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The R-matrix method provides a complete theoretical framework for the treatment of low energy electron
collisions. The method has been implemented into code Quantemol-N (EE) with a goal to provide users in plasma
modeling, swarm studies and other applications with an option to calculate the missing data. In this paper we
report on cross sections and rate coeflicients for hydrogen bromide obtained by using Quantemol-N. The total
cross section has been calculated both with and without Born corrections.
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1. Introduction

Collisions of electrons with atoms and molecules deter-
mine the behavior of plasmas. The electron impact ion-
ization of a molecule represents a basic electron-molecule
collision process important in many practical applica-
tions such as low—temperature processing plasmas [1-3],
fusion-edge plasmas [4, 5], gas discharges [6, 7], radiation
chemistry [8], mass spectrometry [9] and chemical analy-
sis [10]. For example, the total cross sections for ioniza-
tion of molecules by electron impact is one of the essential
processes required in the modeling of a wide range of ap-
plications, such as plasma processing of semiconductor
devices as it defines the number of charged particle bal-
ance and sustaining conditions for plasma operation. The
importance of electron-molecule collisions has long been
recognized and considerable progress in providing exper-
imental data for electron-impact ionization cross sections
for a broad range of molecular targets has been achieved
in the past decade [11, 12]. Nevertheless, the information
on collision data and particularly complete sets of data
for most reactive gases used in plasma processing are not
available.

Defining low energies as those when projectile electrons
have an insufficient energy to ionize the target molecule,
the following processes can occur: elastic scattering, elec-
tronic excitation, vibrational and rotational excitations,
dissociative attachment/recombination and impact dis-
sociation. A common feature of these processes is that
they can be considered to proceed via a common interme-
diary [13]. The R-matrix method for treating electron-
-molecule collisions, used in this article, is designed to
obtain accurate wavefunctions for this intermediary and
can be used for the modeling the relevant processes. Al-
though the loss of symmetry and increased degrees of
freedom mean that electron-molecule collisions are signif-
icantly more difficult to treat theoretically than electron-
-atom collisions, the use of the R-matrix method to study
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low-energy electron collisions with molecules is now also
well developed. The R-matrix method has already been
successfully applied to a number of molecules, including
CF3 [14], NH3 [15] and O3 [16]. Here we used an imple-
mentation developed as user friendly software known as
Quantemol-N (EE) developed at the University College
London (UCL) [17].

Absolute electron-impact ionization cross sections may
be produced from either the Deutsch-Mark (DM) formal-
ism [18] or the Binary-Encounter-Bethe (BEB) theory of
Kim and co-workers [19].

Low—pressure plasmas in hydrogen halide-containing
gases have been extensively used in various applications
such as electron pumped lasers, plasma etching technolo-
gies and fabrication of optoelectronic devices [20, 21|,
thereby dictating the importance of the calculations of
cross section data for hydrogen bromide. Transport coef-
ficients for HBr in dc electric fields, crossed electric and
magnetic dc fields and rf fields have already been calcu-
lated [22, 23]. In this work we present our calculations
of the total cross section for electron scattering on HBr
molecule and the cross section for ionization based on
the BEB theory. In association with cross sections from
other sources, we believe that these cross sections would
be sufficient to make a reasonable complete set of cross
sections for this molecule.

2. R-matrix method

The R-matrix method was initially developed by
Wigner for the study of nuclear reactions [24, 25| and
later it was adopted by Burke et al. [26] for the treatment
of electron collisions with neutral and ionized atoms [27].
In subsequent years the theory was considerably ex-
tended and developed in order to describe a broad range
of atomic and molecular continuum processes including
data for electron affinities and electron scattering by
atoms and molecules, and those for photoionization of
atoms and ions.

The essential idea of the method is that configuration
space describing the scattered and the target atom or
molecule is divided into two regions [12, 13]|. The internal
region, typically of radius 10-20 ag, where agrepresents
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the first Bohr radius, is centered on the center of gravity
of the molecule and is assumed to entirely contain the
N-electron wavefunction of the target molecule. In this
region it is necessary to consider all multicentered inter-
actions between the N +1 electrons in the system, includ-
ing exchange. In the inner region, exchange and electron-
-electron correlations are considerable. As a result, the
collision problem within a finite volume can be treated
as a molecular bound state problem, by constructing and
diagonalizing a Hamiltonian matrix.

