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Abstract: The electron impact partial ionization cross-sections of molecules such as methane, water
and nitromethane are computed using a modified form of the binary encounter Bethe (BEB) formula.
The modified form of the BEB model works on rescaling the molecular binding energies of the
orbitals and the scaling of cross-sections using the electron ionization mass spectrometry data. The
computed partial ionization cross-sections are consistent with the recommended data and are better
than several experimental and theoretical results. The summed partial ionization cross-sections
of different fragments also agree with the total ionization cross-sections obtained from BEB and
the experimental data. This work highlights the utility of mass spectrometry in the modeling and
interpretation of the ionization cross-section data. The limitations and the advantages of the modified
form of the BEB model are also discussed.

Keywords: electron collision; ionization cross-sections; BEB model; mass spectrometry; appearance
energy; semi-empirical methods; close-coupling methods; differential oscillator strengths

1. Introduction

The electron impact ionization cross-sections of a molecule and its fragments created
due to dissociation are relevant in fields such as low-temperature plasma, radiation chem-
istry, fusion reactors and plasma processing [1-9]. The cross-sections are also required to
model the charge carrier balance in plasma and gas-phase media [10,11]. The ionization
rate coefficients of the cations, which are essential in various plasma applications, such
as gas discharge and flowing afterglow studies [12], can be obtained using the partial
ionization cross-sections. The inter-channel coupling between the discrete spectrum and
continuum states, the presence of a large number of channels and the multicenter nature
of the molecule make it very difficult to model the scattering phenomenon using the
ab initio methods based on the close-coupling (CC) scheme [13]. Theab initio methods
such as convergent close coupling [14] and time-dependent close coupling [15] have pro-
duced cross-sections due to dissociative and total ionization processes for lighter diatomic
molecules and atoms only. The semi-empirical methods, such as the binary encounter
dipole (BED) or binary encounter Bethe (BEB) [16], Deutsch and Mirk formalism [17] and
Khare-Jain model [18], are frequently used to estimate total ionization cross-sections. The
modified semi-empirical form of Jain and Khare has been used to compute partial as well as
total ionization cross-sections [19-21]. Both the BED and modified Jain and Khare models
have differential dipole oscillator strength as the key input parameter. This quantity is
always challenging to obtain and has thus limited the wider applicability of both these
models. On the other hand, the BEB model is independent of the differential oscillator
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strength and has several other advantages, e.g., it does not require knowledge of the bound
or continuum wave functions and fitting parameters. Moreover, the BEB cross-section
has a very simple analytical form. The total ionization cross-sections in the BEB model
are obtained using input parameters such as the occupation number, binding energy and
kinetic energies of the occupied orbitals, which are easily obtained from quantum chemical
software. This makes the BEB model very simple to use in comparison to other methods.
Moreover, the BEB model has satisfactorily reproduced the experimental total ionization
cross-sections of many molecules over a wide energy range and for different quantum
chemical approaches [22-26].

However, the BEB model cannot be applied to estimate ionization cross-sections of
fragments produced either due to ionization or dissociative ionization processes. In the
present work, we have modified the BEB model and investigated its efficacy by computing
partial ionization cross-sections of molecules such as methane, water and nitromethane.
Nitromethane, in comparison to the other two molecules, has a significantly large number
of ionic species. The results obtained from the modified BEB (m-BEB) model are consistent
with the experimental results for all three targets considered. The work establishes a close
link between the modeling of ionization cross-sections and electron mass spectrometry. It
also addresses the vital issue of the applicability of the BEB model for computing partial
ionization cross-sections [27].

While there are multiple advantages of the modified BEB model, there are inherent
limitations as well. Similar to the BEB model, this model cannot provide details of reso-
nances in the continuum, vibrational and/or rotational excitations. The partial ionization
cross-sections due to doubly, triply, etc., ionized cations and the cations formed due to
multi-pathways, post-ionization collisions or transition-state pathways are not possible to
account for. The present mass spectrometry-based BEB approach is novel and is aimed at
providing an extremely easy procedure to compute the partial ionization cross-sections of
ions that may otherwise be not possible to calculate even with expensive computational
resources. The modified BEB model would certainly be useful in plasma modeling, plasma
processing and in fields such as atmospheric and radiation physics, etc., where partial
cross-sections are required. The salient features of the BEB and modified BEB models are
presented in Section 2. The results are presented in Section 3, and the conclusion is drawn
in Section 4.

