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ABSTRACT

Context. Electron-molecule and positron-molecule interactions play a major role in the interstellar medium. Although several inelastic
channels have been studied in the literature, dissociative ionization studies of molecules are scarce.

Aims. To calculate the dissociative ionization cross-sections of cations emerging from H,S, OCS, LiH, and SiC, we present the
theoretical dissociative ionization cross-sections for the first time.

Methods. We computed electron and positron impact ionization cross-sections using a semi-empirical binary encounter Bethe (BEB)
method and we computed the partial ionization cross-sections (PICS) of cations using the mass spectrum dependence method coupled
with BEB. We used the Relative and Absolute Partial Ionization and Dissociation cross-section code to calculate the dissociation
energies.

Results. We present our findings on the dissociation energies of cations, along with the electron impact the PICS of cations, the total
electron-impact and direct positron-impact ionization cross-sections of neutral molecules (TICS and DICS), and the ionization rate
coefficients of cations.

Conclusions. The PICS calculations show a plausible agreement with the measured data for cations. In the case of dications, the
present model fails to reproduce the experimental cross-sections. This study is the first to present Maxwellian rates for partial cross-

sections.
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1. Introduction

Ionization represents one of the most fundamental and signif-
icant channels among inelastic processes occurring above the
threshold of a target. Both ionization and dissociation serve as
effective means of investigating the structural and dynamical
properties of a system, as well as to identify the major fragment
species produced (Marinkovi¢ et al. 2025). Given their broad
relevance, the need for accurate and reliable ionization cross-
section data continues to rise. The catalog of molecules relevant
to astrophysics is extensive and continues to expand. Investi-
gations of electron-molecule collision dynamics and associated
cross-sections provide a fundamental framework for understand-
ing the intrinsic properties of these targets. Electrons play a fun-
damental role in astrophysics and investigating their interactions
with molecules enhances our understanding of the chemical evo-
Iution of the Universe, as well as the conditions necessary for
the formation of planetary systems and life (Schippers et al.
2019). Likewise, positron interactions with molecules influence
the chemical makeup of these environments. In astrophysics,
studying positron scattering is vital for explaining annihilation
events taking place in the various regions of the Milky Way
(Siegert 2023). In this work, we calculate the electron impact
partial ionization cross-sections (PICS) of various cations aris-
ing from triatomic molecules, such as hydrogen sulfide (H,S),
and carbonyl sulfide (OCS), as well as diatomic molecules, such
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as lithium hydride (LiH), and silicon carbide (SiC). The electron
impact total ionization cross-sections (TICS), while the positron
impact direct ionization cross-sections (DICS) are presented for
all of the targets.

Interest in sulphur (S) atom-bearing molecules has been
rising since the early 1970s, from the detection of carbon mono-
sulphide (CS) in the interstellar medium (ISM) by Penzias et al.
(1971). During the same period, other S-containing molecules
such as carbonyl sulphide (OCS) were discovered by Jefferts
et al. (1971) and hydrogen sulphide (H,S) was observed for the
first time by Thaddeus et al. (1972). Subsequently, Heikkila et al.
(1999) detected the H,S molecule from an extragalactic source,
while SiC was discovered by Cernicharo et al. (1989). Except for
LiH, all the above molecules have been present in the 2018 and
2021 Census of Interstellar, Circumstellar, Extragalactic, Pro-
toplanetary Disk, and Exoplanetary Molecules (McGuire 2018,
2022).

For H,S, Dragoljub S & Milan V (1985) measured the
absolute total ionization cross-sections and electron attachment
cross-sections from 10 to 100 eV using a parallel plate interac-
tion chamber. Rao & Srivastava (1993) measured positive and
negative absolute ionization and attachment cross-sections in the
energy range of 0.001-1 keV, their work also includes measuring
the appearance potentials also known as appearance energies
(AE) for cations and doubly charged cations. Later Kim et al.
(1997) calculated the TICS of H,S using the binary encounter
Bethe (BEB) model developed by Kim & Rudd (1994). Lindsay
et al. (2003) measured the cross-sections from threshold up
to 1 keV for H,S, presented the absolute cross-sections of H*
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and the combined cross-sections for H,S* + HS* + S* with an
uncertainty of +7% and +6% using a time-of-flight mass spec-
trometer with a position-sensitive detector (PSD). Vinodkumar
et al. (2011) presented the TICS calculated using Improved
Complex Scattering Potential-ionization contribution (ICSP-ic).
Recently, Mahla & Antony (2025) calculated the total and
partial photoionization cross-sections of H,S and OCS using
R-matrix method. Apart from the cited application of TICS, the
electron impact PICS have not been calculated in the literature
using semi-empirical methods.

From the detection of OCS in the ISM to till date, there are
a plethora of investigations that have been performed on OCS
molecule and its radicals. Masuoka & Doi (1993) presented the
OCS photoionization cross-sections that were measured using
the time-of-flight mass spectrometry and a photoion-photoion
coincidence method together with synchrotron radiation in the
20-100 eV energy range for singly OCS*, doubly OCS?**, and
triply charged OCS**. Hudson et al. (2003) measured the elec-
tron impact ionization cross-sections of OCS from ionization
threshold to 250 eV and has also performed BEB calculations.
The dissociation of singly to triply ionized carbonyl sulfide
has been studied through electron impact ionization at an elec-
tron energy of 200 eV by Wang & Vidal (2003). Their OCS*
cross-sections display a good agreement with the BEB model
of Kim & Rudd (1994). The recent work by Lomas et al.
(2024) involved the use of a velocity map imaging study into
the electron impact dissociative ionization dynamics of OCS.
They also verified their experimental measurements by per-
forming an equation-of-motion coupled cluster (EOM-CC) and
complete active space self consistent field (CASSCF) potential
energy surface calculations (PES) for OCS* cation and OCS?*.
They presented the time-of-flight mass spectrum and relative
intensity of several cations, C*,O*, OC*,S*,CS*,OCS™, and
OCS?, dication measured at the incident electron energy of
100 eV. They also measured the dissociative ionization cross-
sections for the seven cations mentioned above from 40 to
100 eV limit. The ionization cross-sections calculated using the
BEB model were also recorded in the Astrochemistry Low-
energy electron cross-section Database (ALeCS) by Gaches et al.
(2024). The ionization cross-sections presented were calculated
using various quantum chemistry theory such as Hartree-Fock
(HF), second-order Mgller—Plesset perturbation theory (MP2),
screening corrected additivity rule (SCAR), and coupled cluster
with single, double, and triple excitations (CCSDT). However
the positron interaction cross-sections were not included in the
database.

