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We report the integral elastic, momentum transfer, and inelastic (positronium formation and ionisation)

cross sections for positron scattering from structurally related molecules. The molecules chosen for the

current investigation are formamide, formylphosphine, formic acid, N-methylformamide, acetone, acetic

acid, and formaldehyde. The cross sections were calculated using the optical potential approach and the

complex scattering potential-ionisation contribution method for impact energies between 1 and 5 keV. A

sizable repository of data is now available for positron scattering from various atoms and molecules;

however, data on the impact of positrons on current targets is still scarce and fragmented. While most

cross sections are the first of their kind, we analyze our total cross sections (TCSs) with the previous

literature available, which has become attractive to researchers trying to model the tracks of charged

particles in matter. TCSs have recently seen a resurgence in popularity thanks to their utility in specifying

the mean-free path between the collisions of such simulations. We find good qualitative convergence

between experimental and theoretical results below and above the positronium formation threshold.

However, around the threshold region, a significant discrepancy is encountered, which can be

accounted for due to the experiment's lack of forward angle scattering effect discrimination. This level of

agreement evolves to become quantitative at intermediate and higher energies.
1 Introduction

Positron (e+) scattering from atoms or molecules comprises
a very intriguing physics that should be carefully reviewed for
experiments and theoretical studies in condensed matter,
atomic, molecular, and high-energy physics.1,2 Yet, there is no
meticulous and comprehensive investigation of molecular
targets. Although many applications based on the impact of
positrons onmaterials have been designed and used frequently,
especially in e+ – microscopy and positron emission tomog-
raphy (PET),3,4 not much is comprehended about the funda-
mentals of e+ – scattering interactions from gaseous targets. For
instance, scientists have theorised that positrons might estab-
lish a resonance or adhere to it when interacting with atoms or
molecules.5,6 But there hasn't been any strong scientic proof of
this resonance or attachment. Regarding the theoretical aspect,
it has not been thoroughly investigated whether positrons can
create a molecule-bound condition7 since the e+ interaction
weakens in comparison to the e− counterpart. Thus, any theo-
retical computation relies heavily on the proposed interaction
model. Because of this, performing high-precision
Technology (ISM), Dhanbad, JH 826004,

ESI) available: Numerical cross-section
ttps://doi.org/10.1039/d3ra06227a

the Royal Society of Chemistry
computational calculations on molecules is highly challenging
and remains largely difficult.

Several research groups have used Monte Carlo (MC) simu-
lation methods to investigate particle trails as they move
through materials. The ultimate goal of these investigations is
to describe how radiation damage manifests in matter at the
nanoscale, and the vast majority of them necessitate
a substantial data source for the pertinent atomic and molec-
ular processes taking place. A database of this kind demands
a high degree of precision and reliability. One such component
of this database is the TCS, which is crucial since it determines
the mean free path (MFP) during the operation of such simu-
lations between the collisions and, in general, the odds of
a collision occurring.8 To date, the atomic and molecular
physics community has concentrated on compounds that might
be thought of as analogues, or prototypes, for the “building
blocks” of DNA or nucleic acids. The members of this
community are united in their support of a reductionist ideol-
ogy where a system's chemical, biological, and physical traits
come from the basic properties of its components and how they
interact with each other.9 Moreover, aer the momentous
foundation laid in 2000 by Boudaiffa et al.10 for the impact of
ionizing radiation on biological molecules, much theoretical
and experimental work has shied its focus to e+/e− scattering
from biomolecules. While an extensive compilation of experi-
mental and theoretical literature for e+ – scattering11,12 from
diverse compounds is now available, there is still a shortage of
RSC Adv., 2024, 14, 1397–1406 | 1397
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positron impact data from present targets, especially for
inelastic cross sections. As a consequence, we began an inves-
tigation to explore positron interactions with present targets to
provide cross-sectional data for researchers interested in
studying the behavior of positron swarm transit in different
gases13,14 and simulating the paths of charged particles through
matter.15,16

In this work, the positron-impact cross sections of form-
amide (HCONH2), formylphosphine (HCOPH2), formic acid
(HCOOH), N-methylformamide (HCONHCH3), formaldehyde
(HCOH), acetone (CH3COCH3), and acetic acid (CH3COOH) are
predicted between 1 and 5 keV on the energy scale. Form-
amide17 and its derivative (N-methylformamide) are the primary
building blocks in the evolution of nucleic acids. They are found
in the gaseous phase of the long-period meteorite Hale–Bopp,18

the interstellar medium (ISM), and the grains surrounding the
young interstellar entity W33A.19 The ubiquitous formamide in
interstellar space has an isovalent analogue that can be repre-
sented by HCOPH2. Frigge et al.20 suggested that for-
mylphosphine might be present in the ISM, ultimately
providing the missing connection between phosphorus-
containing compounds detected in the ISM and on comet
67P/Churyumov–Gerasimenko. Formic acid is the most basic
organic acid and is believed to be signicant in acetic acid
production. Both formic and acetic acids can be considered the
simplest building blocks of complicated biological compounds,
such as DNA nucleotides and amino acids. Acetone is the
fundamental aliphatic and carbonyl compound,21 serving as
a solvent and precursor for chemistry polymers. It has been
proven a valuable biomarker for diabetic patients22 and has
applications in the ISM. Similarly, formaldehyde is another
hydrocarbon with a carbonyl (C]O) group in its chemical
structure. The carbonyl functional group is a universal building
block in various chemical substances, including polymers such
as polyethylene terephthalate, polymethyl methacrylate, and
polycarbonate.23 For such reasons, present targets are not only
prime candidates for benchmarking future theoretical
advancements but also an acknowledgement of the crucial part
performed by the carbonyl group in e+ – scattering dynamics.

