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Abstract: The positron impact cross-sections of pyrimidine molecules are reported from 1 eV to
5000 eV. These cross-sections include differential elastic, integral elastic, and direct ionisation. The
elastic cross-sections are computed using the single-centre expansion scheme whereas the direct
ionisation cross-sections are obtained using the binary-encounter-Bethe formula. The integral and
differential cross-sections exhibit consistency with the experimental and other theoretical results.
The direct ionisation cross-sections, which are reported for the first time, are compared with the
experimental inelastic cross-sections (the sum of excitation and ionisation) to assess the trends in
theoretically computed ionisation cross-sections and with the corresponding results for the electrons.
The incoherently summed elastic and ionisation cross-sections match very well with the total cross-
sections after 40 eV indicating the minimal impact of the positronium formation and electronic
excitation processes. Based on this study, we recommend that the experimental data of the inelastic
cross-sections reported by Palihawadana et al. be revisited.

Keywords: positron collision; cross-sections; BEB model; single-centre expansion method; close-
coupling methods; positronium

1. Introduction

The interaction of charged particles with biomolecules has been the subject of several
studies in fields such as applied physics, technology development, and medicine [1-5].
Positron technology is used in positron emission tomography [6,7], diagnostics, and medical
treatments [8-12].

The ionisation process is one of the prime mechanisms for generating low-energy
secondary electrons and is also responsible for the damage caused to biomolecules upon its
interaction with radiation [13]. Similar to low-energy electrons [14], the energetic positrons
or the gamma rays produced during positron—electron annihilation may also damage
DNA [4,15,16]. A controlled radiation-induced chemical process in the biological systems
would yield favourable improvements in radiotherapeutic treatments and minimise dam-
age to the surrounding healthy tissue. This requires an in-depth understanding of the
processes involving primary and secondary particles and biomolecules [17]. The inter-
actions between a projectile and its target are studied in terms of the cross-sections as a
function of the energy. Thus, the modelling process essentially means the computation
of scattering cross-sections. The positron scattering cross-sections are the essential input
in Monte Carlo simulation-based particle tracking codes [4]. Apart from the interaction
between a positron and the biomolecules, the positron scattering is equally relevant in
astrophysics [18,19], material sciences [20,21], positron plasmas [22], and the transport
phenomenon in biological media [23-25].

A complete modelling of a positron—molecule scattering over a wide energy range
must include the formation of the positronium ion (Ps), a description of both the bound
and continuum states of the target, and the Ps ion. This modelling is sensitive to the
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form of polarisation potential in the absence of exchange effects. These factors make the
modelling of a positron-molecule scattering more complicated and challenging than that of
its antiparticle electron. Ab initio methods, such as the convergent close-coupling method
(CCC), the R-matrix with pseudo-states, or the Kohn-Sham method, are complex and
require significant resources to compute the cross-sections [26,27]. Even with the latest
technology, the computation of the cross-sections for multicentred targets with a large
number of electrons may become intractable.

Pyrimidine is an extremely important biomolecule. It is also a precursor for nucle-
obases, such as cytosine, thymine, and uracil. Structurally, it is an aromatic, heterocyclic,
organic compound with the chemical formula C4HyN, and is similar to pyridine. The
reactions involving nucleobases are equally important in other fields [28]. This study,
therefore, represents a prototype system for investigating positron interactions with DNA
and RNA constituents.

Luckily, in the low energy range (below the ionisation threshold), positron—pyrimidine
interactions have been studied using the ab initio methods [12,29], whereas, in the en-
ergy region beyond the ionisation threshold, methods based on the independent atom
model (IAM) [30] have been applied. The IAM is best suited only at higher energies
(generally above 100 eV) as the effects due to multiple scatterings between atoms within
the molecule are ignored [31,32]. Sanz et al. have applied the R-matrix theory [27,33] and
the screening-corrected additivity rule IAM-SCAR) to different energy ranges [34,35] to
study the positron-pyrimidine scattering [29]. Franz and Gianturco [36] have computed
integral and differential elastic cross-sections by employing model correlation—polarisation
potentials of up to 20 eV, whereas Barbosa et al. [12] employed the Schwinger multichannel
method to compute the scattering observables. In these results, the Born correction [37,38]
was applied to include the long-range effects due to the polar nature of the target. Studies
have also been performed by Singh et al. [30] over an extended energy range.