Silicon is a key component of interstellar dust and despite
its low volatility, gas-phase organic molecules containing silicon
are relatively common in certain interstellar and circumstellar
environments. In the expanding shell around the evolved car-
bon star IRC+10216 (MacKay & Charnley 1999), eight such
molecules have been detected so far, including four silicon
carbides. Many more silicon carbides and other silicon-based
molecules likely exist in this and similar sources (McCarthy et al.
2000). With laboratory spectra available in the future, a number
of these could be identified using large radio telescopes. Some
of the most intriguing candidates are cyclic silicon molecules,
whose detection in space requires precise laboratory frequency
measurements because ring structures typically lack the harmon-
ically related rotational transitions seen in molecular chains. The
linear silicon carbides, SiC,,, where n = 3, 5-8 (McCarthy et al.
2000), are particularly promising for detection in IRC+10216
because theoretical calculations indicate they are highly
polar and should have favorable rotational partition functions
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(Cernicharo et al. 1989). Since SiC is highly refractory and only
condenses from vapor at high temperatures, it was traditionally
assumed that if they are present in space, it would be located
close to a star’s surface and have a small angular extent. How-
ever, observations revealed SiC at a substantial distance from the
central star in IRC+10216, in a region where temperatures are rel-
atively low (McCarthy et al. 2003). This observation underscores
the necessity of investigating the ionization cross-section of SiC,
as gaining insight into how it interacts with energetic particles in
these cooler, outer regions and how it influences the circumstel-
lar environment. Naghma & Antony (2013) calculated the ioniza-
tion cross-section of silicon carbides using the complex scatter-
ing potential-ionization contribution (CSP-ic) method. Despite
the significance of SiC in various astrophysical and material
science contexts, studies on its ionization cross-section remain
scarce. Therefore, in this present study, we focus on demonstrat-
ing both the total and partial ionization cross-sections of SiC.

Several years after the Big Bang, the first atoms formed
were light elements, including hydrogen (H), deuterium (D),
helium (He), and lithium (Li). As the Universe expanded and
cooled, radiation temperatures dropped, allowing charged ions
from these elements to recombine with electrons and form neu-
tral atoms (Maoli et al. 1994). These neutral atoms then engaged
in radiative association reactions, leading to the creation of
molecular species such as H,, HD, and lithium hydride (LiH;
Dalgarno et al. 1996). LiH has drawn significant attention in
cosmology due to its potential role in observations of the early
Universe (Peebles 2020). According to the hot Big Bang model,
the first stars formed in a primordial gas composed primarily of
hydrogen isotopes, helium isotopes, and lithium. Before the first
generation of stars emerged, LiH and its ionized form LiH* were
among the only molecular species available that could inter-
act with cosmic background radiation photons because of their
strong permanent dipole moments (Stancil et al. 1996; Bougleux
& Galli 1997). Lithium hydride’s notably large permanent dipole
moment enables strong rotational and vibrational transitions,
making it particularly important in astrophysical studies. More-
over, LiH likely played a significant role in cooling primordial
gases in the early Universe, an essential process that contributed
to the formation of the first stars (Maoli et al. 1996). Studies
on the electron scattering of LiH are very limited and insuffi-
cient. For the first time, Shelat et al. (2011) provided the TICS for
LiH calculated using the CSP-ic method. Recently, Umer et al.
(2025) studied using the molecular convergent close-coupling
method and calculated the TICS of LiH. We note that there is
no literature available on the PICS of LiH.

Hence, the electron impact ionization cross-section for astro-
physical molecules such as OCS, H,S, SiC, and LiH are impor-
tant, as these molecules are scarcely discussed in cross-section
studies in the literature. Here, we present the TICS, PICS and
ionization rate coefficient for these molecules.

2. Methodology

The open-source Fortran program known as Relative and Abso-
lute Partial Ionization and Dissociation cross-section (RAPID-
CS) by Graves (2024) can be used to compute branching ratios,
fragmentation pathways, and dissociation energies for single-
centered molecules. This program requires basic inputs, such as
molecular geometry, a basis set, and the desired level of detail for
the energy calculations. It utilizes either Molpro (Werner et al.
2012) or Psi4 (Smith et al. 2020) to carry out energy calculations.
We chose to work with Psi4 in this work. Moreover, this program
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provides an easy and quick implementation of the energies and
cross-sections, as discussed below.

2.1. Binary encounter Bethe model (BEB)

The BEB model is a simplified version of the binary-encounter-
dipole (BED) model developed by (Kim & Rudd 1994) for
electron impact total ionization cross-sections (TICS) for atoms,
molecules, and ions. The BEB model provides a simple, easy-
to-use formula for calculating total ionization cross-sections
without needing to include any fitting parameters. This method
calculates the TICS of each molecular orbital (i) and the sum of
each molecular orbital gives the TICS of the molecule,

N
o (E) = Z oPEB(E). (1)

The BEB formula to determine TICS is

2
O'?EB(E) _ 4ragN;
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where t;, = —,u; = B’ the incident electron energy (E), and

the Bohr radius (ag = 0.53 A), the Rydberg constant is (R =
13.61 eV), m; is the scaling factor, N; is the number of electrons
in i-th molecular orbital, and U;, B; represent the orbital kinetic
and binding energies of the orbital, i.