Previous experimental and theoretical studies on e+ – scat-
tering with the present targets are limited. Those available
primarily focus on e− – collisions.24–28 Among previous work in
the literature for e+ – HCOOH scattering, we note: (1) the
measurements of the total cross sections (Qtotal) from Kimura
et al.,29 who employed a magnetically directed beam in a time-
of-ight instrument to determine Qtotal over the energy range
0.7–600 eV, (2) Makochekanwa et al.,30 who used a e+ beam with
a 60 meV energy resolution (FWHM) to measure Qtotal and
positronium (Ps) formation cross sections (4–60 eV), and (3)
Zecca et al.31 who used a magnetic and electrostatic eld
experimental setup to nd Qtotal within an energy range of 0.3 to
50.2 eV. As for the experimental literature on acetone, Zecca
et al.32 and Kimura et al.,29 reported total cross sections over the
energy ranges 0.2–23 and 0.7–600 eV, respectively. Another
source of available data on Qtotal for e

+ – acetone scattering is
from Hamada et al.33 Regarding the experimental data on
formaldehyde, the only data accessible are from Zecca et al.34 for
1398 | RSC Adv., 2024, 14, 1397–1406
Qtotal in the energy range of 0.26 and 50.3 eV. Theoretically,
there are two previous works in the literature on e+ – scattering
from formic acid and formaldehyde, involving computations of
elastic integral (Qel) cross sections using the Schwinger multi-
channel method (SMC), a collaborative publication with the
experimental results of Zecca et al.31,34 For formamide and
acetone, only the investigations of low-energy e+ – scattering
from Silva et al.35 and Lima et al.21 are available. The authors
have used the SMC method to calculate Qel for impact energies
up to 10 eV.

To the best of our knowledge, no other theoretical or
experimental literature is available on positron scattering from
these targets. From a theoretical point of view, this shows how
hard it is to give a precise explanation of quantum collisions,
especially to include Ps formation in the formalistic framework.
Thus, more advancements in experimental approaches and
scattering models are desirable. To partially ll the gap in e+ –
scattering data and to provide an organized analysis of the
results that are currently accessible in the literature, we report
calculations of elastic (Qel), momentum transfer (Qmtcs), total
ionisation (Qion + Qps), and total (Qtotal) cross sections within the
scope of energy from 1 eV to 5 keV. Besides that, the total
inelastic cross sections for positronium formation (Qps), direct
ionisation (Qion), and electronic excitations (Qexc) are also given.
These cross sections are important in models of e+ transport
because they allow monitoring of the positrons' energy as they
dissipate into the medium and facilitate the generation of
secondary electrons.36 Furthermore, we investigate whether any
patterns exist in the energy dependencies of the e+ impact cross
sections of the molecules studied, and if so, can such tenden-
cies have a connection to certain aspects of the species' most
crucial physicochemical characteristics?

In Section 2 of this paper, we present the theoretical proce-
dures of our calculations, and Section 3 discusses and reports
our results. Finally, in Section 4, conclusions are drawn from
the present investigation.

2 Theoretical methodology

The spherical complex optical potential (SCOP) and complex
scattering potential ionisation contribution (CSP-ic) methods
have been extensively employed to calculate both electron37–43

and positron44–47 scattering cross sections for a wide range of
molecules over a broad energy spectrum, generally from ion-
isation potential (IP) to 5 keV for electrons and 1 eV to 5 keV for
positrons, respectively. Therefore, we will only briey reiterate
the most important aspects of these approaches here. Table 1
presents a comprehensive summary of the key characteristics of
the targets employed in this computational analysis. For
HCOPH2, we construct the molecule in Avogadro48 and perform
initial structure optimization using theMMFF94 force eld. The
optimization of the molecular geometry was carried out using
ORCA 5.0.1 (ref. 49) molecular modeling soware, with Avoga-
dro's coordinates utilized as the input for the quantum
mechanical calculations.

In SCOP formalism, the complex spherical potential is
commonly described as,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06227a


Table 1 Physicochemical properties of the targets studied

Target
Ionisation potential
IP (eV)

Ps formation
threshold Dp (eV)

Dipole polarizability
a (a.u.)