The machines employed at the University of Trento and the Australian National
University (ANU) to perform scattering experiments are based on retarding the potential
technique. The linear transmission-type spectrometer at the University of Trento utilises
the beam intensity attenuation technique [39] to measure positron and electron scattering
from atoms and molecules. This instrument has an energy resolution of a few tenths of an
eV. The ANU transmission-type spectrometers are based on the Surko trap system [40] in
which the positron beam is formed in a strong magnetic field. This setup is described in
detail by Sullivan et al. [41]. The angular discrimination values (the minimum or critical
value below which the elastically scattered positrons cannot be distinguished from the
incident positrons) of both of these machines compare favourably with each other. More
precisely, the angular discrimination values of the ANU spectrometers are slightly lower
than that of the University of Trento machines because of the stronger magnetic fields
applied. The experimental measurements of the elastic and total cross-sections performed
using purely electrostatic, or the more traditional electrostatic and magnetic field-type,
spectrometers always suffer from the angular discrimination effects of the equipment.
These effects contribute significantly to scattering measurements at low energies for a polar
target. The experimental data must, therefore, be corrected to draw comparisons with the
theoretical data; otherwise, the experimental results will always be underestimated [42].
This issue is also dealt with in the present work. Zecca et al. [43] performed an experiment
at the University of Trento at a retarding potential of 90 mV. Palihawadana et al. [44] have
measured the elastic cross-section at a retarding potential of 378 mV whereas, in the data set
obtained from the difference between the grand total cross-section and the cross-sections for
positronium formation and ionisation, the retarding potential was 72.8 mV. The values of
the total cross-sections reported by Palihawadana et al. [44] are higher than those reported
by Zecca et al. [43] due to differences in the angular resolution of the two experiments. The
theoretical and experimental studies on positron scattering from pyrimidine have been
summarised by Brunger et al. [45].
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In the present work, we compute cross-sections from low to high energy ranges by
considering the molecular approach, that is, we do not apply the additivity rule to compute
cross-sections. The method is discussed in the next section. Since, the ab initio methods re-
quire a lot of expertise, a simple treatment to model the scattering process for multi-electron
polyatomic molecules is required. One of the most convenient approaches to modelling
the scattering phenomenon is to compute the cross-sections corresponding to different pro-
cesses by neglecting inter-channel coupling and employing different methodologies. These
cross-sections can then be summed incoherently to estimate the total cross-sections. For
example, the elastic scattering can be modelled using optical potentials [46-48], the direct
ionisation cross-sections can be computed with the binary-encounter-Bethe approximation
(BEB) [49], and the dipole-allowed electronic excitation process with a binary approxima-
tion [50]. This approach simplifies the modelling phenomena and makes the calculations
tractable at large energies. This also helps to reduce the computational cost significantly.
On the other hand, the ab initio methods may make the calculations intractable due to the
accessibility of a large number of channels at large energies.

The integral elastic and differential cross-sections (DCS) at different energies are re-
ported by applying the symmetry-adapted single-centre expansion (SCE) technique [51,52]
within the local potential approximation. The correction to the differential and integral
cross-sections is accounted for via the Born closure technique [48,53]. The direct ion-
isation cross-sections are estimated using the binary-encounter-Bethe (BEB) model for
positrons [49]. Since methods for modelling positronium formation (Ps) do not exist,
these cross-sections were not considered. The cross-sections obtained from the incoherent
sum of the elastic and BEB cross-sections show a good agreement with the experimen-
tal data beyond 40 eV. All results reported here show consistency with the previously
determined results.

This paper is organised as follows: In Section 2, we describe the theoretical model for com-
puting integral elastic cross-sections (ECS) and ionisation cross-sections. In Sections 3 and 4,
we present the computational details and the results. Toward the end, in Section 5, we
present our conclusions.