2. The BEB and Modified BEB Models
2.1. The BEB Model

The analytical form of the BED or BEB models proposed by Kim and Rudd [16] is a
combination of Mott’s and Bethe’s scattering. The hard collisions are described by Mott
theory and soft collisions are described by Bethe theory. These models calculate the electron-
impact ionization cross-sections of the ground-state atoms and molecules as a function of
incident energy by using only the bound-state properties of the target, without explicitly
using continuum functions. In the BED model [16], the total ionization cross-section, ol ),
due to electron impact for any target, is the sum of the ionization cross-section over bound
molecular orbitals i:

. B S; Q 1 ‘ B _1 _ Int;
Thep(t) = Zti+(w+1)/n[2<l_t?>lntl + (2 Q){<1 ti> ti+1}

i

M

where t; = E/Bj, u; = U;/B; are the reduced incident and orbital kinetic energy, respectively,
and S§; = 47'[11% N; (R/ Bi)z. The notations E, R and ag refer to the incident energy of the
projectile, Rydberg constant and Bohr’s radius, respectively. B;, U; and N; are the magnitude
of the binding energy, orbital kinetic energy and the occupancy number of the ith orbital,
respectively. The constant # is the principal quantum number of the dominating atomic
orbitals, which may contribute significantly to the total ionization cross-sections [28-30].
The choice of threshold to putn > 3 is arbitrary [31]. The o}z, = 0 if the incident electron
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does not have enough energy to ionize the orbital, i.e., E < B. The quantity Q is related to
continuum oscillator strength.

Although both Mott and Bethe cross-sections have t dependence, in the BED model,
tis replaced by (+ + u + 1) [32] to make the incident electron equivalent to the target
electron. This form of energy scaling is without any proper derivation and is different
for ions [33,34] and K-shell ionization cross-sections [24]. It may be noted that the term
(t + u + 1) — t in the Born approximation.

Using Q =1 in Equation (1) has undoubtedly simplified the BED model as differential
oscillator strengths construe a bottleneck in the calculations. The substitution of Q =1 in
the BED model describes the well-known BEB model for total ionization cross-sections [16].

The BEB model requires inputs such as B, U and N for different molecular orbitals to
compute total ionization and partial ionization cross-sections. These parameters can be ob-
tained using quantum chemical software at different levels of theory, such as Hartree-Fock
(HF), Density Functional Theory (DFT), etc., and different basis sets. The effective core
potentials (ECP) can also be used to generate input parameters [22,23,28,29,35-38]. The
ECP approach is better suited to heavier atoms or molecules consisting of heavier atoms.
The total ionization cross-sections at a particular theory level are insensitive to moderate-
and good-quality basis sets but are highly sensitive to the binding energy of the valence
molecular orbital. For this reason, the experimental value for the ionization energy (IE)
of the outermost electron is always preferred since it is the most dominating orbital in its
contribution to total ionization cross-sections [28]. This also ensures the correct threshold
behavior of cross-sections. The deep inner shells have a very high binding energy and thus
do not participate in the ionization process. The BEB results are generally within 15-20% of
the experimental results at the peak value of the cross-section irrespective of the theoretical
approach. Being a semiempirical approach to computing ionization cross-sections, there is
no fixed rule that the inputs need to be calculated from sophisticated correlated methods or
large basis sets. The HF models have yielded fairly good ionization cross-sections for many
molecules using the moderate basis sets [25,26,29].

2.2. The Modified BEB Model

As the incident energy of the electron exceeds the ionization threshold, the target is
fragmented into positively charged ions via the dissociative ionization (DI) process. Since
the cations are characterized by appearance energies (AE) and not by ionization energy
(IE), the first step to building the BEB model for the DI process is to transform B in such a
way that the energy of the highest occupied molecular orbital (HOMO) becomes the AE
of the cation in Equation (1) with Q = 1. The AE for any cation is always higher than B,
and a transformation such as B —+ A + B in Equation (1) for all MO seems justified. Here,
A = AE — IE. Thus, for fragment j, t; = E/(B]- + A]-), Aj = AE; — B,.