The BEB models for positron impact have been derived
from the original BEB model by Fedus & Karwasz (2019) and
Franz et al. (2021). There have been four positron-BEB models
developed to date: BEB-0, BEB-W, BEB-A, and BEB-B. The
difference between BEB and the positron versions is that the
exchange term in BEB is neglected for the positron impact. At
energies near the ionization threshold, positron impact can lead
to positronium (Ps) formation or annihilation, which is not con-
sidered in the BEB model. Hence, it is referred to as positron
impact direct ionization cross-section (DICS). Fedus & Karwasz
(2019) modified the original BEB model to develop BEB-0 for
positron impact,

47ra§N,-
(Bi/R)*(t; + (u; + 1)/m;)
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Here, we adopted the BEB-0 model to calculate the cross-
sections for positron impact.

O'?EB_O(E) —

3)

2.2. Dissociation energies and fragments selection process

For the diatomic molecule AB, the dissociation pathway and
energy due to electron or positron impact ionization are shown
below.

Fragmentation pathways:

e+ AB > ABT + e + e/t
S A" +B+e +e ' “)

S A+B +e +e /.

Dissociation energies for fragments,

Dy = E(A*) + E(B) — E(AB*) + IP,
Dy = E(A) + E(B*) — E(AB*) + IP.

The charged fragments A* and B* are generated with the
associated dissociation energies D4+ and Dp+, total energy of
the fragments E(X), and the ionization energy (IP) of the par-
ent molecule AB. The dissociation energies were calculated
using CCSD with an augmented correlation-consistent polarized
Valence Double-Zeta (aug-cc-pVDZ) basis set, using RAPID-
CS (Graves 2024) and Psi4 (Smith et al. 2020). For the triatomic
molecules, the selected fragmentation pathways are discussed
(with examples) in Section 3.

2.3. Branching ratios

Once the dissociation energy (D;) of a fragment is known,
the branching ratio can be determined. We present Huber
et al. (2019)’s method to find the branching ratios. The un-
normalized probability (b;) of formation of the fragment (j) can
be determined using dissociation energies, following the method
proposed by Huber et al. (2019), expressed as

l a
by = (D_]) | 5)

Here, b; is the un-normalized probability of a fragment, 7, and «
is set to 3 for the electron scattering, determined by Huber et al.
(2019). We note that a is not energy-dependent.

To normalize the probability, the condition is given by

0 if £< Dj
Ti(E) = % it E>D;" ©)
i P
Here, I';(E) is the branching ratio of the fragment, E is the
impact electron or positron energy, and k is the total number
of fragments. If the electron/positron impact mass spectrum is
available, we can calculate the branching ratio of fragment as
the ratio of the relative intensity of the fragment j, R;(E), to
that of the total ion intensity T(E), as I';(E) = R;(E)/T(E). In
principle, this is same as Eq. (6). At £ > D;, the value of I';(E)
depends on the impact energy. We can validate that I';(E) repre-
sents the asymptotic branching ratios, which is when E goes to
infinity via

0 if £< Dj
T¥SP(E) = {T/(E) [1 - (%) ] if E>D;. @)

Here, MSD refers to the mass spectrum-dependent branching
ratio. The dependence of the branching ratio on the incident elec-
tron energy arises from the dissociation energies associated with
individual dissociation channels. When the incident electron
energy is below the dissociation energy of a given cationic frag-
ment, no dissociation occurs. Once the incident energy equals
or exceeds the dissociation energy (D), dissociative ionization
becomes likely, and the channel opens. Since the mass spectrum
is measured as a function of incident electron energy, different
dissociation channels open at different energies. Consequently,
the branching ratio is not constant, but varies with the incident
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electron energy and computing Eq. (7) makes this possible. The
value of v, determined by Janev & Reiter (2004), is 1.5 + 0.25,
v = 1.5, which is the value adopted in this work. In addition, the
summation of I';(E) should be unity and must follow the condi-
tion I';(E) = o ;(E)/o(E), where o ;(E) is the partial ionization
cross-section of the cation. Huber et al. (2019) introduced this
approach and Graves et al. (2022) incorporated the approach into
RAPID-CS (Graves 2024).

2.4. PICS

To calculate the PICS the branching ratio (F;”S Dy is multiplied
by the total ionization cross-section of the parent molecule,

o1 (E) = TYPP(E) x or(E). (®)

2.5. Thermal rate coefficients

The thermal rates are calculated using the Maxwell-Boltzmann
(MB) distribution function,

8 00
ki(T,) = 4 /ﬂ'—me(kBTe)?, j(; o(E)exp (_

In the above equation, kp is the Boltzmann constant, m, is the
mass of the electron, T, is the electron temperature, o°(E) is the
total or partial ionization cross-section in 107'¢ ¢cm?, and E is
the incident kinetic energy. The modified Arrhenius equation is
expressed as

E
EdE.
kBTE) ‘ )

ki(Te) = AT, X exp(=Eact/Te), (10)
where the AT) the pre-factor is dependent on temperature in
cm3s™!, while the activation energy (E,) is also represented in
eV. The extrapolation parameters are: A (cm3s’1eV’"), n, and

E,.; from the rate coefficients.