2. The Single-Centre Expansion Method and the Binary-Encounter-Bethe Model
2.1. Elastic Cross-Sections

The positron (or electron)-target collision in the symmetry-adapted single-centre
expansion method is described in terms of the effective one-particle interaction potentials.
This method involves a single-centre expansion of a quantity such as the potential, bound
state, or scattering wave function around the centre of mass (c.o.m.) of the projectile—
molecule system [52]. This simplifies the quantum scattering equations [54,55]. A single-
determinant Hartree-Fock approach is used to represent the wave function of the present
target. This implies that the excited states are excluded from the description of the total
wave function. In simple terms, it means that the wave function is described by the ground
state of the target. The static potential (V;;) is repulsive in positron scattering and describes
the electrostatic interaction between the undeformed molecular charge distribution of the
target and the projectile. The correlation and polarisation potential (V) consists of long-
and short-range regions that are matched at a particular distance (7). The behaviour of V,
is represented as:

v >\ Vcorr(7>) fO?‘ r<r 1
(7)) = { Vpol(7>) for r>re, )

The model potential given by Perdew and Zunger [56] is used in the present calcula-
tions to represent Vi,r. The total interacting potential V(r) is the sum of Vi and V,y, as the
exchange effects are absent.
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In SCE, the potential (total Vit or V) in its expanded form can be written in terms of
the symmetry-adapted angular functions Xﬁf‘ (0, ¢) as:

= L Vi (1) X (0.9), @)
Similarly, the bound-state wave function is given by:

2“1 n(r) X' (6,), 3)

where u describes the pth irreducible representation (IR) for a point group, / is the particular
basis for a given partial wave [ for y, i is the specific multicentre orbital contributing to the
density of the bound electrons, r is the distance from the c.o.m. of the molecule, and u;
is the radial coefficient. The Xﬁf (0, ¢) are given by a linear combination of the spherical
harmonics Sj,,,(6, ¢):

X}, (6,¢) = Z by Sim (6, ). 4)
m=—1

The IR-dependent coefficients by, are given by the character table [57]. The Schrodinger
equation describing the scattering in terms of its partial waves is given by:

> 1(1+1
a2 2 )+k2}¢’ _22 o, v (7 %() ®)

where k2 /2 is the collision energy, and ¥y é,( ) are the radial continuum wave functions of

the positron. The local potential coupling element Vl;}l (1) is given by:

Vit (1) = [ aiXJ V(P )X (). ©)

Finally, the elastic cross-sections are extracted from the T-matrix elements in the
body-fixed frame (BF) after solving the Schrédinger equation:

oF = kzZZ|T1hh’l’- )

Ih I'n’

The BF elastic cross-sections were then Born corrected [37] via the Born top-up
formula [48,53].
pr =00t + 6%, ®)

where
B=0Qf-qf. )

The Born correction term 62 is defined as the difference between the Born cross-sections
(QB) and the cross-sections obtained for L partial waves with in the Born formalism (Qf).

The DCS of the polar molecules are determined in the LAB frame (LF) by applying the
frame transformation [58]. This avoids the diverging nature of DCS due to a singularity
in the forward direction with in the fixed nuclei approximation (FNA). A closure formula
helps obtain the converged DCS [37,38] in LF:

do B Linax
qaUr =17 =35 Ur =)+ } (A7 = J'T') = AL(T = J'T')) Pi(cost), (10)

where Pp(cos) is a Legendre polynomial, and A is the scattering coefficient [57]. Lyax
represents the maximum number of partial waves included in the scattering calculations.
The first term represents the DCS obtained for a rotating dipole, and the second term
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denotes the DCS calculated for a fixed dipole within the first Born approximation. /T and
J', 7" are the initial and final rotational levels. In Born-approximated terms, ] = 1, and
v =0.

The corresponding integral cross-sections in the LF are given by:

‘Eangrd+U€BF_ gfd (11)

Equations (10) and (11) thus include both the long- and short-range effects (from the
BF calculations). The rotationally unresolved DCS are obtained after summing the DCS
over the final rotor state (J'1’).