Once the energy transformation is applied to Equation (1), the partial ionization cross-
sections are multiplied by a normalization constant. This ensures that the m-BEB model
provides the branching ratios (BR), which are normalized to the experimental values and
also satisfy the condition that their sum over different fragments j becomes unity at a
particular energy. The expression for the partial ionization cross-sections for a cation j in
the modified BEB model, after incorporating the above modifications, is given by

1 1 1 Int
1= 1 — - — )
Jt y iy
2( t]21> i ti+1

S..
() =T: Jt
Q]() J ;tﬁ-l-uji—l—l

Here, t;; = E/(Bji + Aji),and S;; = 4mal N; (R/tﬁ)z. The quantities with subscript
j in Equation (2) refer to cation parameters; I'; represents the normalized constant. The
normalization constant can be obtained using the mass spectrometry data. The details can
be sought in our earlier paper [39].
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3. Methodology and Computational Details

The input parameters to compute BEB cross-sections were obtained at the optimized
geometry [40] carried out at the HF level using Gaussian 03 software [41]. All targets are
closed-shell molecules having doubly occupied orbitals. The experimental values of IE and
AE were used to ensure the correct threshold behavior of the total ionization cross-sections
and partial ionization cross-sections, respectively, for reasons mentioned earlier. Since
there are no pure theoretical methods for predicting the relative intensities of fragment
ions [42], the energy-specific BR were obtained either from the cross-section data or electron
ionization mass spectrometry (EIMS) data. The present work focuses on EIMS data to
obtain partial ionization cross-sections within the BEB formulation. Hence, for comparison
purposes, we have considered the recommended data and experimental values of partial
ionization cross-sections. Towards the end, some aspects of the modified form of the BEB
model are discussed. Here, we discuss the three targets in detail.

3.1. Methane (CHy)

Methane is the simplest hydrocarbon molecule, with relevance in the field of technol-
ogy and atmospheric studies. Its electron impact ionization cross-sections are required to
understand the planetary atmospheres [43—45] and plasma processing [46]. The work of
Gadoum et al. is the latest on electron—-methane collision. They have determined a set of
electron collision cross-section data for methane [47]. Song et al. [48] have recommended
the database of Lindsay and Mangan [49] within the uncertainty of £5% for total ionization
cross-sections and +£10% for partial ionization cross-sections. Lindsay and Mangan [49]
recalibrated and corrected the data of Straub et al. [50] by taking into account the produc-
tion of positive ion pairs. Straub et al. [50] performed the measurements at 200 eV electron
energy. The EIMS data of methane recorded at 70 eV are available from the NIST Chemistry
WebBook database [51] and were used to obtain the BR for different cations. Both the
NIST-EIMS spectra [51] and Straub et al.’s [50] cross-section data predict the parent ions
CH4" and CH3 ™" as the dominating species but they differ in their contribution to total
ionization cross-sections. The NIST mass spectra predict their respective contributions to
be around 44% and 40%, whereas the corresponding estimates from the measurements of
Straub et al. [50] are 41% and 34%, respectively. This difference in the contribution is a
reflection of the relative cation intensity (RI) data. The NIST-EIMS database [51] reports
cations having nominal masses from 12 to 16. All experimental groups and recommended
data have also included lighter ions such as H* and H3 in their measurements, in addition
to cations with m/z = 12 to 16. According to the measurements provided by Straub et al.,
the contribution of the HT is approximately 10 %, whereas the H] makes an insignificant
contribution to the total ionization cross-sections [50].

In this work, for computing the partial ionization cross-sections, the AE recommended
by Song et al. [48] were used. The normalization constant I was obtained using the EIMS
data available from the NIST Chemistry WebBook database [51]. The B and U for different
orbitals were obtained using the D95** basis set.