3. Results

All the molecular structures were optimized using DFT/aug-
cc-pVTZ (aVTZ), while the orbital binding energies (B;) and
orbital kinetic energies (U;) were calculated using the Hartree-
Fock (HF)/aVTZ. The HF approximation is considered here as
the BEB TICS calculated with orbital parameters obtained from
the HF approximation is found to give reasonable agreement
with the experimental TICS measurements within the experi-
mental uncertainty of 10 ~ 15% (Karwasz et al. 2014). The BEB
TICS obtained using post-HF methods such as DFT, where the
electron correlations are addressed, tend to be higher than the
experimental TICS (Gupta et al. 2017; Shanmugasundaram et al.
2024); hence, they are not considered in the present study. In the
present work, we use the scaling factor (m;) in the BEB model,
as shown in Eq. (2). In general, this term can be neglected if we
are dealing with molecule consisting of atoms of Z < 10. As the
current molecular targets consists of Silicon (Z = 14) and Sul-
fur (Z = 16) atom, we chose to include this. In short, m; is the
principal quantum number of the dominant atomic orbital (AO)
of a molecular orbital (MO). To calculate m;, the association of
each atomic orbital with each molecular orbital can be found
by calculating the square of the linear combination of atomic
orbital-to-molecular orbital (LCAO-MO) coefficients ICH,‘I2 and
checking the atomic orbital with the highest value. The squared
coefficient shows the probability density of each basis function
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Table 1. Occupied molecular orbitals for H,S.

SNo MO B;(V) U;V) N Dominant AO
1 la; 2502.07 329737 2 Sls
2 2a, 24359 50878 2 S2s
3 3a; 180.56 47792 2 S2p
4 1b, 180.56  479.15 2 S2p
5 1b, 180.56 47915 2 S2p
6 4a, 25.85 5494 2 S3s
7 S5a, 17.32 3407 2 S3p
8 2b; 10.07 4407 2 S3p
9 2b, 10.48" 4407 2 S3p

Notes. Each orbital has an occupation number (V). The dagger ()
represents the experimental IP from Kim et al. (1997).

to the molecular orbital in the setting of LCAO theory. We get
a first-order quantitative estimate of orbital characters; however,
the drawback is that such an approach ignores multi-center con-
tributions and is strongly correlated to the basis set. Kim et al.
(1997); Ali & Kim (2008) employed this method in their works
to calculate TICS for several diatomic, triatomic, and polyatomic
molecules. As done by Ali & Kim (2008), we kept the scaling
factor to be unity for ls, 2s, and 2p atomic orbitals. However,
for atomic orbitals where the principal quantum number is >3,
the BEB model significantly underestimates the cross-sections at
lower incident energies. To correct this inadequacy, m; ought to
be introduced. Huo & Kim (2000) discussed the fact that systems
with heavy atoms (i.e., an electron with n > 3) has the major-
ity of its charge distribution out of the core region. Whilst the
penetration probability into the core is small, once it is inside,
it travels with a very high velocity. On the contrary, ionization
is favorable while the electron is outside the core region and
moving more slowly. Scaling by 1/m; effectively lowers their
impact from the core region. Moreover, the factor (u; + 1) must
be removed in the limit of any unbound target electron to be con-
sistent with the original Mott cross-section. Hence, the factor
should gradually be reduced for loosely bound valence electrons.
All the aforementioned calculations were performed using the
PySCEF library in Python (Sun et al. 2018, 2020). In the follow-
ing subsections, we present the PICS, TICS, and DICS results,
along with the rate coefficients.

3.1. H»S: Hydrogen sulfide

The PICS were calculated using the BEB model as presented in
Sect. 2.1 and the required input parameters are given in Table 1.
The possible fragmentation pathways for H,S are:

H,S + ¢ — HoS* +2¢7; (R1)
— H" +HS +2¢7; (R2)
- H] +S+2¢7; (R2)
— ST +H, +2e; (R3)
— HS*+H +2¢7; (R4)
— H,S* +3e7; (R5)
- S*™+Hy,+3¢”.  (R6)

The measured appearance potentials of Rao & Srivastava
(1993) were used to calculate the branching ratio of each cation
using Huber’s method, as discussed in Sect. 2.3. This was due



Shanmugasundaram, S., et al.: A&A, 709, A217 (2026)

Table 2. Partial cross-sections and Arrhenius parameters of H,S.

Cation m/z AE Dj Fj A n Eu T ax(E)
eV) (eV (eV)

H* 1 20.05 1445 0.1262 112 036 1491 0.744 (54)
H 2 16.50 16.68 0.0821 0.78 0.33 17.28 0.466 (58)
S 16 40.05 3447 0.0093 0.10 0.28 3522 0.041(93)
H,S* 17 32.00 3039 0.0135 0.15 0.29 31.14 0.063 (85)
S* 32 13.45 12.09 0.2156 1.74 038 1229 1.321(50)
HS* 33 1435 1295 01754 148 037 13.30 1.060 (51)
H,S* 34 1045 10.03 0.3776 292 039 10.05 2.396 (46)
Notes. Dissociation energies (D;), branching ratios (I';). The fitting

parameter, A, is characterized by a dimension of 108cm3s~'eV™, n is
dimensionless, and activation energy, E,., (eV), of the cations of H,S.
Appearance energies (AE) are from Rao & Srivastava (1993), while
O max(E) is the maxima of our calculated cross-section in 107'° cm? and
the incident energy (E) in eV.