2.2. Direct Ionisation Cross-Sections

An ab initio description of positron scattering is a two-centre close-coupling (CC)
method in which the wave function of the scattering system is expanded over the target
and Ps eigenstates [26,59,60]. Although CC methods are capable of calculating the total
ionisation cross-sections (TICS) accurately, these methods are not user-friendly. Moreover,
these methods require enormous computational resources, thus making calculations costly
and expensive. Additionally, these methods are difficult to apply to complex molecular
systems. In comparison, a semi-empirical method, such as the BEB model for positrons [49],
is extremely simple both in its formulation and workings. It computes the total ionisation
cross-sections over an extensive energy range quickly even for complex molecular targets.
In fact, the ionisation cross-sections obtained for Hj using the BEB model [49] have shown a
high degree of consistency with the two-centre expansion scattering calculations employing
the molecular CCC model [61]. These ab initio calculations are the benchmark calculations
performed for the ionisation of Hy due to positrons thus far. The total ionisation cross-
sections (TICS) in the BEB model are obtained after summing the cross-sections over the N
occupied molecular orbitals [49]:

n S 1 1
Qs (fz'):t,+7 g(l—ﬂ>l”fi+(2—Q)(1—t,)/ (12)
where
The TICS are therefore: N
Qi(t) =Y Q¢ (). (14)

1

Here, t; = E/B;, u; = U;/B;, and S = 47a3 N; (R/B;)?. R, B;, U;, and N; refer to the
Rydberg energy, the binding energy, the orbital kinetic energy, and the orbital occupation
number, respectively, of the ith orbital; aj is the Bohr’s radius. The scaling term t; +
ensures the validity of the Wannier law for positrons [62] near the threshold. The constant
C is normally taken as unity; however, its exact value can be derived for a target only if
reliable positron cross-sections are available [49]. The value of Q = 1 makes the BEB model
independent of the differential oscillator strengths [63].

3. Computational Details

The optimised geometry of pyrimidine was referred from NIST [64] corresponding
to the cc-pVTZ basis. Its ground-state electronic configuration corresponds to the 1A,
symmetry in the Cy, point group. The Gaussian software [65] was used to generate the
input parameters for the BEB model at the optimised geometry. The use of experimental
values of the ionisation energy (IE) ensured the correct threshold behaviour of the TICS.
Sim(6,¢) was constructed as a sum over a single index Im, with h = 1, and pyu equals A;
as pyrimidine is a closed-shell non-linear molecule. The one-particle electron density and
the potentials were obtained using the SCELiB code at the HF level [66]. The experimental
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value of the polarisability was referred to in order to compute V;,. The maximum value
of [, i.e., I;yax, used in the expansion of bound-state molecular properties, was taken as 48.
The radial step size for integration was taken as 0.005 au. The large value of I ensured
that all orbitals were either normalised to unity or were close to unity. The dipole moment
obtained from the numerical SCE wave function matched well with its experimental value.
The values of the dipole moment obtained from the numerical SCE wave function and the
other target parameters needed to perform scattering calculations are listed in Table 1. The
scattering calculations were completed using the POLYDCS code [67]. This code yields
Born-corrected cross-sections. The corrections to the BF cross-sections were also applied
directly via the Born top-up programme. The experimental value of the dipole moment
was used to compute the corrections.

Table 1. Experimental values of a few important target parameters of pyrimidine. The SCE value of
the dipole moment is also shown.

Ionisation Energy Ps Dipole Polarisability Lowest Excitation Threshold
9.33 eV [64] 2.53 eV 2.28-2.4 D [68] 60 au [43] 4eV[69]
2.37 D (SCE)
4. Results

The positron impact cross-sections are reported for various processes over a wide
energy range. The DCS are presented first, followed by the integral ECS, and then the
ionisation cross-sections. A comparative evaluation of the present and other existing
results is also performed. The angular discrimination effect of the linear transmission-type
spectrometer used to measure cross-sections is also discussed.