The partial ionization cross-sections obtained from the m-BEB model are displayed in
Figures 1a, 2a and 3a. The total ionization cross-sections from the BEB model are shown in
Figure 3b. The higher estimates of partial ionization cross-sections from the m-BEB model
are due to the cumulative effect of the EIMS data of the channels and the overestimated
BEB results. The expected deviation between the m-BEB model results, experimental
and the recommended data is 15%. To minimize the impact of the overestimated BEB
results (Figure 3b) on the m-BEB data, we normalized the BEB ionization cross-section
data [52] to the recommended data of Song et al. [48]. The calculations of partial ionization
cross-sections were redone with the normalized BEB data. This substantially reduced
the earlier results and brought the m-BEB results closer to the recommended data of
Song et al. [48]. Since the NIST-EIMS data do not include channels such as H and Hz+ ,a
further reduction in the m-BEB (normalized) cross-sections would happen on the inclusion
of these channels in the computation. It has been noted in experimental studies [53] and
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shown theoretically [54] that the exclusion of channels overestimates the partial ionization
cross-section results.
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Figure 1. Partial —ionization cross-sections for different fragments of methane: (a) m/z =12,
(b) m/z=13. Line curve, m-BEB (normalized); dashed curve, m-BEB (using NIST mass spectrometry
data); double dots with dashed curve, Graves et al. [26] from MSD model; dots, Graves et al. [26]
from Huber model; dots with dashed curve; Graves et al. [26] from hybrid model; triangles inverted,
Tian and Vidal [45]; recommended data of Song et al. [48]; dots with star, circles, experimental
data of Straub et al. [50]; triangles, Adamczyk et al. [55]; squares, Orient et al. [56]; diamonds,
Chatham et al. [57].
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Figure 2. Caption same as Figure 1 but for (a) m/z = 14, (b) m/z = 15.

Since the present results are sensitive to the BR and AE of the cations, and to bring more
clarity to the present work, we have compared the BR of different cations obtained from
the recommended cross-section data of Song et al. [48] and the NIST Chemistry WebBook
database [51]. This comparison is shown in Table 1. It is apparent that the variations in
BR obtained from Song et al.’s [48] cross-section data and the NIST mass spectrometry
data [51] are one of the reasons for the difference arising in the m-BEB (normalized) results.
A renormalization of Song et al.’s [48] channel data increases the value of BR for each cation
and brings it closer to the corresponding values obtained from NIST mass spectrometry
data [51]. This also suggests that the higher estimates of the partial ionization cross-sections
from m-BEB (normalized) are largely due to the exclusion of two lighter channels, H" and
HJ, in the NIST mass spectrometry data [51].
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Figure 3. Caption same as Figure 1 for (a) m/z = 16; triangles left, Tarnovsky et al. [58], (b) total

ionization cross-sections.

Table 1. Branching ratios (BR) of various cations of methane produced by electron impact dissociation
at 70 eV.

Tons mlz Songetal. NIST Chemistry Songetal.
[48] WebBook Database [51] (Renormalized) [48]

H* 1 0.10053 - -

Hy 2 0.9260 (—2) * - -

ct 12 0.1455 (—1) 0.1699 (—1) 0.1634 (—1)
CH™* 13 0.4577 (—1) 0.4779 (—1) 0.5141 (1)
CH;’ 14 0.8122 (—1) 0.9129 (—1) 0.9123 (—1)
CHS+ 15 0.3360 0.3967 0.3774
CH4+ 15 0.4127 0.4470 0.4636

¥ recommended ionization cross-section data. * The notation (—n) signifies x 107",

It is well known that cross-sections or RI are difficult to measure accurately for lighter
fragments [53]. The large uncertainties in the measurements of Rl in H™ and H; ions might
be one of the reasons for the exclusion of these channels in the NIST mass spectrometry
database [51]. To bring completeness to the present work, we have also estimated the
partial ionization cross-sections for Ht and H;r ions (shown in Figure 4). This was also
a test to assess the effectiveness of the m-BEB method for lighter ions. The BR for these
ions were calculated using the cross-section data of Song et al. [48]. The predictions of
the m-BEB model for H™ and H; ions do not appear attractive at energies away from the
main peak as there is a significant deviation in the results from the experimental results.
This deviation is because the formation of the H' ion in methane happens due to multiple
pathways [59] and corresponds to a large energy barrier. These features are not included in
this model. Thus, the m-BEB model may not deal efficiently with the problem of scattering
of the point charges.
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Figure 4. Caption same as Figure 1 but for (a) m/z =1, (b) m/z = 2. Line curve, m-BEB; Graves

et al. [26] from Huber model; dots with dashed curve; Graves et al. [26] from hybrid model; triangles

inverted, Tian and Vidal [45]; dots with star, recommended data of Song et al. [48]; dots, circles,

experimental data of Straub et al. [50]; diamonds, Chatham et al. [57]; triangles, Lindsay and

Mangan [60].

