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Abstract. In this paper we report the results of a new theoretical methodology for determining the total
elastic electron scattering cross section, Qel, over a wide range of incident energies between 0.01 eV and
2 keV. We have combined results from the UK molecular R-matrix code using Quantemol-N software
to determine Qel for incident energies between 0.01 eV and the ionization threshold of the target with
calculations based on the spherical complex optical potential formalism for higher energies up to 2 keV. We
present results for three selected molecular targets; CH4, SiH4 and H2O as exemplars of the methodology.
The present results were found to be in good agreement with previous experimental and theoretical results.
The total elastic cross sections for such a wide energy range are reported perhaps for the first time.

1 Introduction

The total electron scattering cross section quantifies the
strength of the electron molecule interaction at any par-
ticular energy and is an important parameter in many
areas of applied science including atmospheric science, as-
trochemistry, plasma technology and radiation damage.
Such total cross sections have been measured by several
groups but often such experiments are limited to a fixed
energy range and are limited to stable molecular targets
easily prepared in the laboratory. Accordingly the devel-
opment of theoretical methods that are capable of pro-
ducing reliable, total scattering cross sections for such un-
stable molecular compounds have been explored for more
than two decades with different theoretical methods be-
ing developed to treat specific electron interactions (e.g.
elastic, excitation and ionization). However these methods
are also often limited to specific energy ranges e.g. low en-
ergy sub ionization energy methods or high energy regions
where semi-classical methods are appropriate and we wish
to develop a more general electron scattering methodology
that will allow reliable values for total scattering cross sec-
tions for electron interaction processes to be calculated
over a wide energy region (0.01 eV–2 keV). Combining
the results of a low energy scattering code available as
a commercial package, Quantemol-N software [1] with a
high energy quantum mechanical methodology based on
the spherical complex optical potential formalism [2,3]. It
should be noted that we do not claim these will be the
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most accurate or refined cross sections but we wish to
present a method that will provide a user of atomic and
molecular data with estimated total elastic cross sections
(accurate to 5–10%) for input to any model/simulation.
This paper presents results of three selected molecular tar-
gets; CH4, SiH4 and H2O as exemplars of the methodol-
ogy that maybe be more widely used to provide data on
unstable targets that can not be studied experimentally.
Such a methodology may be built into an online electron-
molecule/atomic and molecular data base.

Methane, CH4 is one of the most favored targets in
electron-molecule theoretical studies due to its simple
structure (nearly spherical), its presence in the atmo-
sphere of the major planets and the observation of sev-
eral strong features in its total cross sections at very low
collision energy, especially the Ramsauer-Townsend mini-
mum and the cross section maximum at about 8 eV. CH4

has a number of industrial applications including chem-
ical vapor deposition for the production of the artificial
diamond and the development of carbon nanotubes and
nanocrystalline diamond films [4] process in which elec-
tron interactions play a key role.

Silane, SiH4 plays an important role in plasma-assisted
deposition of silicon and amorphous silicon-hydride films.
It is also a constituent of the atmosphere of Saturn as
well as a minor constituent of the atmospheres of sev-
eral other planets and their satellites. Formation of SiHX

(X = 1–4) radicals by electronic ionization or dissociative
ionization of silane is also important for the understand-
ing, the modeling and characterization of the relevant
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process chemistry in technological discharge plasmas and
also in planetary atmospheres [5].

Water, H2O is a ubiquitous bio-molecule essential for
the existence of life. Any radiation that penetrates the hu-
man body produces secondary electrons with appreciable
kinetic energies which in turn, subsequently interact with
water to liberate free radicals e.g., OH, leading to a vari-
ety of biological effects in the human body. Water is also
found in most planetary atmospheres playing a key role in
their ionospheric chemistry and is abundant in most atmo-
spheric pressure plasmas, often in the form of clusters. Ac-
cordingly electron interactions with water are important
to the applied science community and are widely studied
experimentally, but the polar nature of water complicates
both experimental and theoretical studies.

2 Theoretical methodology

The aim of this paper is to show that, by combining two
well developed theoretical formalisms, it is possible to pro-
vide a self consistent set of data for the total scattering
cross section of electrons on polyatomic targets for a wide
incident energy range, from 0.01 eV to 2000 eV.