The Born-corrected DCS are plotted in Figure 1a—g at different incident energies. These
are precisely peaked in the forward direction due to the cumulative effect of the large value
of the dipole moment and the dipole polarisability. At large angles, the magnitude of
the cross-sections is small, indicating the dominating nature of backward scattering. At
incident energies of 6, 10, 15, and 20 eV (and higher), we have shown the DCS without
Born correction, that is, these results do not include the dipole contributions. At 3 eV, the
DCS calculated from the pure Born approximation are reasonably close to the experimental
values. This is because of the large dipole moment of pyrimidine. The deviations between
the corrected and uncorrected DCS are large at lower energies and in the angular range
of 0—40°. At 100 eV, the angular deviations become confined to a narrow angular range.
This indicates the diminishing effect of the dipole moment on scattering as the incident
energy of the projectile increases. The DCS curves are smooth at lower energies but exhibit
oscillatory behaviour at higher energies (above 10 eV). The undue oscillations arise after
applying the Born closure approach to include the long-range effects and are attributed to
the incomplete convergence of higher partial waves, accounting for the dipole potential
term ABP; (cosf) in the Born closure method. These oscillations have been observed in
several studies performed earlier [36,48,70-73]. The Born closure approach can also give
unphysical results [38]; however, this situation was avoided by carefully choosing the input
parameters in POLYDCS. Palihawadana et al. [44] have previously reported the folded
DCS [74] from 12-87°. These results were also recommended by Brunger et al. [45]. Sanz
et al. [29] have also computed the theoretical DCS using the additivity rule by considering
the dipole potential(V;) and the dipole-plus-quadrupole potential (V). The Dickinson
correction [75] was applied to the DCS. Barbosa et al. [12] have reported the elastic integral
and differential cross-sections at incident energies of up to 20 eV using the Schwinger
multichannel method. The elastic cross-sections were Born corrected following the Born
closure procedure. We have compared the present SCE-DCS with all these data. Our results
lie within the uncertainty range of the experimental results.
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Figure 1. DCS at different energies: circles, folded DCS of Palihawadana et al. [44]; line curve,

Born-corrected DCS (this work); dashed dotted curve, Born cross-sections; open squares with dotted

dashed curve, Sanz et al. with dipole potential [29]; dashed curve, Sanz et al. with dipole and

quadrupole potentials [29]; dashed curve with cross, DCS results without Born correction; double
dotted dashed curve, unfolded DCS of Barbosa et al. [12]. Their folded DCS are shown as a double
dotted dashed curve with plus symbol.
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We also see a good agreement with the other theoretical data. The difference between
the present and other results appears large as the graphs are plotted on a log scale. The
experimental DCS results are available up to 20 eV only.

The integral elastic cross-sections in the BF and LAB frames were computed using
the POLYDCS code. The BF results were without the dipole correction. We adopted two
different schemes to carry out these corrections. The Born correction was applied directly
to the BF elastic results via the Born top-up formula. We also used the POLYDCS code to
obtain the Born-corrected data. We did not notice any meaningful deviations in the correc-
tions from the two approaches. The integral cross-sections increase as the incident energy
decreases. The sharp rise in the low incident energies is attributed to the Born correction,
which significantly raises the magnitude of the cross-sections. The lower ECS results of Pal-
ihawadana et al. [44] are due to the angular discrimination effects of the spectrometer. The
experimental elastic cross-section measurements of Palihawadana et al. [44] were corrected
using the critical data from their spectrometer with the Born top-up formula [48]. This
significantly increased the magnitude of the cross-sections. A good agreement between the
Born-corrected SCE and the forward-angle-corrected experimental data can be observed
from Figure 2b while considering the simplicity of the approach. This agreement improves
further as the energy of incoming positron increases. It is mentioned here that Franz and
Gianturco [36] used a similar approach but did their calculations using the DFT theory
and a different basis set. This accounts for the difference between our results and their
results. However, for sake of clarity, we have not shown their results. The impact of the
Born correction is quite large at low energies and extends up to higher values due to the
large value of the dipole moment. The merging between the corrected and uncorrected
results is after 200 eV.

100§

1

10

|
100
Energy (eV)

| L
1000

1

10

Energy (eV)

Figure 2. ECS: (a) Born-uncorrected; (b) Born-corrected. Experimental results are denoted by symbols
and the theoretical results by line curves or line curves with symbols. The notation “R-matrix, SP” in
(b) stands for “static-polarisation model”. “CC” model means the ground state and excited states
included in the total wave function [29,30,43-45].