Dipole moment
m (D)

HCOH50 10.885 4.085 18.69 2.410
HCOOH50 11.330 4.53 22.40 1.58
HCONH2 (ref. 50) 10.160 3.36 27.53 3.98
CH3COCH3 (ref. 50) 10.650 3.85 34.75 1.812
HCONHCH3 (ref. 50) 9.830 3.03 39.12 4.041
CH3COOH

50 9.703 2.903 42.31 3.086
HCOPH2 (ref. 48 and 49) 9.515 2.715 44.34 2.30
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Vopt = Vs + Vp + iVa (1)

In eqn (1), the real part denes the elastic scattering channel
and connes the electrostatic (Vs) and polarisation (Vp) inter-
actions. The imaginary component, Va, represents all the
inelastic channels considered for ux absorption from the
incident positron beam. Because of this last term in eqn (1), the
optical potential method generates complex phase shis dl.
This permits the computation of the DCSs as well as integral
cross sections for inelastic and elastic scattering. The static
potential (Vs) is calculated using the charge density provided by
Hartree–Fock (HF) atomic wavefunctions.51 When performing
calculations involving e+ – scattering, the selection of the
polarisation potential (Vp) is of utmost signicance because of
its signicant contribution to the elastic channel during the e+ –
interaction. In the near-target region, Vp should approach the
short-range correlation part vco(r) and will have its asymptotic
form at large values of r. So here, we use Zhang et al.'s52 model
potential to take care of the Vp, which is given as:

Vpco(r) = −a/2 (r2 + rco
2)2 (2)

where rco can be determined by taking Vpco(0) = −a/2rco
4 =

vco(0). Selecting rco in this manner assures that at the origin,
Vpco(r) equals vco(r), and near-target region, it approaches vco(r).
In addition, for large r, it gradually converges to the correct
asymptotic form −a/2r4 and also incorporates various non-
adiabatic and multipole modications in the intermediate
region. For vco(r), the form provided by Perdew and Zunger53 is
utilized:
vcoðrÞ ¼

8>>><
>>>:

0:0311 ln rs � 0:0584þ 0:00133rs ln rs � 0:0084rs; at rs\1

g

�
1þ 7

6
b1rs

1=2 þ 4

3
b2rs

�

ð1þ b1rs
1=2 � b2rsÞ�2

; at rs $ 1

(3)
where rs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3
4prðrÞ

3

r
represents the density parameter, r(r) is

the target charge density, and the constants g, b1, and b2 have
the respective values of −0.1423, 1.0523, and 0.3334.

While the absorption potential (Va) is accountable for Ps
formation, electronic excitations, and direct ionisation. For e+ –
© 2024 The Author(s). Published by the Royal Society of Chemistry
scattering, the denition of the threshold for absorption (D) to
start becomes a bit contentious. The depiction of the Ps
formation channel is challenging, as it constitutes the
predominant channel for inelastic scattering that typically
opens in an electronic state with an energy lower than the rst
excited one. Since the formation of the Ps channel cannot be
dened through binary collisions, it is impossible to include it
explicitly in the original version of the absorption potential as
a separate inelastic process. As a result, Reid and Wadehra54

proposed utilizing the energy (Dp) required for Ps formation as
the parameter for absorption threshold (D). The Qtotal at higher
energies was shown to be slightly overestimated by this method.
Hence, we have utilized the phenomenological technique
proposed by Chiari et al.,55 however, in a modied form because
their approach fails to accurately depict the pathway via which
Ps is formed. To overcome this limitation, we employed the
target's IP in the D expression. The modied form of the D can
be written as:

DðEÞ ¼ IP� �
IP� Dp

�
exp

��Ei � Dp

�
Em

(4)

In the above eqn (4),Dp is the Ps formation threshold energy,
and the characteristic energy denoted by Em corresponds to the
energy level at which the absorption potential (Va), in the
absence of Ps formation, yields the highest cross section. The
inverse exponential function shi within the specied
constraints, D(E) = Dp for energies spanning the Ps formation
energy, and for larger energies, D(E) = IP, is modulated by Em.
As previously mentioned, Qinel obtained by using eqn (4)
contains channels such as electronic excitation, Ps formation,
and ionisation of the target. Thus, the Qinel is obtained as,

QinelðEiÞ ¼ QionðEiÞ þQpsðEiÞ þ
X

QexcðEiÞ (5)
RSC Adv., 2024, 14, 1397–1406 | 1399
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Fig. 1 Qtotal for e
+ – scattering from (a) HCOOH, and HCOPH2; (b)

HCONH2, and C2H5NO. Solid line, dash dot line, and short dash dot
line: present Qtotal (with Qps); short dash line and dash line: present
Qtotal (without Qps); dash dot dot line: Silva et al.;35 solid triangles:
Kimura et al.;29 solid circles and solid hexagon: Makochekanwa et al.;30

solid stars: Zecca et al.31
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where Qion(Ei) is the sum of all permissible direct ionisation
cross sections, Qps(Ei) is the Ps formation cross section, andP

Qexc(Ei) reects the total of all discrete electronic excitation
cross sections across all available states. A new term, Qin is
dened in such a way that,