2.1 Low energy formalism; 0.01 eV–15 eV

Ab initio calculations are the most fundamental
calculations wherein rigorous mathematical computations
are involved. Of the three popular methods for low en-
ergy calculations viz. Kohn variational method, Schwinger
variational method and the R-matrix method [6], the R-
matrix method is used widely [7–9] and the most widely
used codes implementing the R-matrix method are the
UK molecular R-matrix codes [10], which although freely
available, are very difficult for a non-expert to use. Hence
we used the Quantemol-N software, which provides a
JAVA graphical user interface to the UK polyatomic R-
matrix package. This software has been specifically de-
veloped as a commercial package capable of being used
by non-experts in the applied as well as the basic science
community. However we will give details of the underlying
principals and methods here.

The basic idea underlying the R-matrix method is the
partitioning of configuration space into an inner region
and outer region. The boundary of these two regions is
selected such that electron charge cloud of the target is
negligible at the boundary. In the present case using CH4,
SiH4 and H2O as targets we have taken it to be a sphere of
radius 10ao centered at the center of mass of the molecule.
In the inner region, the scattering electron is indistinguish-
able from the electrons of the target and the short-range
interactions of exchange and correlation forces are domi-
nant. Here methods of quantum chemistry are employed
to solve the N + 1 eigenvalue problem. When the scat-
tering electron is at a large distance from the center of
mass of the target, the probability of such interactions are
negligible thereby simplifying the problem in the outer re-
gion considerably, and the scattered electron is assumed

to propagate in the multipole potential of the target. In
the inner region, the wave functions are written as,

ψN+1
k =A

∑
ΦN

i (x1, x2, . . . , xN )
∑

ξj (xN+1) aijk

+
∑

χm (x1, x2, . . . , xN+1) bmk (1)

where A is an antisymmetrization operator, xN is the spa-
tial and spin coordinate of the Nth electron, ΦN

i is the ith
state of the N -electron target which is represented using
a configuration interaction (CI) expansion, ξj is a contin-
uum orbital spin coupled with the target states. The coef-
ficients aijk and bmk are variational parameters which can
be determined by solving the N + 1 eigenvalue problem
in the inner region by employing standard bound state
quantum chemistry methods [11]. The standard way of
performing a CI target calculation is to use a complete
active space CI (CASCI) as this model keeps a balance
between the target and scattering calculations [12]. In this
model valence electrons are freely distributed amongst the
subsets of the valence orbitals.

The occupied and virtual target molecular orbitals are
constructed using the Hartree-Fock self-consistent field
method using Gaussian-type orbitals (GTOs) and the con-
tinuum orbitals used here are those of Faure et al. [13] and
include up to g (l = 4) orbitals. The advantage of using
Gaussian-type orbitals is that infinite integrals are eval-
uated exactly. In practice, all the integrals are evaluated
in the entire configuration space and the tail contribution
outside the R-matrix sphere is then subtracted. This can
be done efficiently using property integrals for the short-
range GTOs. However, treating a large number of cou-
pled states makes the outer region calculations slow since
the open-closed portion of the R-matrix at the spherical
boundary becomes larger. To overcome this problem most
of the strongly closed channels are omitted from the outer
region. This technique gives excellent results provided all
open states and a few of closed ones are retained in the
outer region [14].

Quantemol-N automates the design of a consistent
model and simplifies data input requirement. For all the
targets we have used C2v symmetry. For methane, we have
used the DZP basis set to represent the target molecu-
lar orbitals. The electronically excited target states were
represented using complete active space (CAS) CI with
the carbon 1s electrons frozen in all configuration and
remaining 8 target electrons freely distributed in the ac-
tive space between 2a1, 3a1, 4a1, 5a1, 1b1, 2b1, 1b2 and
2b2 orbitals. In our calculation, Quantemol-N augmented
one virtual orbital of each symmetry to continuum or-
bitals, where orbitals were available to do so. We chose
to retain 48 target states, or 300 channels for the con-
struction of the R-matrix at the sphere surface, most of
which are strongly closed in the low-energy range consid-
ered here. Although the calculation time is much longer,
as stated earlier, this results in an improved treatment
of polarization interaction, which is crucial in attaining
good agreement with available theoretical and experimen-
tal data [14]. For silane the target states were represented
in the ground state by 1a1, 2a1, 3a1, 1b1, 1b2, 4a1, 5a1,
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2b2, 2b1. We have employed the Hartree-Fock representa-
tion where all electrons were frozen in the ground state
configuration and hence a static exchange (SE) formalism
was employed to describe the scattering wave function.
Finally for H2O, 1s electrons of the oxygen were frozen
and remaining 8 target electrons were freely distributed
in the active space between 2a1, 3a1, 4a1, 1b1, 1b2 and 2b2
orbitals. For all the cases, in the outer region R-matrix
was propagated to 100.1a0.