Sanz et al. have performed low-energy R-matrix calculations in static-exchange and
CC models. They have completed the calculations using the IAM-SCAR model from 1 eV
to 10 keV [29]. These data were further corrected to account for the polar nature of the
molecule. Brunger et al. [45] have recommended the uncorrected forward-angle scattering
effect data of Palihawadana et al. [44] at low energies and Zecca et al. at higher energies.

These data do not vary much from the measurements reported by Palihawadana
et al. [44]. Since the correction is a typical feature of the equipment used and the target
studied, the same correction is valid for the recommended data of Brunger et al. [45]. For
this reason, we have not shown the corrected experimental data of Brunger et al. [45] in
Figure 2b. Zecca et al. have not given the critical data of their instrument in their study
on pyrimidine [43]. Hence, these data were not corrected. Brunger et al. [45] have given
the angular discrimination factors of the spectrometer at the University of Trento. Using
this, one can easily correct the experimental data of Zecca et al. [43]. Franz et al. have
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shown this in their work [36]. We have also shown that any scattering data obtained
using the spectrometer at Trento can be corrected once we know the critical data of the
measuring equipment [46,48]. In one of the studies, we have also shown that the University
of Trento and the Australian National University have nearly the same values of correction
for the cross-sections even though both of these spectrometers have different workings
and constructions [48]. The uncorrected and corrected theoretical and experimental elastic
cross-sections from 1 eV up to 5 keV are shown in Figure 2a,b, respectively.

The BEB model-based direct ionisation cross-sections are plotted in Figure 3. The
maxima in the BEB cross-sections appear at 70 eV and have a magnitude of 13.01 A2. The
high-energy behaviour is dominated by the logE/E term. Owing to the non-availability
of data to compare the present results, we have assessed the trends in the BEB results by
comparing them with the inelastic results and ionisation results due to electron impact.
Palihawadana et al. [44] have determined the inelastic cross-sections (the sum of both the
electronic excitations and ionisation cross-sections) up to 21.5 eV. These results are lower
than the BEB results but show rising trends with the incident energy. The ionisation cross-
sections rise up to the maximum value, which is in the range of 70-80 eV for most of the
molecules, and then decrease. Thus, we expect the rising trends for the summed inelastic
cross-sections of Palihawadana et al. [44] after 21.5 eV. The excitation threshold is lower
than the ionisation threshold, which means that, in the energy range from 4 eV to 9.33 eV,
it is the electronic excitation process that would contribute to the grand total scattering
cross-sections. The onset of any inelastic process occurs once the threshold of a particular
process has been exceeded. It is, therefore, expected that cross-sections for the excitation
process would be zero below 4 eV. On the contrary, the summed inelastic (excitation and
ionisation) cross-sections of Palihawadana et al. [44] are non-zero below 4 eV (excitation
threshold) and zero at energies of 4-5 eV and 6.5 eV. These values are not consistent
with the fundamentals of scattering theory. Unfortunately, we do not have any reason to
justify the summed inelastic cross-sections (excitation and direct ionisation) reported by
Palihawadana et al. [44] below 7 eV. Even Brunger et al. [45] have not listed the inelastic
cross-sections of Palihawadana et al. [44] in their recommended data. This gives us a strong
feeling that the inelastic cross-sections of Palihawadana et al. [44] must be reviewed.

/
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Figure 3. BEB ionisation cross-sections. The comparison is made with inelastic cross-sections
(excitation plus ionisation) reported by Palihawadana et al. [44] and ionisation cross-sections due to
electron impact. Squares: direct measurements of inelastic cross-sections (excitation plus ionisation)
by Palihawadana et al. [44] denoted as A; stars: inelastic cross-sections as a difference of grand total
and Ps and elastic cross-sections from Palihawadana et al. [44] denoted as B; line curve: BEB for
positron (this work); dashed curve, inelastic cross-sections (excitation plus ionisation) due to positron
impact of Singh et al. [30]; dotted dashed curve, positron impact total inelastic cross-sections of
Sanz et al. [29]; double dotted dashed curve, electron ionisation of Bug et al. [76].