QinðEiÞ ¼ QionðEiÞ þ
X

QexcðEiÞ ¼ QinelðEiÞ �QpsðEiÞ (6)

Starting from this point of reference, the modied form of
the CSP-ic method (refer to ref. 45–47 for more details) can be
utilized in its typical form to establish Qion from Qin. The esti-
mation error for the direct ionisation cross section is roughly
7% with the current approach. Now, we may calculate the total
ionisation cross section by summing the cross sections for
direct ionisation (Qion) and Ps formation (Qps), given as

Qtotalion (Ei) = Qion (Ei) + Qps (Ei) (7)

3 Results and discussion
3.1 Comparative analysis of total cross sections (TCSs)

Fig. 1(a) shows the energy dependencies of Qtotal (with and
without Qps) for HCONH2, HCOPH2, and HCOOH over a wide
energy range (1 eV to 5 keV). Since somemodels in the literature
do not explicitly account for Ps formation, we have reported
both TCSs for comparison. Notably, including such channels,
especially for positronium, which is intrinsically multi-
centered, would be computationally expensive and extremely
challenging. In this gure, we also present the experimental
Qtotal results for formic acid from Kimura et al.,29 Makoche-
kanwa et al.,30 and Zecca et al.31 For its isoelectronic system,
formamide, elastic integral cross sections from Silva et al.35 are
included. Except for Makochekanwa et al.,30 the experimental
results have not been corrected for forward scattering effects.
The trend of the Qtotal as a function of energy for each target is
quite apparent; specically, the magnitude of the Qtotal

decreases as the positron impact energy (Ei) increases until their
respective Ps formation thresholds (see Table 1) are reached.
With the opening of the Ps formation (Dp) channel, the slope of
the Qtotal changes dramatically so that its magnitude at higher
energy virtually plateaus. Above Dp, the direct ionisation and
electronic-state channels gradually open, contributing to the
plateau in Qtotal observed in each target.

For e+ – formic acid scattering, Qtotal reported by Zecca et al.31

exhibits behavior consistent with the present Qtotal (without Qps)
with a magnitude comparable to the former; however, below the
Ps formation threshold at Dp = 4.53 eV, present results are
signicantly lower than the latter, while above this range, the
relationship reverses as compared to Qtotal (with Qps); when its
magnitude increases due to the growing impact of the Ps
formation and other inelastic channels. This behavior is in
contrast to the agreement observed with the results of Kimura
et al.29 and Makochekanwa et al.,30 which is reasonable below
4.53 eV. We have also plotted the modied results of Mako-
chekanwa et al.30 aer correction for the effects of forward
1400 | RSC Adv., 2024, 14, 1397–1406
scattering that become negligible above 15 eV. At intermediate
energies, the present Qtotal (with Qps) runs distinctly above the
experimental results but is lower in magnitude than the cor-
rected results of Makochekanwa et al.30 below 7 eV while being
in very good agreement with those of Kimura et al.29 at all
overlap energies above 100 eV. The experimental data's lack of
angular resolution adjustment is generally responsible for the
discrepancy in results. When the effects of the Ps formation are
not included, the disparity between the curves becomes much
less pronounced throughout the entire energy range.

For the e+ – formamide scattering shown in Fig. 1(a), the
present Qtotal (without Qps) results differ quantitatively and
qualitatively from the SMC results of Qel from Silva et al.35 Their
results are consistently higher inmagnitude, with the difference
increasing with decreasing Ei, amounting to a minimum of 4%
at 10 eV to a maximum of around 40% at 1 eV. On the contrary,
above Dp = 3.36 eV, we do not anticipate a positive correspon-
dence between Qtotal (with Qps) and SMC results, as the authors
have not considered the Ps formation, so their results exhibit
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Qtotal for e
+– scattering from acetone and acetic acid. Solid line

and short dash dot line: present Qtotal (with Qps); short dash line and
dash line: present Qtotal (without Qps); dash dot line: Lima et al.;21 solid
triangles: Kimura et al.;29 solid stars: Zecca et al.;32 solid hexagon:
Hamada et al.33
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lower values in comparison to our results. However, the
discrepancies observed between the present results and their
calculations below the Ps formation threshold cannot be
explained solely through contributions from inelastic channels.

Since no experimental or theoretical Qtotal for e
+ – scattering

from formamide is available in the literature, we compare the
present results with the calculated and measured Qtotal of for-
mic acid. Formamide differs from formic acid with the substi-
tution of a OH group instead of NH2. Hence, comparing the
cross-sectional results of these two systems will be interesting.
It is clear from Fig. 1(a) that the present e+ – formamide data
are, on average, greater in magnitude than the formic acid
results, with a maximum difference of around 32% at their
respective maxima points. Some of this behavior could be
explained by formamide being a larger compound than formic
acid, but more likely, this is due to the higher dipole polar-
isability (a) and dipole moment (m) of formamide compared to
that of formic acid. For HCONH2, present Qtotal monotonically
decreases as the positron impact energy increases from 1 eV
(∼34.236 × 10−20 m2) until around the Ps formation threshold
(∼22.878 × 10−20 m2), and thereaer, the Qtotal increases,
reaching its maximum (∼40.024 × 10−20 m2) at 12 eV, before
decreasing again until the highest energy of 5000 eV (∼0.931 ×

10−20 m2). A similar trend is observed for HCOOH, starting from
1 eV (∼29.439× 10−20 m2) and attaining its rst minima around
Dp = 4.53 eV (∼17.45 × 10−20 m2) and then maxima at 15 eV
(∼28.972 × 10−20 m2) before nally declining at 5 keV
(∼0.866 × 10−20 m2).