On the other hand, in the outer (asymptotic) region,
exchange and electron-electron correlations are consid-
ered not to be important, and we need to take into ac-
count only the long—range multi—polar interactions be-
tween the scattering electrons and the target. The prob-
lem can be reduced in this region to solving coupled
second-order equations, which is in practice done by
propagating the R-matrix and asymptotic expansion of
the solution [12].

The number of configurations that have to be gener-
ated in a scattering calculation is the number of target
configurations times the number of continuum orbitals
summed over all target states. In order to take into ac-
count the electron correlation, the target wavefunctions
are expanded as a linear combination of configurations,
which in turn are constructed in terms of an orthonor-
mal set of molecular orbitals (2). All these steps are now
implemented within a package for general purpose cal-
culations, (EE), which was employed here to make the
calculations.

3. Results and discussion

Calculations have been performed for HBr by use of
Gaussian type basis sets 6-311G* and DZP. The con-
figuration interaction method was used to construct
the molecular (target) ground and electronically-excited
state wavefunctions. A number of test calculations were
carried out with an increasing number of target electronic
states (closed channels) in the close-coupling expansion:
48 and 56 states in both inner and outer regions. The
scattering orbitals used by Quantemol-N were those ap-
propriate for radius 20 ay, where the partial wave expan-
sion includes the g-wave.

The total cross sections calculated using the R-matrix
method (shown in Fig. 1) represent the sum of elastic and
electronically inelastic cross sections, corrected for higher
partial waves, using the Born corrections for higher par-
tial waves (solid line), and without Born corrections (dot-
ted line). At higher energies the results of these two
methods are in good agreement. The total cross section
is dominated by the elastic cross section and the theory
provides relatively high values for the elastic cross sec-
tions as may be expected for a strongly polar molecule
such as HBr.

Apart from the R-matrix calculations valid for ener-
gies below the threshold for ionization, the code includes
an implementation of the BEB technique for determining
the ionization cross sections. In Fig. 2 we compare cross
sections from ECP [22] (solid curve) and BEB calcula-
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Fig. 1. Total cross section for electron collisions with
HBr molecule: Born corrected cross-section (solid line)
and without including Born correlation (dotted line),
while the total cross section taken from [28] is shown by
dashed line.

tions [19] (dashed and dotted lines) with our Quantemol-
-N (EE) results (symbols) for present molecule. There is
a small discrepancy between BEB and ECP cross section
data at low electron energies, while the absolute differ-
ence between these results and our calculation is large
somewhat below the peak. The descrepency between
our data and the results produced by different theoreti-
cal methods could be due to the fact that the BEB for-
malism is very sensitive to the value of the ionisation en-
ergy. In our calculations we assume the ionization energy
of 11.6 eV. For energies higher then 200 eV, all methods
provide results that differ only by a small percentage.
To the best of our knowledge, there are no experimental
ionization cross-section data for HBr in the literature.

Figure 3 illustrates the temperature dependence of the
rate coefficients for HBr. For electron mean energies be-
low the threshold, the rate increases rapidly with the
temperature (energy). The region where the coefficient
reaches the maximum value corresponds to the energy
region where the elastic cross section goes through the
RT minimum and the vibrational excitation through the
maximum.

4. Conclusion

We used the Quantemol-N code developed by Ten-
nyson and coworkers [17] which employs the R-matrix
method to study electron scattering by polyatomic
molecules. Calculations were performed for the total (in-
tegrated) cross section, ionization cross section as well
as for the rate coefficient for the low—energy collisions of
electrons with HBr molecule. Inclusion of the Born cor-
rections (taking into account higher partial waves) in the
determination of the total cross section is important at
low energies. Results for the cross section were tested for
convergence of the polarization interaction by retention
of more closed channels in the expansion and the outer
region. Results obtained by use of 48 and 56 states ap-
pear to be identical and further changes do not appear
to be likely. The obtained results for the BEB ionization
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Fig. 2. Ionization cross sections for HBr. Open sym-

bols: our calculations for BEB ionization obtained by
use of the (EE) package; solid line: ECP [29] for sin-
gle ionization; dotted line: Kim and Ali [19] for single
ionization; dashed line: Kim and Ali [19] for counting
ionization.
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Fig. 3.
HBr.

The rate coefficient versus temperature for

differ from other sources but it was not possible to check
the input data used in those calcualtions. Calculated
data presented in this work, particularly the total cross
section will enable completion of a complete set of input
data for HBr and more accurate calculations of transport
coeflicients for this molecule for which there is a lack of
experimental data.
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