For polar molecules such as H2O, at the incident en-
ergies (<10 eV) the scattering mechanism is largely dom-
inated by the dipole interaction potential, which is non
spherical and long range in nature. These dipole inter-
actions give rise to large rotational excitation cross sec-
tions at low energies. Therefore for H2O with a perma-
nent dipole moment of 1.84D, we have determined the
dipole rotational excitation cross sections Q01(D, Ei) that
is transition for j = 0 ground state to j = 1 using the first
Born approximation.

2.2 Higher energy formalism; 15 eV–2 keV

Since Quantemol-N makes use of R-matrix code, it has
the limitation that it can only calculate accurate cross sec-
tions below the ionization threshold of the molecule being
considered. Beyond the ionization threshold of the target
the scattering calculations are carried out using the well
established spherical complex optical potential (SCOP)
formalism [15–17].

In the SCOP method, the spherical part of the com-
plex optical potential is treated exactly in the partial wave
analysis. The complex potential calculation for electron
scattering provides total elastic cross sections, Qel and its
counterpart total inelastic cross sections, Qinel such that
the total scattering cross section (TCS) is given by,

QT (Ei) = Qel (Ei) +Qinel (Ei) . (2)

Theoretical studies with strongly polar molecules are diffi-
cult as the long range nature of the dipole potential needs
the inclusion of large number of partial waves in the scat-
tering calculation. For high partial waves the electrons do
not penetrate the wave function of the target molecule.
Under these circumstances calculations using the dipole
Born approximation are reliable. For a polar molecule such
as H2O, we have determined the dipole rotational excita-
tion cross sections Q01(D,Ei) [16];

QTOT (Ei) = QT (Ei) +Q01 (D,Ei) . (3)

The dipole rotational excitation cross sections Q01(D, Ei)
is calculated using first Born approximation for a molecu-
lar dipole of strength D. The explicit general form of the
rotational cross section Q01(D, Ei) [18] using the point
dipole first born approximation for the transition j = 0 to
j = 1 is given by

Q01 (D,Ei)BORN, PD =
8π
3

(
meeD

�2

)
1
k2

ln
∣∣∣∣
k + kj

k − kj

∣∣∣∣ ,

(4)

where me = e = � = 1 for atomic units and k, kj are
initial and final wave vectors.

Our calculation for these TCSs is based on complex
scattering potentials, generated from spherically averaged
charge densities of the target. The charge density of lighter
hydrogen atoms is expanded at the center of heavier atom
(carbon, silicon or oxygen) by employing the Bessel func-
tion expansion as in Gradshetyn and Ryzhik [19]. This
is a good approximation since it was observed that hy-
drogen atoms did not significantly act as scattering cen-
ter and that the cross sections were dominated by central
atom size. Thus, the single-center molecular charge den-
sity is obtained by a linear combination of constituent
atomic charge densities, renormalized to account for cova-
lent molecular bonding.