Similarly, there is no experimental or theoretical literature
available for e+ – HCOPH2 scattering that we can use to bench-
mark against the current positron TCSs. So, we further conduct
a comparative analysis of HCOPH2 results with HCONH2. For
HCOPH2, Qtotal decreases sharply from 1 eV (∼45.903 × 10−20

m2) to around Dp = 2.715 eV (∼31.033 × 10−20 m2) until it rea-
ches its maximum value at 9 eV (∼51.205× 10−20 m2) ultimately
diminishing at 5 keV (∼1.275 × 10−20 m2). HCOPH2 results are
uniformly larger in magnitude than the corresponding HCONH2

results, with a difference of about 27% at 1 eV, decreasing with
increasing Ei to a maximum of 24% at their maximum energy
points. Even though aHCOPH2

[ aHCONH2
, this percentage

reects a small difference between these targets' respective
maxima points as compared to the difference observed in
HCOOH and HCONH2 results, which is explained in terms of
a “compensation effect” caused by mHCONH2

> mHCOPH2
. The

relationship between the target's physicochemical properties
and the respective cross section is not surprising. It is widely
recognized that the properties of the target molecule signi-
cantly affect the scattering dynamics in e+ scattering systems.56–59

Therefore, when comparing the behavior of different targets,
both of these long-range interactions are very important.60,61

Fig. 1(b) shows that the Qtotal for HCONH2 can be roughly
estimated from the subtraction of Qtotal for the HCONHCH3

molecule and one methyl unit, CH3, and the obtained Qtotal

shows good agreement with the present calculated results of
HCONH2, especially for energies above 10 eV. The disagreement
estimated in this manner and the measured Qtotal for HCONH2

at lower positron impact energies are related to the fact that the
© 2024 The Author(s). Published by the Royal Society of Chemistry
straightforward subtraction of the Qtotal for constituents does
not account for the change in charge-density distribution that
occurs for methylation.

In Fig. 2, we present the results of our Qtotal (with and
without Qps) measurements from e+ – scattering from acetone
and acetic acid, along with the experimental and theoretical
results accessible in the literature.21,29,32,33 For e+ – acetone
scattering, we observe that the results of Zecca et al.32 exhibit
strong consensus to the present Qtotal (without Qps), with
a magnitude considerably smaller for energies above 10 eV. On
the other hand, the Qtotal reported by Hamada et al.33 and
Kimura et al.,29 show divergent behavior below 2 eV, despite
good agreement above this energy. Within the Ps formation
threshold at Dp = 3.85 and 100 eV, the present Qtotal (with Qps)
shows a larger discrepancy with the experimental results, where
Ps formation is responsible for around 50% of the Qtotal. We,
therefore, currently lack a quantitative clarication for this
unexpected nding; we merely mention that experimental
results suggest a smaller magnitude of the Qps in comparison to
what is implied by the present calculations of Qtotal and Qps.
Moreover, the angular resolution of the various experimental
devices explains the difference in the magnitudes of various
measurements of the cross section. Due to the limited angular
resolution of the experimental apparatuses, the Qtotal does not
account for precise information at smaller angles. As a result,
the measured Qtotal will underestimate the actual values. Hence,
the disparities observed between the experimental measure-
ments and the theoretical calculations for Qtotal at low and
intermediate energies can mostly be ascribed to the limited
angular resolution of the experimental apparatus.

Regarding the theoretical computations from Lima et al.,21

the shape of the present Qtotal (without Qps) appears to be in
reasonable agreement with these SMC results. However, below
Dp = 3.85 eV, our results diverge from their calculations as they
are consistently higher in magnitude, with a difference of
around 10–16%, and nally merging above 3.85 eV. The
RSC Adv., 2024, 14, 1397–1406 | 1401
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Fig. 3 Qtotal for e
+ – scattering from formaldehyde. Solid line: present