to the absence of an absolute electron impact mass spectrum
of H,S. The appearance energy corresponding to each pathway
and the calculated dissociation energy are presented in Table 2.
We compared our calculated cross-sections with the literature
data of Rao & Srivastava (1993) and Lindsay et al. (2003) in
Fig. 1. The overall agreement of the present calculation with
Rao & Srivastava (1993) is good for cations S*, HS*, H,S* and
our combined cross-sections of S* + HS* + H,S* are a good
match to the Lindsay et al. (2003) measurements. The uncertain-
ties of Rao & Srivastava (1993) are +13% and Lindsay et al.
(2003) are approximately +7.5%. The maximum cross-section
of H* is 0.744 x 1071 cm? at 54 eV from our calculations and
it was measured to be 0.173 x 1076 cm? at 75 eV by Rao &
Srivastava (1993), followed by 0.628 x 107! cm? at 80 eV in
the work of Lindsay et al. (2003). Similarly for the combined
cross-sections ST + HS* + H,S* the maxima was found to be
47728 x 1071 cm? at 48 eV from our calculations, whereas
the data of Rao & Srivastava (1993); Lindsay et al. (2003) give
3.71x107'% cm? at 70 eV and 5.03 x 1076 cm? at 40 eV. The cal-
culated partial ionization cross-sections for the cations S*, HS™,
and H,S* show maxima of 1.321 x 1071 cm?, 1.060 x 107'° cm?,
and 2.396 x 107'% cm? at incident electron energies of 50 eV, 51
eV, and 46 eV, respectively. On the contrary, the measured data
of Rao & Srivastava (1993) peaks at smaller cross-section values
(0.895 x 107" cm?, 0.834 x 1071 cm?, and 1.996 x 10~'® cm?)
and at considerably higher incident energies of 75, 80, and 70 eV,
as observed from Figure 1. The huge disagreement observed in
the lighter ions could be due to errors in the experimental mea-
surements, as the lighter ions travel relatively at a higher speed
than the larger ions Douglas et al. (2005). For the dications, the
BEB model and Huber’s method are not able to account for the
Auger-Meitner process or Coulomb explosion; hence, the large
discrepancy.

It can be seen that the pathways R2, RS, and R6 have the
highest appearance thresholds and the smallest branching ratios
from Table 2. The branching ratios are computed using Eq. (6),
which shows an inverse relationship with the dissociation thresh-
old. As aresult, we expect the fragments with higher dissociation
energies to have lower branching ratios.

The TICS results are presented in Fig. 2, calculated using the
B; and U; values shown in Table 1. The present TICS maxima is
6.05 x 107'% cm? at 51 eV shown in solid blue line. The peak of
our TICS calculation is higher than the literature, as the scaling
factor, m;, was set to 3. This was because the 2b orbitals (2b; +
2b,) and 4aj, 5a; orbitals had principal quantum numbers of
dominant AO of 3, as shown in Table 1.

H* H
= Present
A Rao (1993) 44
0.6 B Lindsay (2003) 04
0.4
0.2
0.2
0.0 1 0.0 A A A A o0bddh
10! 10 10° 10! 102 10%
S+ HpS*
0.04 1 0.06 1
0.03 1
0.044
= 0.029
001 i 021 g ;hﬁk
Z - :
£0.00 1 0.00 7
s 10 10° 10° 10" 102 107
g
|
&

102 10°
H,S* + HS* + S+

@ Present
A Rao (1993)
. B Lindsay (2003)

10! 10% 10° 10! 10? 103

Kinetic energy (eV)

Fig. 1. PICS of cations dissociating from H,S: present data (solid red
line) compared with the measurements from (Rao & Srivastava 1993,
lilac upright triangles) and Lindsay et al. (2003, green squares).

The calculated TICS shows a good match with the measure-
ments of Dragoljub S & Milan V (1985) and also contained
within the uncertainties reported by Lindsay et al. (2003).
Our cross-sections were higher than the Rao & Srivastava
(1993) measurements and calculations of Kim et al. (1997) and
Vinodkumar et al. (2011). Kim et al. (1997) also used the scal-
ing factor m; = 3 only on the (2b,) orbital and their B; and U;
values were 10.48 eV (experimental IP) and 45.68 eV and their
dominant AO of 2b, MO is S 3p. The dashed gray line in Fig.
2 represents the cross-section where the scaling is m; = 3 for
only the 2b, orbital, as shown by Kim et al. (1997); this result
is also within the uncertainties of Lindsay et al. (2003). We
believe that the huge discrepancies between our present TICS
with the calculations in literature data are due to the values
of orbital binding and kinetic energies calculated using aVTZ
plus the inclusion of the scaling factor (m;). In Fig. 3, rate
coefficients are presented for all fragments calculated using the
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Cross sections (10~ cm?)
w
A
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Fig. 2. TICS of H,S: present TICS (Solid blue line), Present TICS
where the kinetic energy of the HOMO / 3 (dashed grey line), Summa-
tion of all calculated PICS (dashed coral colored line), Recommended
data from the ALeCS database from Gaches et al. (2024) (dashed-
dotted green line); Linstrom & Mallard (2001) NIST BEB data (solid
pink line); Vinodkumar et al. (2011) BEB data (Solid orange line); Kim
et al. (1997) BEB data and Kim et al. (1997) BEB data scaled with the
kinetic energy of the HOMO / 3 (dashed brown line); Dragoljub S &
Milan V (1985) measurements (black diamond); Lindsay et al. (2003)
measurements (green squares); and Rao & Srivastava (1993) measure-
ments (upright lilac triangles).

corresponding cross-sections shown in Figs. 1 and 2. For the H,S
parent molecule’s TICS, the calculated rate coefficients were
fitted with modified Arrhenius equation, the fitting parameters
A, n,and E,, are 5.58 x 1078 cm® s™! eV, 0.48, and 11.04 eV.