The molecular charge density is employed to construct
a complex optical potential Vopt, given by

Vopt (Ei, r) = VR (Ei, r) + iVI (Ei, r) . (5)

The real part VR comprises of static potential (Vst), ex-
change (Vex), and polarization (Vp) terms, as follows;

VR (Ei, r) = Vst (r) + Vex (Ei, r) + VP (Ei, r) . (6)

We have used the analytical form of the static potential
which is derived using the Hartree-Fock wave functions of
Bunge et al. [20]. For the exchange potential, we have
used parameter free Hara’s ‘free electron gas exchange
model’ [21]. And for the polarization potential Vp, we have
used parameter free model of correlation polarization po-
tential which contains multipole non-adiabatic corrections
in the intermediate region and it smoothly approaches
the correct asymptotic form for large ‘r’ given by Zhang
et al. [22]. The imaginary part VI , also called the absorp-
tion potential Vabs, accounts for the total loss of scattered
flux into all the allowed channels of electronic excitation
and ionization. For Vabs, we have used the model potential
given by Staszewska et al. [23] which is a quasifree, Pauli-
blocking, dynamic absorption potential. After generating
the full complex potential given in equation (5) for a given
electron–molecule system, we solve the Schrödinger equa-
tion numerically using partial wave analysis.

At low energies only a few partial waves are significant,
e.g. at ionization threshold of the target around 5–6 partial
waves are sufficient but as the incident energy increases
more partial waves are required. Using these partial waves
the complex phase shifts are obtained which are employed
to find the relevant cross sections using equation (2). We
have neglected the non-spherical terms such as vibrational
and rotational potentials in the full expansion of the op-
tical potential. The anisotropic contributions arising from
vibrational excitations are very low at the intermediate
and high energies. CH4 and SiH4 do not possess perma-
nent dipole or quadrupole moments so the rotational cross
sections are small and can be neglected in any total elas-
tic cross sections. However we have determined the dipole
rotational excitation cross sections Q01(D, Ei) using the
first Born approximation for H2O.
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3 Results and discussion

The theoretical approach adopted here can be divided into
two parts, one using the Quantemol-N formalism up to
ionization threshold of the target (∼15 eV) and the other
using the SCOP formalism beyond 15 eV. The present re-
sults for the three selected molecular targets; CH4, SiH4

and H2O are shown in Figures 1–7 along with available
experimental and theoretical comparisons. It is observed
that in general there is very good agreement between the
present results and all the available data over the entire
incident energy range. It should be noted that the results
obtained using the two methods (Quantemol and SCOP)
match remarkably well at the interface while maintaining
the shape and slope of the curve. Moreover, whilst there
are minor discrepancies at 15 eV where the two methods
overlap, these are well within the experimental error bars
and therefore the composite calculation is capable of pro-
viding a data set that is self consistent and able to produce
a reliable total scattering cross section.

We will now discuss results for each molecule in turn.
Figure 1 shows the total elastic cross sections (TECS) for
e-CH4 scattering using both the formalisms discussed in
the earlier section of the paper over a wide energy range
viz, 0.01 eV to 2000 eV. The transition from the ab initio
R-matrix formalism to the SCOP is very smooth as is
evident from the figure.

In Figure 2 we have compared the present total
elastic cross sections for e-CH4 scattering with other re-
sults reported in the literature. CH4, has been stud-
ied widely over all impact energies considered here. Ex-
perimental results are reported by: Boesten and Tanaka
(2–100 eV) [24], Bundschu et al. (0.6–5.4 eV) [25], Iga
et al. (1–500 eV) [26], Shyn and Cravens (10–50 eV) [27],
Sohn et al. (0.2–5 eV) [28], Tanaka et al. (3–20 eV) [29],
Vuskovic and Trajmar (20, 30, 200 eV) [30], Sakae et al.
(75–700 eV) [31], while theoretical data are reported
by Jain (10–2000 eV) [32] and Machado et al. (0.1–
50 eV) [33].