It is worth comparing the present results with the recent theoretical results of Graves
etal. [26]. Graves et al. [26] multiplied the total ionization cross-sections computed from
the BEB model with the BR of a cation to calculate its partial ionization cross-sections.
The BR was obtained by these authors from the experimental NIST mass spectrometry
database [51] directly (similar to us) but with a different approach. They also invoked two
more models, namely the Huber [38] and hybrid models, to obtain the BR. The authors
presented their results only for the H' ion using the Huber and hybrid models. Their
results from the hybrid model are closer to the m-BEB results in shape and magnitude.
The only difference is that there is a shift in the peak of the cross-section curve to a slightly
lower energy. The Huber model estimates are higher. This shift in the peak of the curve to a
lower energy value is due to the lower value of AE (19.24 eV) used by them in their theoretical
calculations. We have taken the AE of the H' ion as 21.1 eV [48]. Overall, the present results
are consistent with the work of Graves et al. [26].

3.2. Water (H,O)

Water is the third most abundant molecule in the Universe after H, and CO [61] and
the main product of the combustion of hydrocarbon fuels. Hence, it is one of the essential
ingredients of the model flue gas. The electron-water interactions are highly significant
in astrophysics [62,63], medicine [64—66], low-temperature plasma techniques to control
pollution from fossil fuel combustion [67], radiation damage [68] and many other related
fields. Several electron impact ionization studies have been performed for water [69-73].
Lindsay and Mangan [60] recommended the electron impact ionization cross-sections
on the basis of the measurements done by Straub et al. [70] at 100 eV. Song et al. [74]
and Itikawa et al. [75] recommended the Lindsay and Mangan [60] values of ionization
cross-sections for water.

The NIST-EIMS recorded at 70 eV [51] has reported only three fragments correspond-
ing to mass to charge ratios of 16, 17 and 18. Straub et al. [70] recorded their observations
at 100 eV but have reported two additional ions, H and H .

We obtained the BR using the recommended data of Song et al. at the very energy
at which the mass spectrum was recorded by Straub et al. [70]. This was done to include
contributions of all channels to the total ionization cross-sections. The parent ion HyO" is
the most dominating cation. The cations such as H,O", OH" and HJ contribute around
60%, 20% and 16%, respectively, to the total ionization cross-sections. The NIST-EIMS
database [51] provides significantly higher estimates of H,O" around 82% and comparable
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estimates of OH™ cations around 16% to the total ionization cross-sections. The partial
ionization cross-sections obtained from RI data have higher values due to neglecting a few
channels, as pointed out in the case of methane.

The values of B and U for occupied orbitals were obtained using the D95** basis
set. The values of AEs of cations were derived from different sources [51,75]. The total
ionization cross-sections obtained from the BEB model were higher than the recommended
values of Song et al. [74] by less than 8%. This issue has been explained by Song et al. [74]
in their review paper. It means that the present m-BEB model is bound to yield results
of higher amplitudes. We, therefore, normalized the BEB cross-sections to the results
of Song et al. [74] at 100 eV. The normalized total ionization cross-sections and partial
ionization cross-sections are shown in Figures 5-8. The partial ionization cross-sections
obtained from the m-BEB model renormalizing the BEB data show excellent agreement
with the recommended data of Song et al. [74] and are better than the experimental works
of King et al. [76] and Montenegro et al. [77]. Only the scaled ionization cross-sections of
Montenegro et al. [77], as suggested by Song et al. [74], showed agreement with the present
results. These are also displayed in Figures 5-8.

For the sake of a better understanding of the model, we have also shown the partial
ionization cross-sections obtained using the unnormalized BEB data.

2.5 — —
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—_
n
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—_
I
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" L L N
10 100 1000
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Figure 5. Total ionization cross-sections of water: dots with circles, recommended data of
Song et al. [74]; BEB model, dashed dotted curve, m-BEB model, dashed dotted curve; line curve,
normalized m-BEB model.
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Figure 6. Partial ionization cross-sections for different fragments of water: (a)m/z=1, (b) m/z =2.
dashed dotted curve, m-BEB; line curve, normalized m-BEB; dots with circles, recommended data of Song
et al. [74]; inverted triangles, King et al. [76]; diamonds, scaled cross-sections of Montenegro et al. [77].
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Figure 8. Caption same as Figure 5 but for m/z = 18.