Qtotal (with Qps); short dash line: present Qtotal (without Qps); solid
stars: Zecca et al.34
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disagreement below 3.85 eV is presumably due to the
constraints of the different potential models applied for elastic
calculations. When considering Ps formation above 3.85 eV, the
difference is quite high, which is associated mainly with the
underestimating of the inelastic contribution in SMC calcula-
tions, as only the elastic contributions are considered. Based on
the good agreement seen from Fig. 1(a) and 2 between the
present and experimental results of Kimura et al.29 within the
range of 100 and 600 eV, one can infer that our computations
reasonably represent the Qtotal for higher energies. Unfortu-
nately, currently, there are no other results available for these
targets in the literature, especially theoretical ones. The
discrepancies between the present Qtotal and those elastic
calculations, as well as with the experimental literature, most
likely indicate that further experimental and theoretical e+ –

scattering data is required for better analyses of the results.
In Fig. 2, we also compare the calculated Qtotal of CH3COOH

at energies between 1 and 5000 eV with the present results of
CH3COCH3. The similarity between the shapes of cross sections
for these two targets suggests that replacing the OH group with
CH3 would account for most differences. At 1 eV, for CH3COOH,
the Qtotal can be read graphically as approximately 47.558 ×

10−20 m2, which can be compared to the Qtotal of CH3COCH3

around 57.262 × 10−20 m2, i.e., the difference is roughly 9.704 ×
10−20 m2, or about 18%. However, a large deviation emerges
around their respective peak regions, which is found at 10 eV
(∼67.509 × 10−20 m2) for CH3COCH3 and 13 eV (∼47.898 ×

10−20 m2) for CH3COOH, respectively, where Qtotal values of
CH3COCH3 are larger by 42%, at most, than those of CH3COOH.
At 10 eV, for CH3COCH3, the contribution from Qps (see
Fig. 4(c)) is expected to consist of 62% of the Qtotal, whereas Qel

(see Fig. 4(a)) is approximately 25.161 × 10−20 m2, i.e., around
37% of the Qtotal and therefore, the sum of all ionisation (Qion)
and electronic excitation (Qexc) is considered to ll up the rest
1%. Similarly, at 13 eV for CH3COOH, contributions from Qps

and Qel are expected to be around 57% and 38% of the Qtotal,
respectively, and the rest 5% corresponds to the contribution
from the summation of Qion + Qexc. As seen from Table 1, both
dipole polarisability and dipole moment of CH3COOH are
larger than those of CH3COCH3, while the geometric dimen-
sions in CH3COCH3 are bigger as compared to CH3COOH. So,
while the relative behavior of the Qtotal might be reected in
terms of the molecule's respective a and m, the size of the targets
also plays a key role in its magnitude.

The present theoretical Qtotal for formaldehyde, obtained in
the 1–5000 eV energy range, is shown in Fig. 3, which is
compared to the only other experimental results of Zecca et al.34

at low and intermediate positron-impact energies. Evidently,
the magnitudes of the two results differ signicantly. Experi-
mental results are higher in magnitude than the present Qtotal

(with Qps) below around 7 eV, and within 7 and 50.3 eV, their
results are lower as compared to our computations. The authors
also reported theoretical SMC calculations of elastic (with and
without Born closure) at static and polarisation levels with
a magnitude greater than their Qtotal, which is nonphysical.
Although forward angle scattering corrections were not
included in their measurements, which, when accounted for,
1402 | RSC Adv., 2024, 14, 1397–1406
may produce an enormous rise in the magnitude of their Qtotal,
it is challenging to attribute the extensive nature of this effect.
Thus, formaldehyde requires further experimental and theo-
retical investigations to validate our results.

3.2 Comparative analysis of elastic and inelastic cross
sections

The comparison between the elastic and inelastic cross sections
calculated in this work for all seven targets using SCOP and CSP-
ic approximations in the energy range 1 eV to 5 keV is presented
in Fig. 4. The common energy reliance of all cross sections is
very similar, and we observe a few interesting general charac-
teristics of the current cross sections for all targets in the
following manner: (i) there exists a general increase in the order
of magnitude for the cross-section with the size of the molecule.
For example, the most distinctive feature of the computed cross
sections for the CH3COCH3 is their relatively high magnitude
across the entire investigated energy range as compared to other
targets. Such a high cross section partially reects the mole-
cule's large geometrical dimensions. The magnitude of the
cross sections decreases in the order of CH3COCH3 /

HCONHCH3 / CH3COOH / HCOPH2 / HCONH2 /

HCOOH / CH2O, i.e., the molecular size. (ii) Elastic cross
sections start to grow at notably lower energy regions. This is
a characteristic trait of polar targets.62 Beyond the ∼100 eV
range, all cross sections decline at almost a constant rate, and
the magnitude's order is approximately proportional to the
geometric dimensions of the molecule. (iii) Inelastic cross
sections possess a conspicuously prominent hump at roughly
10 eV and then gradually drop on the lower and higher energy
sides. The dominating hump transitions towards higher energy
regions, originating from 10 to 17 eV, as the target evolves
lighter from CH3COCH3 / CH2O.