We further calculated the summed inelastic (excitation and ionisation) cross-sections
from the experimental readings of Palihawadana et al. [44] by subtracting the sum of the
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ECS and Ps from the grand total results. The two data sets are highly scattered up to
9 eV. Both of the data sets of Palihawadana et al. [44] (direct measurements and from the
subtraction of the summed Ps and ECS from the grand total cross-section) converge only
after 10 eV. This dispersion in the two data sets can be partly due to the different retarding
potentials used to measure the elastic and grand total cross-sections. The fact that the grand
total cross-sections contain contributions from all of the possible energetic channels in a
given energy range could be another reason explaining this variation in the two data sets.

The positron ionisation results were compared with the electron impact ionisation
results of Linert et al. [77], Champion et al. [78], and Bug et al. [76]. The results of
Bug et al. [76] and Champion et al. [78] predict higher estimates of the ionisation cross-
sections than Linert et al. [77]. The results of Bug et al. [76] are comparable to the BEB
model [63] due to electron impact [79]. The BEB model provides higher estimates of the
results for positrons [49] than for electrons [63]. This is due to the inclusion of the exchange
and interference effects in positron scattering. Additionally, in several cases in which
the data are available for both projectiles, it has been observed that the positron impact
ionisation cross-sections are always higher than that of the electron impact. The same is
also observed in the case of pyrimidine. The overlapping of the trends of both the BEB
curves is expected beyond 500 eV, which means the effects arise due to the charge of the
projectile ceasing. This gives us the feeling that our BEB results for positrons are acceptable.
For the sake of the clarity of the results, we have not shown the electron impact ionisation
results of Linert et al. [77] and those computed from the BEB model [79]. This mutual
comparison of the results of antiparticles can be used as a tool to ascertain the results in the
absence of positron ionisation data.

Ps formation was impossible for us to model theoretically. The elastic and inelastic
cross-sections were added in an incoherent fashion to obtain the cross-sections Q7 from
0.5 eV onwards. These results were compared with the forward-angle-corrected experi-
mental results of Palihawadana et al. [44]. For a better understanding and interpretation of
the results, we have also shown the recommended data of Brunger et al. [45] and Zecca
et al. [43]. We observe that Q7 (obtained after ignoring the Ps and excitation channels)
agree well with the experimental data from 40 eV onwards. This is indicative of the fact
that these channels are most dominant in the energy region of 2.5 eV-40 eV. The visible
disagreement between the present and experimental data at low energies is due to the
exclusion of the Ps and excitation channels. Additionally, the lower values of the SCE-ECS
add to the variation in this energy range. This has already been discussed above. In the
same figure, we have shown the JAM-SCAR calculations by Sanz et al. [29], which were
obtained by considering the dipole polarisation and dipole-plus-quadrupole potentials and
the results obtained from the complex spherical optical method by Singh et al. [30] using
the additivity rule. The results are displayed in Figure 4. The Ps formation is also marked
on the graph at 2.53 eV. If we include the Ps data of Palihawadana et al. [44] and add it to
our Qr, the results show a remarkable agreement with the experimentally corrected data
of Palihawadana et al. [44].

The lower values of the total cross-sections of Zecca et al. [43] are attributed to the
angular discrimination of the experimental apparatus. Overall, one can notice reason-
able qualitative conformity in the present results with the corresponding results for the
numerous other kinds of processes.

Of course, the present analysis has several limitations, just as the SCELiB code [66]
generates the molecular properties only for closed-shell targets. Hence, the scattering due
to open-shell targets cannot be modelled. The BEB model cannot be invoked to model the
Ps cross-sections since its formation is not a binary collision [80]. Unfortunately, simpler
theoretical methods do not exist to model positronium formation. Theoretically, the Ps
cross-sections are largely estimated using the phenomenological model proposed by Chiari
et al. [81]. However, this approach does not fit into our model.
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Figure 4. TCS: line curve, this work (sum of ECS+Ps+BEB); dashed curves, this work (sum of
ECS+BEB); dashed dotted curve, Sanz et al. [29]; dotted dashed curve, Singh et al. [30]; dia-
monds, uncorrected TCS of Zecca et al. [43]; circles, uncorrected results of Palihawadana et al. [44];
squares, recommended data of Brunger et al. [45]; triangles, forward-angle-corrected TCS of
Palihawadana et al. [44].