3.3. Nitromethane (CH3NO5)

The nitro-organic compounds have significant potential for industrial use as an explo-
sive [78-82], propellent [83-85] and high-performance fuel additives for detonation systems
and combustion engines [86,87]. This molecule serves as a model system for studying bio-
logical surface science as it contains functional groups such as NO; and CHjz, which show
significant biological activity [88]. Thus, it has relevance in fields such as medical implants,
bio-sensors and bio-chips for diagnostics, tissue engineering and bio-electronics [89]. For
use as a fuel, an efficient design of plasma-assisted ignition engines is required, which in
turn requires a comprehensive database of the electron-impact ionization cross-sections of
the fragments. Jiao et al. [90] used Fourier transform mass spectrometry (FTMS) to measure
absolute DI cross-sections from threshold to 200 eV. These authors detected 13 ions, includ-
ing the parent ion CH3 N OEL and the four most important fragment ions CH3N O*, NOT,
NO™ and CHJ . Their fragmentation patterns are largely in agreement with NIST-EIMS
data [51], except that significantly fewer yields of the parent ion were observed. This is the
only available work for the electron ionization of nitromethane.

The ions with low intensities having cross-sections <1078 cm? at 70 eV were not
included in the FTMS results. The collective contribution of parent ion CH;NO; and four
major fragments was nearly 76% according to the NIST Chemistry WebBook database [51],
80% as per Kandel [91] and 83% as per Jiao et al. [90] to the total ionization cross-sections.

We have obtained the BR for different fragments using the RI data recorded by the
NIST mass spectrum at 70 eV. The ion energetic data were derived from Kandel [91] and
the NIST Chemistry WebBook database [51]. The BEB input parameters were obtained at
the optimized geometry using the cc-pVTZ basis set.
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The digitalized data of Jiao et al. [90] were used to perform a comparison with the
present results, as shown in Figures 9 and 10. The m-BEB results obtained using EIMS
data are also plotted in the same figures. The partial ionization cross-sections are close to
the experimental results of Jiao et al. [90]. The total ionization cross-sections are displayed
in Figure 11. The maximum value of the experimental total ionization cross-sections is
6.8 A2 at 60 eV. The BEB model predicts the maximum cross-section of 6.6 A% at 110 eV. At
60 eV, the BEB total ionization cross-sections have a value of 5.95 A2, The BEB value lies
within the estimated error of 15%. In Figure 11, we have also plotted the estimates of total
ionization cross-sections obtained from different models and experimental measurements
of Jiao et al. [90]. There is good agreement in the results, thus reflecting the correctness of

this methodology.

m/z =13, 14 and 15 m/z =27, 28 and 29

T ) T
1

.5 g ooup
'To —'9
= 01F o
=} =}
i m-BEB (m/z=13) E i — m-BEB (m/z=27)
2 i --- m-BEB (m/z=14) E ! --- m-BEB (m/z=28) i
& » - m-BEB (m/z=15) g 0olr - m-BEB (m/z=29) E
v 001F o Jiao et al. (m/z=15) E P i
= ! S !
o i ! = I

0,00 L——4 Lol el 000l ol |

001 100 1000 0015 100 1000

Energy (eV) Energy (eV)

Figure 9.  Partial ionization cross-sections for different fragments of nitromethane [90] for

(a) m/z =13-15, (b) m/z = 27-29.
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Figure 11. Total ionization cross-sections of nitromethane: dashed curves, BEB; line curves, m-BEB;
circles, Jiao et al. [90].