The most striking aspect of these Fig. 4(a)–(f) is how quali-
tatively comparable the energy dependency of the cross sections
is for each target in the energy domain we studied. Although
there are certain distinctions as a result of the different target
ionisation potentials and Ps formation thresholds, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a)Qel, (b)Qmtcs, (c)Qps, (d)Qion, (e)Qtotalion, and (f)Qps +Qion +Qexc for positron scattering from HCONH2, HCOPH2, HCOOH, C2H5NO,
CH2O, acetone, and acetic acid.
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similarities between the forms of the numerous cross sections
are pretty remarkable. Attempting to classify these compounds
according to the values of their dipole polarisabilities (see Table
1) yields a clear hierarchy between those targets with
a comparatively high value (CH3COCH3, CH3COOH,
HCONHCH3, and HCOPH2 – group A), those with an interme-
diate value (HCONH2 and HCOOH – group B), and nally, the
target with a relatively low value (HCOH – group C). Regarding
group A, then, we discover all of these targets also have very
© 2024 The Author(s). Published by the Royal Society of Chemistry
identical values for the a, and when we see from Fig. 4, it is also
clear that, within the limitations of our computations, their
cross sections likewise have remarkably similar forms and
absolute magnitudes. Makochekanwa et al.30 and Chiari et al.59

also observed a link between dipole polarisabilities and the
cross sections of molecules. A similar argument is feasible for
the Group B targets. Ultimately, for HCOH, it is evident that its
a is approximately y percent of the targets in group A, and
quite interestingly, its cross section, over the majority of the
RSC Adv., 2024, 14, 1397–1406 | 1403
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prevalent energy domain, is also around y percent of the
group A targets.

Fig. 4(a) and (b) show the elastic and momentum transfer
cross sections for the present targets, respectively. Qmtcs is
a valuable parameter for the MC method as well as similar
simulations, which measure the average momentum trans-
ferred between the target molecules and e+ during the elastic
scattering process.63 The general cross-sectional energy depen-
dence of Qel is identical to the Qtotal, however, the extent is 30–
40% less than that of the Qtotal. The inuence of the maximum
peak witnessed in the Qtotal due to the Ps formation at 10 to
15 eV appears to become slightly weakened in the Qel, and at
higher energies above 20 eV, they decline at a considerably
faster rate than Qtotal reecting the growing importance of the
inelastic channels. Although a small shoulder appears for all
targets around 10 eV, it is found to be more pronounced for
CH3COCH3 and C2H5NO. Fig. 4(a) also confronts the present
results of formic acid and SMC computations of Zecca et al.31

available in the literature for the e+ – scattering. It is apparent
that, at least in the context of 1–25 eV, where the energies of
SMC computations and our SCOP method overlap, their curves
that symbolize elastic integral cross section lie systematically
below the present results at all energies except below 2 eV. The
variations between the SMC values and the present calculated
Qel reach about 22% around 4 eV, less than 1% at 10 eV, and
show a maximum deviation of more than about 80% around
25 eV.

Fig. 4(c)–(f) show inelastic cross sections for all targets.
Unfortunately, to our knowledge, theoretical or experimental
inelastic cross sections for e+ – scattering by most of the present
targets have not been reported in the literature yet. So, the
present results appear to be novel. Above a few tens of eV, Qps is
anticipated to become predominant, constituting the majority
of the Qtotal. The difference between the Qtotal and Qps provides
details about the sum of Qel and other Qinel (Qion and Qexc)
processes. Amongst all inelastic channels, Ps formation and
ionisation should predominantly become the primary contrib-
utors between the energy range of 5 and 100 eV. The Ps
formation function appears to fade above ∼150 eV, where the
cross section is approaching zero. But, approximately above the
∼100 eV energy, it is comparatively smaller, as anticipated.

We also plot the present calculated Qps in Fig. 4(c), along
with the only available experimental measurements of Ps
formation cross section from Makochekanwa et al.30 for e+ –

HCOOH scattering. We observe that the present Qps starts rising
sharply at around the Ps formation threshold at Dp = 4.53 eV,
and then peaks at 13 eV (∼16.823 × 10−20 m2) before its
magnitude begins to decrease as the positron energy increases.
The sole element of genuine agreement between the experi-
mental and our theoretical results would seem to be the loca-
tion of the maximum of the Qps at around 13 eV for our
calculations and about 14 eV for the experimental measure-
ments. Makochekanwa et al.30 results exhibit an abrupt increase
in the cross section up to 14 eV and then a relatively at peak
region, with a magnitude close to ∼5.149 × 10−20 m2 that
expands to around 25 eV prior to a progressive decrease to
approximately ∼1.889 × 10−20 m2 at 60 eV. We are not familiar
1404 | RSC Adv., 2024, 14, 1397–1406
with any further reports on the measurement or calculation of
the Qps and other inelastic cross sections for these seven targets
studied. So, a more in-depth and comprehensive understanding
should wait for a better-detailed joint experimental and theo-
retical investigation.
4 Conclusions

