screening and structure effect are negligible, and
the incident projectile sees the molecule as a single entity at
these high energies.

In figures 10 and 11, we present the variation of DCSs with
energy for electron and positron, respectively. The interference
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electron and positron, respectively. For the first time, so far
as our knowledge goes, we are reporting the spin-polarization

structure disappears in DCS at higher energies because of short
of e*—CO scattering. Employing AR on atomic polarization

duration of interaction between the projectile and molecule [6]
In figures 12 and 13, Sherman function S(6) is presented for
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data of Fink and Yates [67] and Fink and Ingram [68], e~ —CO
spin-polarization data at 100 eV is generated and presented in
figure 12(f) to compare with our calculations. We find a fairly
good agreement in pattern with differences in magnitude. This
is not unexpected as S(#) is highly sensitive, like the phase-
shifts, to the variation of the procedure used to generate it.

In figure 14, we depict TCS, TICS, IECS, INCS, MTCS
and VCS for the scattering of electron from CO molecule in
the 1-10000 eV energy range, in comparison with the exist-
ing experimental and theoretical results. As figure 14(a) shows,
our JAMS and the calculations of [34, 35] are in a good agree-
ment with the experimental TCS data of [1, 20-23], from
15 eV to the highest energy available in literature. Calculations
of [34] are available in 2—-500 eV energy range and that of [35]
are in 15-1000 eV range. Our IAMS results and those of [34]
agree closely from 3 eV to last point of the latter. No theoretical
calculations are able to produce the 2II shape resonance in the
vicinity of 2 eV and hump at ~8 eV except broader resonance
around 20 eV. Theoretical formulations like R-matrix or mul-
tichannel calculations might be able to reproduce these special
features in low energy domain. In figure 14(b), we present
our theoretical calculations of TICS caused by electron, with
the experimental [26—29], theoretical [38, 39] results, and also
recommended data of Itikawa [S5]. Our calculations agree rea-
sonably except in the 20—45 eV energy range. In figure 14(c),
we compare our theoretical calculations of IECS, with exper-
imentally measured data [4, 30] and theoretical calculations
[34, 35, 40]. Although our IAMS calculations cannot repro-
duce the shape resonance around 2 eV, these lie closest to
the experimental data among all the theoretical calculations
compared with. All the theoretical calculations overestimate
the experimental measurements largely. In figure 14(d), our
calculated INCS are presented along with the calculations of
Joshipura and Patel [36] and Jain and Baluja [40]. Both the cal-
culations overestimated, apart from low energies where a jum-
ble of lower and higher values of the cross sections than ours
are present. Our TICS (shown in 14 (b)) calculations are based
on the INCS data showing a better agreement with experimen-
tal observations from energy 45 eV and upwards, so we are
expecting that our calculated INCS, is more reliable and can
be used as the recommended cross sections. In figure 14(e), we
present our theoretical calculations of MTCS in comparison
with the experimental measurements [4, 30] and theoretical
calculations [2, 34, 41]. As seen in the figure, the calculations
of Land [41] shows a good agreement with experimental data
up to 15 eV but a noticeable disagreement is observed beyond
that energy. Our IAMS calculations shows reasonably good
agreement with the experimental data and those of Lee et al
[34]. In figure 14(f), we present our calculated VCS.

In figures 15(a)—(f), we present TCS, TICS, IECS, INCS,
MTCS and VCS for the scattering of positron from CO. We
observe a reasonably good agreement between our calcula-
tions with the experimental data [22-25] and the calculated
data from atomic scattering by [66]. Figure 15(a) shows dif-
ferences among the experimental data of positron impact TCS
in low energy region (1-7 eV). This disagreement decreases
with increase of energy up to about 40 eV beyond which, all
the measurements overlap. R-matrix calculation of Tennyson

21

and Morgan [69] makes close agreement with [24] but overes-
timates the experimental data of [22, 25]. The TCS suddenly
increases from ~7 eV, signifying the Ps formation, a very
unique feature of positron impact collisions. The Ps formation
threshold for CO is 7.2 eV [15]. A broad resonance is observed
in and around 20 eV. Our calculations are consistent with the
experimental data except the resonance region. Although our
findings overestimate the data around the peak region but fol-
low the pattern of the experimental data. We notice a close
agreement of our results at 50 eV. From 60 eV, all the theoret-
ical calculations agree with one another, except those of Singh
et al [3]. Although their calculations [3] produce a good agree-
ment with the data from 20 to 500 eV, these results lie above
all the other theoretical calculations for the energies > 500 eV.
In figure 15(b), we present our calculations for TICS along
with the measured values [31, 32] and the theoretical calcula-
tion [42]. Our calculations produce a reasonably good agree-
ment with the experimental data. Calculations of Kothari and
Joshipura [42] show a profound disagreement with the exper-
imental data and our calculations. In figures 15(c) and (d), we
have compared our IAM and IAMS results of IECS and INCS
with those of [42, 44]. Noticeable disagreement is observed
between our calculations with those of [42, 44]. We have cal-
culated the INCS data of [44] from their TCS and IECS data
to compare with ours.

4. Conclusion

We report results of our calculations of various scattering
observables for the e*—CO scattering systems in a wide energy
range (1-10000 eV), in the framework of Dirac partial wave
analysis. Dirac relativistic equation is solved numerically to
get the values of DCS, TCS, IECS, INCS, MTCS, VCS, TICS
and spin-polarization. A complex OMP is used to represent
the e*—CO interactions. For the first time, we are reporting
the several collision cross sections over such a wide range
of energies. We have compared our results with the existing
experimental data and other available theoretical calculations.
The calculations are carried out with the inclusion of screen-
ing correction in the single scattering IAM. This correction is
included in the collision dynamics to account for the mutual
overlapping of the nearby atomic orbitals of molecules. The
study has demonstrated that the incorporation of the screening
effect in theory reduces the cross sections at low energies and
angles, thereby improving the quality of the predicted results.
This study shows that the IAM and TAMS results are too close
to be distinguishable at higher energies, indicating that the
screening effect is negligible at such energies. This investiga-
tion of projectile—CO scattering buttresses the usefulness of
this model to predict data for various scattering observables of
e*—molecule scattering. Our calculated results for DCS, TCS,
IECS, INCS, MTCS, VCS, TICS and Sherman function using
TAMS, agree closely with the available experimental data and
other sophisticated calculations for both projectiles (e~ and
et). So, the IAMS method emerges out as an effective pro-
cedure for the generation of wealth of numerical data, from
50 eV to the highest energy considered herein.

The inclusion of exchange, polarization potentials and
screening correction in the collision dynamics improves the



J. Phys. B: At. Mol. Opt. Phys. 54 (2021) 095203

M M Billah et al

outputs of the present IAMS method at low energies and
angles. However, this is not a panacea. Sophisticated methods
using realistic projectile—molecule interaction perform well at
low energies undoubtedly at the expense of lengthy, cumber-
some, time-consuming and some approximations. The present
rather easy-to-implement method generates reasonably accu-
rate molecular data useful for modeling in science and tech-
nologies. The success of the present IAMS procedure with the
inclusion of the screening effect in describing the scattering
of electron and positron with reasonable accuracy is encour-
aging and holds a promise. This handy procedure might be
used to generate useful data for other di-atomic and polyatomic
molecules having importance in modeling material and biolog-
ical processes. More data is needed for further refinement of
the theory.
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