The experimental data of Boesten and Tanaka [24]
agrees very well with the present results throughout their
reported energy range, except at peak where the present
results are lower by 5%. Bundschu et al. [25] have reported
total elastic cross sections for very low energy (0.6–5 eV)
and our results are in excellent agreement beyond 1 eV.
Iga et al. [26] have reported elastic cross sections from
low to intermediate energy and the present results are
in good accord with their data. However our data are
slightly higher by 22% than experimental data of Shyn
and Cravens [27], this may be due to the extrapolation
procedure used by these authors to determine total cross
sections from measured differential cross sections and sev-
eral previous authors have reported similar discrepancies
with Shyn and Cravens [27] data in other molecular sys-
tems. The measurements of Sohn et al. [28] are for very
low energy (0.2 to 5 eV) and present results are in very
good agreement beyond 2 eV below which the present val-
ues appear to be higher. The measured values of Tanaka
et al. [29] compare fairly well at all energies except in the
peak region where they are lower by 15% than all other re-
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Fig. 1. TECS for e-CH4 scattering. Solid line (black) →
present Qel using Qmol, dash-line (blue) → present QT using
SCOP.
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Fig. 2. (Color online) TECS for e-CH4 scattering. Solid line
(black) → present Qel using Qmol, dash line (blue) → present
QT using SCOP, solid circle → Boesten and Tanaka [24], up
triangle → Bundschu et al. [25], diamond → Iga et al. [26],
hexagon → Shyn and Cravens [27], open circle → Sohn
et al. [28], star → Tanaka et al. [29], open diamond → Vuscovic
and Trajmar [30], down triangle → Sakae et al. [31], dash dot
→ Jain [32], dash dot dot → Machado et al. [33].

ported values. Vuskovic and Trajmar [30] have measured
elastic cross sections for e-CH4 scattering at 20, 30 and
200 eV. Their experimental values are in very good agree-
ment with ours. The experimental data reported by Sakae
et al. [31] are in excellent accord with the present data
throughout the range reported by them. The theoreti-
cal calculations of Jain [32] are higher by 11% than our
present results throughout the energy range. However, the
shape of the Jain [32] data curve is similar to the present
results. The present results agree well with the theoret-
ical predictions of Machado et al. [33] above 3 eV but
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Fig. 3. TECS for e-SiH4 scattering. Solid line (black) →
present Qel using Qmol, dash-line (blue) → present QT using
SCOP.
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Fig. 4. (Color online) TECS for e-SiH4 scattering. Solid line
(black) → present Qel using Qmol, dash line (blue) → present
Qel using SCOP, dash dot dot → Jain and Baluja [39], dash
dot → Winstead and McKoy [38], star → Tanaka et al. [34],
solid circle → Wan et al. [37], solid square → Mori et al. [35,36].

significant differences of about 60% are observed at lower
energies.

In Figure 3 we have shown the total elastic cross sec-
tions for e-SiH4 scattering using R-matrix formalism as
well as the SCOP method for the wide energy range
0.01 eV to 2000 eV. The transition from the ab initio
R-matrix formalism to the SCOP is also very smooth as
noted in the case of methane.

Figure 4 compares the total elastic cross sections for e-
SiH4 scattering with the available data. The experimental
results of Tanaka et al. [34] in the range 1.8 eV to 100 eV
are in very good agreement with the present results above
10 eV but suggest a peak at higher energies. The measure-
ments of Mori et al. [35,36] show in general good accord
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Fig. 5. TECS for e-H2O scattering. Solid line (black) →
present TECS(0,1) using Qmol including rotational cross sec-
tions, dash line (blue) → present TECS including rotational
cross sections using SCOP.

with present results, with their maximum shifted by 1 eV.
Experimental results of Wan et al. [37] are in good agree-
ment with the present results throughout the energy range
reported by them. There is also excellent agreement be-
tween the theoretical values of Winstead and McKoy [38]
throughout the energy range reported by them. Theoret-
ical values of Jain and Baluja [39] are in very good agree-
ment with present data at high energies and they maintain
the same shape.

Since H2O is strongly polar molecule, the contribution
of the rotational cross sections is very high at low energies.
In Figure 5 we have shown present rotationally summed
elastic cross sections for e-H2O scattering using R-matrix
formalism as well as the SCOP method for the wide energy
range 0.01 eV to 2000 eV. The transition from the ab ini-
tio R-matrix formalism to the SCOP, in this case is not so
smooth as non-polar molecules CH4 and SiH4. This may
be attributed to generally overestimating rotational cross
sections at lower energies due to point dipole approxima-
tion. It is interesting to note that H2O has D = 1.84D,
which is not very small and hence the distortion in lower
partial waves particularly at low energy (Ei < 20 eV) af-
fects the accuracy of the result [18].