3.2. OCS: Carbonyl sulphide

The values of B; and U; are shown in Table 3. The literature
value of ionization potential is 11.180 +0.010 eV. We used these
values to calculate the TICS using the BEB model. For a lin-
ear triatomic molecule OCS, with the structure of O=C=S, the
possible fragmentation pathways are:

OCS + e~ = OCS* +2¢7; (AD)
— OC*+S+2e; (A2)
— OC+S* +2¢7; (A3)
- O"+CS* +2¢7; (A4)
— CS+ 0" +2¢7; (A5)
— SO" +C+2e; (A6)
— SO+ C*+2e; (A7)
S 0" +C+S+2¢; (A8)
- 0+C"+S+2¢; (A9)
- O0+C+S*"+2e; (A10)
— OCS™ +3¢™. (A1)
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Fig. 3. Rate constants of the cations of H,S: solid curves show the rates

calculated using the MB distribution. Dashed lines show the extrapo-
lated data using the modified Arrhenius equation.

Table 3. Occupied molecular orbitals for OCS.

S.No MO B; (eV) U; (eV) N Dominant AO
1 la; 2503.18 3297.41 2 Sls
2 2a, 562.04 794.31 2 Ols
3 3a; 311.08 436.00 2 Cls
4 4a, 244.77 508.99 2 S 2s
5 Sa, 181.69 477.87 2 S2p
6 1b; 181.61 478.86 2 S2p
7 1b, 181.61 478.86 2 S2p
8 6a, 40.97 76.29 2 02s
9 Ta; 29.94 60.21 2 S 3s
10 8a, 21.12 72.58 2 O3p
11 2b, 17.97 50.17 2 O3p
12 2b, 17.97 50.17 2 O3p
13 9a, 17.35 60.78 2 S 5s
14 3b; 11.51 49.56 2 S3p
15 3b, 11.51 49.56 2 S3p

The fragmentation pathway should be selected carefully. The
double-ionization pathways and the pathways with new bond
formation should be excluded when using Huber’s method. Path-
ways A6 and A7 are not allowed since they require the formation
of a new bond: S = O. If two fragmentation pathways produce
the same charged fragment, only the one with the lowest energy
is considered. Also, if two fragments are identical, the two path-
ways would be equivalent. Consequently, one of these pathways
is excluded by comparing the fragment energies to identify and
eliminate duplicates.

In Table 4, we show the relative intensities for different
cations dissociating from OCS taken from different sources at
various incident energies. Lomas et al. (2024) measured the
EIMS at 100 eV of incident electron energy, Wang & Vidal
(2003) measured the EIMS at 200 eV and the data posted from
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Fig. 4. PICS of cations dissociating from OCS: present calculation
(solid red line), Lomas et al. (2024) measurements (blue upright tri-
angles), our PICS calculation at 200 eV (yellow circles), and Wang &
Vidal (2003) measurements at 200 eV (black diamonds).

NIST (Linstrom & Mallard 2001) assumed to be at 70 eV. We
performed two individual PICS calculations:

1. The PICS calculated using the mass spectrum data from the
work of Lomas et al. (2024) from appearance threshold to
5keV;

2. The PICS calculated using the mass spectrum data from the
work of Wang & Vidal (2003) at 200 eV.

For the cations O*, S*,OCS*, both calculations display an
acceptable agreement, as shown in Fig. 4. In the case of C*, the
Wang & Vidal (2003) data match our 200 eV calculation. For
the other cations, the measurement of Wang and Vidal and our
calculations do not show as good a match.

When we compare the PICS measurements of Lomas et al.
(2024) with our PICS calculation (red line) in Fig. 4, we do see
a plausible agreement with the measurements, with the excep-
tion of OCS*, which does not display a good agreement. The
inadequacy is due to the absence of appearance potentials in the
literature. We believe the appearance potentials must be slightly
greater than our calculated dissociation energies. We could not
verify this because the Lomas et al. (2024) partial cross-sections
are measured from 40 to 100 eV. The maximum partial ioniza-
tion cross-sections in the present work and those from Lomas
et al. (2024), the measurements of each cations are as follows.
For C*, the calculated PICS were found to be 0.4768 x 10716 ¢cm?
at 86 eV whereas the measured cross-sections were 0.5571 X
1071 cm? at 90 eV. In the case of O*: 0.3137 x 107! cm? at
78 eV and the measured PICS were 0.3342 x 107'¢ cm? at 100
eV. For OC*: 0.7342x 107! cm? at 65 eV and the measured data
was 0.8052 x 107'® cm? at 80 eV. For OCS?**: 0.3270 x 1071°
cm? at 91 eV and the measured data was 0.4138 x 1076 cm?
at 70 eV, ST 2.7474 x 10716 cm? at 59 eV and the measured
PICS is 2.9275 x 107'® cm? at 95 eV. For CS*: 0.3075 x 1071°
cm? at 70 eV and measured PICS 0.3311 x 1076 cm? at 65 eV.
For OCS*: 2.5299 x 1076 cm? at 51 eV and the measured PICS
2.2336 x 107'% cm? at 100 eV.

In Fig. 5, we present the total ionization cross-sections and
a comparison with the literature. Our calculation yielded maxi-
mum TICS of 7.3349 x 1071 cm? at 63 eV, whereas the scaled
BEB maximum cross-section is 5.4477 x 10716 cm? at 79 eV.

Measured Lomas et al. (2024) maximum cross-sections are
7.44 x 10716 cm? at 100 eV, while the Hudson et al. (2003) BEB
calculations display a maximum cross-section of 4.9 x 10716 cm?
at 160 eV. The ALeCS database contains the TICS results
calculated using CCSD(T) orbital binding and orbital kinetic
energies. Gaches et al. (2024) reported a maximum cross-section
of 4.4680 x 1071° cm? at 94.73 eV. The Kim et al. (1997) calcu-
lation displays a maximum cross-section of 4.9863 x 107! ¢cm?
at 83.51 eV. The data from Srivastava display a peak around
5.3 x 107'¢ ¢cm? at 135 eV in the work cited by Kim et al. (1997)
as private communication. The kinetic rate constants for the par-
tial and total ionization cross-sections were fitted for using the
modified Arrhenius equation to predict the rate coefficients up
until 100 eV. The values of the fitting parameters for TICS rate
coefficient are: A, n, and E,.; as 4.37x 1078 cm?® s™! eV, 0.622,
and 12.56 eV. The rate coefficients are shown in Fig. 6.