We have applied the modified BEB model to obtain partial ionization cross-sections
of different fragments in a straightforward and efficient manner. To make the present
model predictive, we have made use of EIMS data. The theoretical computations of partial
ionization cross-sections are dependent on factors such as ion energetics and relative cation
yield data. The success of the BEB model is due to the form of scaling used. It is a well-
established fact that the term (t + u + 1) works very well for molecules only and not
cations. We, therefore, modified the BEB model by introducing a fragment-specific scaling
term for each cation without altering the simplicity of the BEB model. It corrects the
(t + u + 1) form in the denominator of Equation (2) for cations, thereby producing the
correct amplitudes of the cross-sections. The I' is thus a simple factor that normalizes the
theoretical BR to an absolute scale. The present scaling approach eliminates the complexity
involved in identifying the correct form of scaling term. Thus, this term has added flexibility
to the BEB model in extending its applicability to DL

Another aspect of this study is energy scaling. The AE are always higher than the IE.
A uniform increment to B in the BEB model helped to include the contribution of all MOs to
the partial ionization cross-sections. In contrast to ab initio methods or differential oscillator
strength-based approaches, the present approach does not suffer from any restriction and
can be easily applied to any molecule. It also serves as a test to check the consistency of
experimental and theoretical data as well as EIMS data, which may be erroneous [92]. The
higher partial ionization cross-sections from the modified BEB model are only due to higher
ion abundance data, which may be due to the omission of channels. It in no way reflects the
shortcoming of the present model. The choice of scaling using BR in the modified BEB is
arbitrary. The mass spectrum of the fragmentation pattern is sensitive to the energy of the
incoming electron only at low energies, whereas it is stable between 50 eV and 100 eV [93].
In this energy range, the total ion yield is maximum. For this reason, the mass spectrum
analysis is done at 70 eV [94]. The availability of ion yield data for many molecules from
the NIST Chemistry WebBook database [51] gives an additional advantage in modeling the
ionization phenomenon.

This work demonstrates that a simple modification in the BEB model and the mag-
nitude of cross-sections by electron ionization mass spectrometry data provides reliable
partial ionization cross-sections of an ion. The use of mass spectrometry data makes the
modified BEB model predictive in nature. Undoubtedly, the modified BEB approach may
require further refinements, but it at least fills the void and provides a tool for theoretical
physicists and experimentalists to obtain and predict partial ionization cross-sections over
a wide energy range for which the experimental data were previously unavailable.

The study reveals that the partial cross-sections corresponding to dominant channels
where there is a direct ionization or if the energy barrier is small can be estimated with
a higher degree of agreement than those channels where indirect processes contribute
to the partial ionization cross-sections or the energy barrier is large (especially lighter
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ions). However, in the absence of results either from theoretical ab initio methods or from
experiments, the proposed semiempirical approach, with very limited resources, can predict
or provide trends in the partial ionization cross-sections with reasonable accuracy and
correct orders of magnitude. The study highlights the need to include all the channels in
the mass spectrometry data for better values of partial ionization cross-sections.

4. Conclusions

The partial ionization cross-sections are intrinsic molecular properties and the BEB is
a semiempirical approach to compute single electron impact total ionization cross-sections.
The cross-section data of reactive species and their fragments are critical for understanding
their generation in plasma reactors and other fields. The present m-BEB model is essentially
focussed on rescaling the molecular binding energies of the orbitals so as to obtain the
correct appearance energy for a particular cation corresponding to neutral target geometry.
Mass spectrometry data provide the correct contribution of each ion to the total ionization
cross-sections at a particular energy. The theoretical results appear in good agreement with
the experimental results, without having to consider the intramolecular chemical processes
involved. The present approach has a lot of advantages as it retains all the features that
have made the BEB approach popular. The work emphasizes the need to report the values
of relative cation abundances along with the partial ionization cross-sections. The results
may motivate experimentalists and the partial ionization cross-sections can be used in mass
spectrometric plasma diagnostics.

Author Contributions: Conceptualization, supervision, methodology, K.L.B. and A.B.; original
calculations and draft, A.K.A.; review, calculation checking, redrafting and editing, M.L. and K.G. All
authors contributed equally to this work. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Can be obtained from the authors on request.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

Abbreviations

The following abbreviations are used in this manuscript:

BEB binary encounter Bethe

m-BEB  modified BEB

HF Hartree—-Fock

DFT Density Functional Theory

ECP Effective Core Potentials

EIMS Electron Ionization Mass Spectrometry

DI Dissociative Ionization
AE Appearance Energy

1IE Ionization Energy

CcC Close Coupling

m/z mass to charge ratio

eV electron volt

au atomic unit

RI Relative Cation Intensity

BR Branching Ratios
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