In Figure 6 we have reported present rotationally
summed total elastic cross sections from 0.01 eV to 15 eV
and compared them with the available results. Recently
electron impact studies with benchmark water molecule
are carried out theoretically by Zhang et al. [40] at low
energies and by Munoz et al. [41] at low to very high en-
ergies and experimentally by Khakoo et al. [42]. The ro-
tationally summed elastic cross sections are obtained by
adding rotational cross sections to the total elastic cross
sections obtained through R-matrix using Qmol program.
Present results find good agreement with theoretical re-
sults of Zhang et al. [40] at very low energies upto 1 eV,
above which the present data are higher by about 40%.
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Fig. 6. (Color online) TECS for e-H2O scattering. Solid line
(black) → present TECS using Qmol including rotational cross
sections, dash dot line (red) → Zhang et al. [40], dash line
(green) → Munoz et al. [41] diamonds → Khakoo et al. [42],
star → Cho et al. [43]

Present results show same nature of the curve with the-
oretical calculations of Munoz et al. [41] though overesti-
mating by about 25%. While we have used point dipole
first Born approximation, Zhang et al. [40] have consid-
ered Born top-up procedures in which lower partial waves
are obtained using sophisticated treatment [40]. The mea-
surements of Khakoo et al. [42] show same curve shape
with the present results but the experimental results of
Cho et al. [43] are lower than all the reported data. The
data of Cho et al. [43] are integrated cross sections which
are lower than measured TCS and may reflect the diffi-
culty of integrating the dipole induced forward peak in
the DCS [42]. The estimated error in the derived elastic
integral cross sections is less than 23% [43]. We have em-
ployed the first Born approximation [18] to calculate ro-
tational excitation cross sections which over estimate all
other data due to point dipole approximation.

In Figure 7 we have compared present total rotation-
ally summed elastic cross sections for e-H2O scattering
with available data. H2O has been investigated extensively
by many experimentalists at different energy ranges. The
recent theoretical calculations over a wide energy range
are due to Munoz et al. (1–1000 eV) [41]. The measure-
ments are due to Khakoo et al. (1–100 eV) [42], Johnstone
and Newell (6–50 eV) [44], Shyn and Cho (2.2–20 eV) [45],
Katase et al. (100–1000) [46] and Bruche (3–40 eV) [47,48].
The experimental values of Shyn and Cho [45], Johnstone
and Newell [44] and Bruche [47,48] are derived from in-
tegrated differential cross sections. The experimental re-
sults of Katase et al. [46], Johnstone and Newell [44] and
Bruche [47,48] are in very good accord with present re-
sults. The experimental values of Shyn and Cho [45] are
lower compared to all results as discussed by Khakoo
et al. [42]. Whereas present results are lower than the the-
oretical values of Munoz et al. [41] by 33% at 15 eV, they
are in excellent agreement beyond 20 eV.
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Fig. 7. (Color online) TECS for e-H2O scattering. Solid line
(black) → present TCS using SCOP from 15 eV to 2000 eV,
dotted line (red) → Munoz et al. [41], star → Khakoo et al. [42],
asterisk → Cho et al. [43], square → Johnstone and Newell [44],
open circle → Shyn and Cho [45], diamond → Katase et al. [46],
up triangle → Bruche [47,48].

4 Conclusion

In this paper we wish to indicate how, through the combi-
nation of two different electron molecule scattering codes
(the R-matrix through Quantemol-N for low energies and
SCOP for higher energies), it is possible to provide a set
of reliable cross sections across a wide energy range (0.01–
2000 eV). We have illustrated this methodology for three
simple polyatomic molecular targets CH4, SiH4 and H2O
for which there exists a good database against which we
can benchmark our results. The results are promising with
good matching at the transition energy (15 eV) between
the two methodologies and good agreement with available
data throughout the energy range. Therefore we may have
confidence that the methodology may be used to calculate
such cross sections in other molecular systems, and partic-
ularly may be used to estimate cross sections for electron
scattering from molecular targets that can not be easily
studied experimentally (e.g. free radicals CFX and SiHX

or OH).
Such data is needed in a variety of applications from

aeronomy to plasma modeling for technology. Accordingly
such a methodology maybe built into the design of on-line
databases to provide a ‘data user’ with the opportunity to
request their own set of cross sections for use in their own
research. Such a prospect will be explored by the emerg-
ing virtual atomic and molecular data centre (VAMDC)
http://batz.lpma.jussieu.fr/www_VAMDC/.
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