3.3. LiH: Lithium hydride

The LiH PICS for the cations shown in Fig. 7 were calculated
using the parameters provided in Table 6. The selected fragmen-
tation pathways used to find dissociation energies for the cations
are:

LiH + ¢~ — LiH" + 2¢7; (B1)
— H* +Li+2e; (B2)
SLit+H+2. (B3

The PICS of the cations Li* closely match with the LiH*
because both cations have similar dissociation energies. The
maximum PICS are 0.2212x 10716 cm? at 47 eV for H*, 2.3448 x
1071% ¢cm? at 30 eV for Li*, and 2.3737 x 1071 cm? at 30 eV for
LiH*. The comparison of the PICS for LiH is not available in the
literature.

The TICS in Fig. 8 is calculated using the input parameters
in Table 5. The maximum TICS observed for LiH is 4.906 x
1071 cm? at 31 eV. Umer et al. (2025) shows a reasonable
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Table 4. Partial cross-sections and Arrhenius parameters for OCS.

Cation m/z EIMS Dj (eV) T, A n Eper €V)  Opan(E)
"100eV  *200eV  *NIST 100eV  *200eV 10716 cm?

c* 2 72 0.4 - 2854  0.0755 00918 103 031 2915 0.4768 (36)
o* 16 45 10.8 1.24 2457 00472 00382 064 031 2517 0.3137 (78)
oct 28 97 21.9 13.9 1859  0.1017 00775 134 032 19.29 0.7342 (65)
oCcs* 30 5.1 8.2 - 31.18 0.0535 0.0290 0.74 030 3185 0.3270 (91)
S+ 32 346 99.9 57.9 1537 03630 03527 442 034 16.03 2.7474 (59)
CS* 44 42 3.8 75 20.88  0.0440 00136 059 031 2157 0.3075 (70)
oCS* 60 30 100 100 1143 03147 03530 322 039 1170 2.5299 (51)

Notes. The dissociation energy (D;), branching ratio (I';), the fitting parameters A has the dimension of (108cm3s~'eV™), n is dimensionless
and activation energy E,. (eV) of the cations dissociating from OCS. The relative intensity (RI) of the cations are shown, (}) represents the EIMS
measurement made at 100 eV Lomas et al. (2024), the (#) represents the EIMS Wang & Vidal (2003) measurements at 200 eV and (%) the EIMS
data from NIST (Linstrom & Mallard 2001). 0 ,,(E) is the maxima of our calculated cross-section in 107'® cm? and the incident energy (E) in eV.
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Fig. 5. TICS of OCS: present data (solid red line), summation of all  Fig, 6. Rate constants of the cations of OCS: solid curves show the rates
calculated PICS (solid green line), Lomas et al. (2024) measurements  calculated using the MB distribution. Dashed lines show the extrapo-
(upright triangle), Gaches et al. (2024) CCSD(T) calculations (dashed  1lated data using the modified Arrhenius equation.

purple line), Hudson et al. (2003) BEB data (dashed blue line), Wang

& Vidal (2003) measurement and BEB data at 200 eV (black diamond _ .
and blue cross), Kim et al. (1997) BEB calculation (dashed black line), ~Present TICS shows a good match at low energies; however, it
and the Kim et al. (1997) measurements (orange circles) based on the underestimates the Shelat et al. (2011) data at higher energies.

Srivastava data. The kinetic rates were calculated for the PICS and TICS of
LiH using the modified Arrhenius function. The fitting parame-
Table 5. Occupied molecular orbitals for LiH. ters A, n, and E, are 7.36 X 1078 cm3 5! eV™",0.30, 8.012 eV,

for total rate coefficient of LiH and the rates are shown in Fig. 9.

S.No MO B; (eV) U; (eV) N Dominant AO
1 la; 66.56 08.08 > Lils 3.4. SiC: Silicon carbide

2 2a, 8.20 10.59 2 Hls Table 8 provides the necessary data, such as mass to charge ratio,
dissociation energies, and the branching ratio used to calculate
the PICS for SiC. Using these data, the calculated PICS are
illustrated in Fig. 10. The fragmentation pathways for SiC are:

agreement with the present TICS, as it was calculated using
the molecular convergent close coupling (MCCC) method. SiC + e~ — SiC* +2¢7; (C1)
Models A and B from Shelat et al. (2011) were calculated + {420 7
using the CSP-ic method by varying the ratios of total inelas- - C.++ Si+ e_, €2)
tic cross-section to the total ionization cross-section values. The - Si" +C+2e. (C3)
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Table 6. Partial ionization cross-sections and Arrhenius parameters for
LiH.

Cation m/z Dj Fj A n Eact O—max(E)
V) eV) 107'%cm?

H* 1 15.93 0.0529 0.529 0.213 16.76 0.2212 (47)

Li* 6.9 768 0470 3.80 0.281 8.07 2.3448 (30)

LiH* 79 7.65 0476 3.82 0.282 8.02 2.3737 (30)

Notes. Dissociation energies (D;), branching ratios (I';), The fitting
parameters A has the dimension of (10~%cm3s~'eV™"), n is dimension-
less and activation energy, E,., (eV), of the cations dissociating from
LiH. Finaly, 0,,,,(E) is the maxima of our calculated cross-section in
107'® cm? and the incident energy (E) in eV.
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Fig. 7. PICS of cations dissociating from LiH: present calculations of
LiH" (solid gray line), Li* (solid light green line), and H* (solid dark
green line).