Another limitation is that we have ignored the inter-channel coupling, which does
impact the cross-section data. However, in the case of pyrimidine, the vibration and rota-
tional cross-sections are very small in magnitude in comparison to the elastic or ionisation
cross-sections at the energies considered by Palihawadana et al. [44]. Thus, the impact of
these channels on the total scattering cross-sections would not be too large.

The theoretical quantum scattering-based models, or models employing quantum
mechanically generated data, provide an effective tool for deriving cross-sections. Ad-
ditionally, these methods yield information about scattering observables that cannot be
determined experimentally. For example, the cross-sections below certain energies and
angles cannot be measured experimentally for polar targets [42,45]. This means that the
experimentally measured cross-sections for polar molecules are always lower than the true
values. Their true values can only be estimated theoretically by applying some correction to
the existing data. This correction depends on the strength of the dipole moment and can be
substantive at low energies for strongly polar molecules [45]. We, therefore, need theoretical
methods not only to validate the experimental data but also to estimate the collision data at
other energies. Similarly, the theoretical results also need a correction to account for the
long-range nature of the polar targets. Thus, correction must be properly accounted for in
both the theoretical and experimental results before drawing any meaningful comparison
between the two.

Although the ab initio methods provide excellent results, this happens at a consid-
erable cost to the computation. Additionally, the complexity of the calculations grows
with the number of electrons in these methods and with an increase in the incident en-
ergy of the projectile. These ab initio calculations may also suffer from issues such as
ill-conditioning [26,59,60] or linear dependence [27]. Thus, we require alternate methods
and a simplified approach to circumvent this problem in order to compute cross-sections.
This is what we have shown in the present work without invoking the independent atom
model (IAM) approximation.

5. Conclusions

This paper has reported various types of cross-sections for positron-pyrimidine inter-
actions from low to high energies in a very simple and efficient manner. This approach is
particularly helpful in performing scattering studies involving many-electron molecular
systems that consist of a large number of atoms. In such systems, the perturbative methods
may become intractable. For the reasons stated in this manuscript, the direct ionisation
cross-sections are difficult to measure and compute. It is equally true that the positron
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impact inelastic cross-sections (excitation, ionisation) with pyrimidine are relevant for
radiation-based biomedical applications as these lead to the formation of new species.
Thus, it is necessary to have a broad database of inelastic cross-sections. The BEB method
provides an opportunity to estimate ionisation cross-sections. These data have not been
reported in earlier studies. The comparison with electron scattering provides useful insight
into the scattering process. While electron ionisation mass spectrometry data are avail-
able for a large number of molecules, positron ionisation mass spectrometry data are not.
Once these are available, it would be interesting to modify the BEB model for positrons
to compute the partial ionisation cross-sections of a molecule and compare these with the
corresponding experimental data. The modified BEB model has shown promising results
for the large number of cations formed due to electron impact ionisation for simple as well
as complex targets [82,83]. The studies have shown that the Born top-up programme can
be used to correct the experimental data of the TCS and ECS at any energy without relying
on the DCS. We are unable to address trends in the experimental results for the inelastic
process due to positron impact up to 7 eV. We expect the present results will surely be of
help for future investigations.
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Abbreviations

The following abbreviations are used in this manuscript:

SCE Single-Centre Expansion

ECS  Elastic Cross-Sections

DCS Differential Cross-Sections
TCS  Total Cross-Sections

TICS Total Ionisation Cross-Sections
1IE Ionisation Energy

BEB  Binary—Encounter-Bethe

HF Hartree-Fock

DFT  Density Functional Theory

IE Ionisation Energy

CcC Close-Coupling

eV Electron Volt

au Atomic Unit

IAM Independent Atom Approximation
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