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Abstract 
 
Computations were performed for calculating cross sections of electron impact scattering from astrophysical 
targets CaF, HCN and H2S at energies lower than their ionization potential. The results show that the use of 
highly accurate R-matrix method which includes all the relevant physics and chemistry of the molecule in its 
formalism generate features significantly different from the simple static exchange calculation. The data ob-
tained shows interesting structures in the eigen-phase sums which may be attributed to the dissociation 
channel of the molecule. 
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1. Introduction 
 
Considerable theoretical and experimental knowledge 
has now been gained on various electron scattering 
processes occurring with atmospheric and astrophysical 
molecules in gas phase. This includes the ubiquitous wa-
ter molecule, for which extensive total cross section 
(TCS) data have been compiled recently by Itikawa and 
Mason [1]. The molecules in gaseous forms are known to 
exist in various astrophysical environments like comets, 
some of the planetary satellites, molecular clouds, inter-
stellar media etc. In case of comets, electron impact on 
molecules is of great important due to its energetic, dy-
namic, and chemical consequences [2]. When the inci-
dent electrons interact with the molecules in an astro-
physical environment, each of these dissociative chan-
nels can give rise to a different chemistry which is initi-
ated by the direct and indirect collision processes [3].  

Molecules like LiH, CaF, HCN and H2S (and their 
cations) are believed to have played a crucial role in the 
early universe [4]. It has been proposed that spatial ani-
sotropies in the cosmic radiation background (CRB) can 
be produced by Thompson scattering of photons from 
simple molecules and/or electrons located in protoclouds 
[5]. The efficiency of coupling between CRB photons 
and the primordial gas is dependent upon the chemical 
composition of the gas and therefore knowledge of the 
chemical composition of the early universe is necessary. 

Lithium hydride is of particular interest since its high 
dipole moment makes its rotational and ro-vibrational 
transitions particularly strong. 

One mechanism by which such ro-vibrational and dis-
sociative transitions may be excited is electron impact, 
since at low energies these may be dominated by reso-
nance formation. To date the only reported calculations 
are based entirely upon using the so-called static ex-
change approximation. In this paper we report new esti-
mates of the elastic and electronically inelastic scattering 
cross sections at low energies using the R-matrix method. 
These calculations show that the static exchange ap-
proximation does not give reliable results for low-energy 
collisions and, in particular, our calculations explore the 
formation of temporary bound states of negative ions. 
Such resonances are absent in the previous studies. 
 
2. Theoretical Method 
 
The R-matrix method [6] splits configuration space into 
an inner region, which is a sphere of radius “a” about the 
target centre of mass, and an outer region (Figure 1). In 
this work values for “a” were tested in the range 10 - 19 
a0, with the results for LiH presented below being for the 
largest value. Indeed, contrary to nearly all other closed 
shell diatomic systems we have studied, we were unable 
to obtain stable results for LiH and CaF with a < 14 a0. 

In the inner region the total wavefunction for the system  
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Figure 1. Division of configuration space in the fixed nuclei 
R-matrix theory.  
 
is written as [7], 

   

 

1
1

1 1

, ,

, ,

N N
k I N j N

I j

m N mk
m

1 IjkA x x x a

x x b

  












 






   (1) 

where A is the anti-symmetrization operator, xN is the 
spatial and spin coordinate of the nth electron, ξj is a con-
tinuum orbital spin-coupled with the scattering electron 
and aIjk and bmk are variational coefficients determined in 
the calculation. The first summation runs over the target 
states used in the close-coupled expansion. The second 
summation runs over configurations χm, where all elec-
trons are placed in target molecular orbitals. The number 
of these configurations varies considerably with the 
model employed. With the wavefunction given by Equa-
tion (1), a static exchange calculation has a single Har-
tree-Fock target state in the first sum. The second sum 
runs over the minimal number of configurations usually 
3 or fewer, required to relax orthogonality constraints 
between the target molecular orbitals and the functions 
used to represent the configuration. Our fully close-cou-
pled calculation uses the lowest few target states, them-
selves represented by a configuration interaction (CI) 
expansion in the first expansion and over a hundred con-
figurations in the second. These configurations allow for 
both orthogonality relaxation and short-range polariza-
tion effects. It should be noted that with CI target repre-
sentations, the distinction between which configurations 
represent which of these effects becomes blurred. 
 
3. Calculation 
 
LiH is a four-electron system which means that highly 
accurate electronic structure calculations are possible for 
this molecule. The target properties are obtained for LiH 

using the basis set from Salvini et al. [8] and used the 
Slater-type orbital (STO) basis set of Cade and Huo [9]. 
For other systems the basis set employed were 6-311G* 
for CaF and DZP [6] for both H2S and HCN. The target 
properties like ground state energy, dipole moment and 
excitation energies were found to be in good agreement 
with previous results. 

Scattering calculations were performed using the UK 
molecular R-matrix program suite [6]. The outer region 
calculation provides the interface between the inner and 
outer regions. As an input this module uses data from the 
inner region: boundary amplitudes (MOS), eigenvalues 
and eigenvector of the (N + 1)-electron Hamiltonian, 
target data and possibly Buttle correction. The output 
contains target properties, channel data and the overall 
symmetry of the system and data for the construction of 
the R-matrix and the coefficients of a multipole expan-
sion of the long range scattering potentials.  