These fragmentation pathways, as mentioned above, do not
include dications. For these cations, there are no data presently
available for comparison. The maximum cross-section observed
for SiC*is 4.5734x 1071 cm? at 50 eV, C* is 0.1093 x 10716 ¢m?
at 100 eV, and Si* is 0.0866 x 10~'® cm? at 105 eV. The cation
SiC* exhibits a larger cross-section, compared to both Si* and
C*; this trend is observed to be in line with what is expected from
Eq. (5). When the D; value is low, the resulting cross-section is
larger.

Figure 11 illustrates that the present TICS calculated with the
input parameters in Table 7, using the BEB model, is compared
with the CSP-ic data of Naghma & Antony (2013). The present
TICS shows a maximum cross-section of SiC, 4.707 x 1071 cm?
at 54 eV. The present data agree well at lower energies, but
at higher energies, the CSP-ic results end up underestimated.
Furthermore, there are no other published data available for com-
parison. The rate coefficients for the PICS and TICS of SiC
are presented in Fig. 12. The fitted parameters for rate constants
using a modified Arrhenius equation for the TICS of SiC; A, n,
Eq are 4462 x 1078 cm® s eV, 0.475, and 11.202 eV.

Present TICS
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Umer BE Scaled (2025)
&; N Shelat A (2011)
o + Shelat B (2011)
3? Umer MCCC+Born (2025)
o
Z 31
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101 162 1(I)3
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Fig. 8. LiH TICS: the present BEB calculation (solid purple line); sum-
mation of the PICS (dashed black line); Umer et al. (2025) MCCC
(dashed green line); Umer et al. (2025) BE-scaled cross-section (dashed
magenta line); Shelat et al. (2011) csp-ic model A (dashed yellow line);
Shelat et al. (2011); csp-ic model B (dashed pink line); Umer et al.
(2025) MCCC Born-corrected (dashed light blue line).
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Fig. 9. Rate constants of the cations of LiH: solid curves show the rates
calculated using the MB distribution. Dashed lines show the extrapo-
lated data using the modified Arrhenius equation.

3.5. DICS

We present the direct positron impact ionization cross-sections
of the molecules in Fig. 13. The maximum cross-sections for
H,S, OCS, LiH, and SiC are 4.9281 x 107'® ¢cm? at 59 eV,
5.9414 x 107!° cm? at 74 eV, 6.1077 x 1071 cm? at 25 eV, and
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Table 7. Occupied molecular orbitals for SiC.

S.No MO B; (eV) U; (eV) N Dominant AO
1 la; 1871.66 2509.78 2 Sils
2 2a, 308.22 434.56 2 Cls
3 3a; 168.94 358.27 2 Si2s
4 4a, 118.13 325.71 2 Si2p
5 1b, 116.48 331.47 2 Si2p
6 1b, 116.48 331.47 2 Si2p
7 Sa; 24.09 75.07 2 C2s
8 2b, 14.09 45.02 2 C3p
9 2b, 14.09 45.02 2 C3p
10 6a; 10.25 35.19 2 SiSs

Table 8. Partial ionization cross-sections and Arrhenius parameters for
SiC.

Cation m/z D; Eur  Opax(E)
(eV) eV) 107'%cm?
Cct 12 34.06 0.030 0.249 0.305 34.757 0.109 (100)

Si* 28 36.48 0.024 0.200 0.308 37.131 0.086 (105)
SiC* 40 10.86 0.944 4.69 0.454 11.293 4.573 (50)

Fj A n

Notes. Dissociation energies (D), branching ratios (I';), fitting param-
eter, A, with a dimension of (10-3cm’s~'eV™), n is dimensionless, and
the activation energy is E,., (eV) for the cations dissociating from SiC,
O max(E) is the maxima of our calculated cross-section in 107'¢ cm? and
the incident energy (E) in eV.
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SiC+
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Partial ionization cross section (1076 cm?)
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100 10* 10% 103
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Fig. 10. PICS of cations dissociating from SiC: present calculations of
SiC* (solid gray line), Si* (solid light green line), and C* (solid teal
line).

4.6141 x 107'% cm? at 60 eV. When comparing DICS data with
the electron impact TICS (not shown here), it was found that
DICS are greater in magnitude. This is due to the absence of
electron-electron exchange interaction (In#;/¢; + 1) in the BEB-0
model. We were unable to find positron impact DICS for these
molecules in the literature.
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Fig. 12. Rate constants of the cations of SiC: C* (teal), Si* (coral), and
SiC* (light blue). Rates of TICS of SiC (light green). The solid curves
represent the rates calculated using the MB distribution, dashed lines
represent the extrapolated data using the modified Arrhenius equation.

4. Conclusion

We present the electron impact total ionization cross-sections
and dissociative ionization cross-sections of several cations aris-
ing from the neutral diatomic and triatomic molecules: LiH,
SiC, H,S, and OCS. We also compare our PICS calculations
of H,S and OCS with the measurements reported by Lindsay
et al. (2003); Wang & Vidal (2003); Rao & Srivastava (1993),
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Fig. 13. DICS of H,S (solid blue line), OCS (solid red line), LiH (solid
green line), and SiC (solid orange line).

and Lomas et al. (2024). With respect to LiH and SiC, this work
is the first to present such a dataset. The importance of the scal-
ing factor for Z > 10 atoms has been explored for molecules
with heavier sulfur, as well as the silicon atom. Our total ion-
ization cross-sections of LiH display a plausible agreement with
the results reported by Umer et al. (2025). We also calculated
the corresponding rate coefficients for partial and total ionization
cross-sections for the electron impact. Finally, the direct ioniza-
tion cross-sections presented here comprise the first such data
in the literature with respect to positron scattering. We believe
our findings are useful in the context of building astrochemical
networks.

Data availability

The datasets generated during this study are available on Zenodo
athttps://doi.org/10.5281/zenodo.18741715.
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