This study systematically analyzes elastic and inelastic cross
sections for e+ – scattering from a category of organic molecules
that function like biological “moieties” or “sub-units” to the
nucleotides. A good qualitative agreement, especially below and
above the opening of the Ps formation channel, was found
between the experimental and present theoretical TCSs, with
this comparison emphasizing the critical role played by both
dipole polarizability (a) and the permanent dipole moment (m)
of molecules in the scattering process. The present targets are
polar molecules with reasonably high a; we believe that the
observed energy dependence of the cross sections strongly
correlates with the intrinsic physicochemical properties of their
target molecules. Specically, the long-range dipole interaction
is primarily driven by a, which could be powerful enough to
dominate the static interaction and signicantly inuence the
scattering dynamics at low energies. Except for a few, neither
experimental nor theoretical investigations on e+ – scattering
exist for these seven targets. So, the present work is the rst
systematic research work carried out on these targets. We hope
that this work will inspire further experimental and theoretical
research into positron collision studies and serve as a contri-
bution to the researchers who are interested in this topic.
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M. H. F. Bettega, M. T. do N Varella, M. A. P. Lima and
M. J. Brunger, J. Phys. B: At., Mol. Opt. Phys., 2011, 44, 195202.

35 M. O. Silva, G. M. Moreira, M. H. F. Bettega and
S. d. Sanchez, J. Phys. Chem. A, 2020, 124, 6009–6015.

36 W. Tattersall, L. Chiari, J. R. Machacek, E. Anderson,
R. D. White, M. J. Brunger, S. J. Buckman, G. Garcia,
F. Blanco and J. P. Sullivan, J. Chem. Phys., 2014, 140, 044320.

37 S. Mahla, P. Modak and B. Antony, J. Phys. Chem. A, 2023,
127, 5414–5423.

38 B. Goswami and B. Antony, RSC Adv., 2014, 4, 30953–30962.
39 B. Goswami, R. Naghma and B. Antony, RSC Adv., 2014, 4,

63817–63823.
40 D. Gupta, R. Naghma, B. Goswami and B. Antony, RSC Adv.,

2014, 4, 9197–9204.
41 J. Kaur, R. Naghma and B. Antony, RSC Adv., 2015, 5, 20090–

20097.
42 M. Vinodkumar, C. Limbachiya, H. Desai and

P. C. Vinodkumar, RSC Adv., 2015, 5, 69466–69478.
43 M. Vinodkumar, H. Desai and P. C. Vinodkumar, RSC Adv.,

2015, 5, 24564–24574.
44 S. Mahla and B. Antony, J. Appl. Phys., 2023, 134, 124901.
45 N. Sinha, P. Modak, S. Singh and B. Antony, J. Phys. Chem. A,

2018, 122, 2513–2522.
46 S. Singh, S. Dutta, R. Naghma and B. Antony, J. Phys. Chem.

A, 2016, 120, 5685–5692.
47 N. Sinha, A. K. Sahoo and B. Antony, J. Phys. Chem. A, 2020,

124, 5147–5156.
48 M. D. Hanwell, D. E. Curtis, D. C. Lonie, T. Vandermeersch,

E. Zurek and G. R. Hutchison, J. Cheminf., 2012, 4, 17.
49 F. Neese, F. Wennmohs, U. Becker and C. Riplinger, J. Chem.

Phys., 2020, 152, 224108.
50 CCCBDB, Computational Chemistry Comparison and

Benchmark Database, 2023, https://cccbdb.nist.gov/,
(accessed April 2, 2023).

51 H. L. Cox Jr. and R. A. Bonham, J. Chem. Phys., 1967, 47,
2599–2608.

52 X. Zhang, J. Sun and Y. Liu, J. Phys. B, 1992, 25, 1893.
53 J. P. Perdew and A. Zunger, Phys. Rev. B: Condens. Matter

Mater. Phys., 1981, 23, 5048–5079.
54 D. D. Reid and J. M. Wadehra, J. Phys. B: At., Mol. Opt. Phys.,

1996, 29, L127.
55 L. Chiari, A. Zecca, S. Girardi, E. Trainotti, G. Garcia,

F. Blanco, R. P. McEachran and M. J. Brunger, J. Phys. B:
At., Mol. Opt. Phys., 2012, 45, 215206.

56 P. Palihawadana, R. Boadle, L. Chiari, E. K. Anderson,
J. R. Machacek, M. J. Brunger, S. J. Buckman and
J. P. Sullivan, Phys. Rev. A, 2013, 88, 012717.

57 A. Zecca, L. Chiari, A. Sarkar, K. L. Nixon and M. J. Brunger,
Phys. Rev. A, 2008, 78, 022703.
RSC Adv., 2024, 14, 1397–1406 | 1405

https://cccbdb.nist.gov/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06227a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
1/

18
/2

02
5 

6:
47

:2
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
58 M. J. Brunger, S. J. Buckman and A. Zecca, J. Phys.: Conf. Ser.,
2009, 194, 012034.

59 L. Chiari, A. Zecca, E. Trainotti, M. H. F. Bettega,
S. d. Sanchez, M. T. d. N. Varella, M. A. P. Lima and
M. J. Brunger, Phys. Rev. A, 2013, 87, 032707.

60 L. Chiari, A. Zecca, F. Blanco, G. Garćıa and M. J. Brunger, J.
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