The asymptotic solutions j for each energetically open 
channel i of the radial wave function in the outer region 
is given by [7],  

1 1 1
~ sin π cos π

2 2ij i i ij i i ij

i

F k r l k r l K
k

              
 (2) 

with i
2 2( )ik E   . Here E is the total energy of the 

system and ε is the eigenenergy of the ith target state. We 
have Fij = 0 for closed channels. The coefficients Kij de-
fine the real and symmetric K-matrix, containing all the 
scattering information. The eigenphase sum, δ used for 
the detection and parameterization of resonances, is 
found directly from the diagonalized K-matrix, D

iiK  
through,  

1tan D
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i
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From K-matrix the scattering matrix S is obtained by a 
transformation given as, 

   1
1 1S iK iK

               (4) 

Then we can directly obtain T-matrix from the 
S-matrix as, T = S – 1. This is used to derive physical 
observables such as integral and differential cross sec-
tions. The integral cross section for excitation from state 
i to i' as given by [7] is,  
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where Si is the spin angular momentum of the ith target 
state, S is the total spin angular momentum, Γ runs over 
various symmetries and l and l' are the orbital angular 
momentum quantum numbers corresponding to i and i' 
states. In the case of electron-linear molecules scattering, 
Γ is the total electronic angular momentum projected 
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onto the molecular axis. Then the Born corrections are 
found out which adds to the total integral cross section to 
give the complete cross sectional data. A complete de-
scription along with different modules of the codes may 
be obtained from the article [10] and references therein. 
 
4. Results 
 
Our first calculation is focused on comparing results ob-
tained with a Close-Coupling expansion with those given 
by the static exchange (SE) approximation (Figure 2). 
The eigenphase sums computed with the two models for 
LiH shows immense difference in its structures [11]. 
Present method shows structures which may be the sig-
natures for dissociative electron attachment processes. In 
Figure 3 the plot of eigenphase sums for various sym-
metries of H2S is depicted. Here also we can see features 
which are unique to R-matrix method. Since the eigen-
phase sums carries the signatures of scattering to any 
channel, it is very important to study these figures. The 
structures we get from these accurate calculations are the 
marks of specific important channel that may be present 
in these interactions. For example, in the case of LiH 
these structures are related to the resonance scattering.  

Electron impact excitation cross sections (Qexc) for 
H2S were computed as a function of electron energy for 
the electronically excited states explicitly considered in 
the calculation. Results of e-H2S elastic scattering to 
various excited state is presented in Figure 4. The most 
notable feature of these cross sections is the pronounced 
feature near-threshold which is present in 3B1 and 3A2 
excitation cross sections. Even though these cases of 
excitation may not be associated with any dissociation 
channels, it is quite interesting. So these cross sections 
clearly indicate the probability of excitations to various 
energy levels of the molecule. Such a study can help in 
the analysis of electronic excitations of target due to 
electron impact at low energies. This is similar for other 
targets too, which are not shown here.  

In Figure 5 we have plotted the total electron impact 
elastic cross section (Qel) respectively for CaF, HCN and 
H2S. The cross section shows very high value and hence 
all the structures which may be present are not visible 
here in this total cross section. The total elastic cross for 
H2S is much lower than that of the values of CaF and 
HCN which seems to merge together. This feature will 
be interesting since they can be compared with each 
other and are very important molecules in astrophysical 
environments.  

Rate coefficients for electron impact scattering of CaF, 
HCN and H2S molecules were presented in our Figure 6. 
This quantity is useful tool for further modeling of at-
mospheres containing such molecules. Since this quantity  

 

Figure 2. Eigenphase sums for e-LiH. Black-solid line pre-
sent calculation; red-dashed line simple static exchange 
calculation.  
 

 

Figure 3. Eigenphase sums for various molecular symme-
tries of e-H2S scattering. 
 

 

Figure 4. Low energy Qexc for e-H2S scattering to various 
energy levels.  
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Figure 5. Low energy Qel for e-CaF, HCN and H2S scatter-
ing. 
 

 

Figure 6. Rate coefficients for e-CaF, HCN and H2S scatter-
ing. 
 
is depended on the total elastic cross section, the overall 
comparison is very similar to the previous Figure 5. For 
CaF and HCN the rate coefficient is is very close to each 
other while for H2S the values are much lower.  
 
5. Conclusions 
 
We have performed series of R-matrix calculations on 
low-energy electron collisions with important molecules 
like CaF, HCN and H2S. Sophisticated models which 
allow for coupling with low-lying excited electronic and 
other target polarization effects give markedly different 
results from previous studies which used the static ex-
change approximation in which all polarization effects 
are neglected. Given the dominance of the electron-dipole 
interaction for this systems, which is correctly modeled 
at the static exchange level, this result confirms the ob-
servation that this model is not appropriate for treating 

low energy electron molecule collisions. It is such low 
energy, or near thermal, collisions which are important 
for most practical applications like astrophysics, dis-
cussed in the introduction. Our previous calculations 
have identified resonance features in the LiH system 
which has not previously been noted. This may lead to 
significant vibrational excitation and hence, it may pro-
vide a route to dissociative attachment and hence provide 
a low energy route for destruction of LiH molecules by 
electrons. Such a feature is missing in the present calcu-
lations confirming that dissociation may not take place at 
this energy range. However, such a study will have very 
important practical applications in the study of extra ter-
restrial atmospheres. Further, we hope that present inves-
tigations will trigger much enthusiasm in the experimen-
talists to perform better measurements at the low energy 
regime. 
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