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Abstract. Electron-H2S collision process is studied using the R-matrix method. Nine low-lying states of
H2S molecule are considered in the R-matrix formalism to obtain elastic integral, differential, momentum
transfer and excitation cross sections for this scattering system. We have represented our target states using
configuration interaction (CI) wavefunctions. We obtained adequate representation of vertical spectrum
of the target states included in the scattering calculations. The cross sections are compared with the
experiment and other theoretical results. We have obtained good agreement for elastic and momentum
transfer cross sections with experiment for entire energy range considered. The differential cross sections
are in excellent agreement with experiment in the range 3–15 eV. A prominent feature of this calculation
is the detection of a shape resonance in 2B2 symmetry which decays via dissociative electron attachment
(DEA). Born correction is applied for the elastic and dipole allowed transition to account for higher partial
waves excluded in the R-matrix calculation. The electron energy range is 0.025–15 eV.

PACS. 34.80.Bm Elastic scattering of electrons by atoms and molecules – 34.80.Gs Molecular excitation
and ionization by electron impact

1 Introduction

Hydrogen sulphide, H2S, is also called rotten egg gas. It is
classified as a toxic chemical and in high concentration can
be fatal. Large abundance of H2S have been observed in
the Orion Plateau [1]. The clouds of H2S are present in the
central star in the “Rotten Egg” nebula and are found in
the extragalactic sources. The doubly deutrated H2S has
been detected by Vastel et al. [2]. Since the dipole moment
of H2S in its ground state at its equilibrium geometry
is relatively large (0.98D), the electron scattering cross
sections are expected to be large. The presence of a polar
molecule in a gas even as a small impurity may effect the
electrical conductivity of the gas.

Theoretically, ab initio work in the spectra of H2S has
been mainly concerned with the vertical spectrum at the
ground-state equilibrium geometry of H2S [3–10]. Three-
dimensional ab initio calculations for the potential sur-
faces of the two lowest electronic states with 1A′′ symme-
try which map 1B1 and 1A2 electronic symmetries in C2v

point group have been presented [11]. The vertical ener-
gies of 36 excited states, arising from excitations from 2b1

and 5a1 molecular orbital have also been obtained [12] us-
ing SCF-Xα-SW calculations. Vast majority of the excited
states are Rydberg states except those involving 6a1 and
3b2 excited orbitals.
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Experimental data on excited states is also avail-
abe from absorption spectra [13,14] and electron impact
study [15]. Experimental vertical excitation values are also
available [16–18]. Ionization potential for the ground state
of H2S has been measured by optical spectroscopy [16], by
photoionization [19], by photoelectron spectroscopy [20],
by binary (e, 2e) electron impact [21] and via penning ion-
ization electron spectrometry [22].

There exist several calculations of cross sections for
electron-impact on H2S. The first calculation [23] used
a parametrized model to treat exchange and polariza-
tion forces. Various types of cross sections were re-
ported [24,25] for the low-energy electron scattering by
H2S. In these calculations, the static potential was derived
from molecular ground state near Hartree-Fock functions,
the exchange term was treated in the free electron gas
Hara-type approximation and the polarization effects were
modelled by a parameter-free polarization potential. An
ab initio optical potential has been used in the complex-
Kohn variational method [26] for electron-H2S elastic scat-
tering for electron impact energy range 1–30 eV. The
Schwinger variational iterative method [27] has also been
used at the static-exchange (SE) level for the calcula-
tion of elastic differential, integral and momentum transfer
cross-sections which covered the energy range 2–50 eV. At
the SE level, Schwinger multichannel method [28,29] with
pseudo potentials have been used to calculate these cross
sections for energy up to 30 eV.



476 The European Physical Journal D

A considerable number of cross section measurements
have been done for electron-H2S scattering. Absolute
elastic differential cross sections (DCS) in vibrational
stretching and bending mode have been measured by
Rohr [30,31] for energies upto 10 eV. He found a broad
shape resonance at 2.3 eV. In addition, absolute total cross
sections have been reported using electron cyclotron reso-
nance technique [32] and linear transmission method [33].
Relative elastic DCS have also been measured [34]. Abso-
lute DCS for vibrationally elastic electron scattering us-
ing a crossed electronic-molecular beam apparatus have
been measured [35] at incident energies from 1–30 eV and
scattering angles between 20◦ and 130◦. Information on
low-lying anionic H2S state is available from dissociative
attachment results [36–40] and from electron transmission
experiment [41].

In the present work, the electron-molecule scattering
dynamics is treated in the R-matrix formalism [42,43].
The R-matrix code has already been used in a series of
calculations, more recently being on H2CO [44], O3 [45]
and SO2 [46]. The calculation of rotationally elastic and
inelastic DCS is carried out by using the program POLY-
DCS [47]. The K -matrix elements required by this pro-
gram are calculated in a 9-state R-matrix approach where
each state is represented by a CI configuration.

2 R-matrix method

The R-matrix method [48,49] is based on the idea that
the scattering problem is split into two separate spatial
regions, an inner region and an outer region. The inner
region is chosen in such a way that the charge density of
the target is negligible at the boundary of the inner region.
It is defined in the present case by a sphere of radius 15a0

centered at the H2S centre of mass. In the inner region,
the scattering electron lies within the molecular charge
cloud and the exchange and correlation effects are strong.
In the inner region, the wavefunction is written using the
CI expression:

ΨN+1
k = A

∑

ij

φN
i (X1, . . . , XN )ξj(XN+1)aijk

+
∑

m

χm(X1, . . . , XN , XN+1)bmk (1)

where, A is an anti-symmetrization operator, XN is the
spatial and spin coordinate of the Nth electron, φN

i rep-
resents the ith state of the N -electron target, ξj is a con-
tinuum orbital spin-coupled with the target states. The
continuum functions do not vanish on the boundary of the
inner region. The sum in the second term of equation (1)
represents short-range polarization effects. To obtain reli-
able results, it is important to maintain a balance between
the N -electron target representation, φN

i , and the (N +1)
electron scattering wavefunction. The choice of appropri-
ate χm is crucial in this [50]. The coefficients aijk and
bmk are variational parameters which can be determind
by solving an eigenvalue problem relevant to the inner re-
gion, where all the relevant integrals are evaluated for the

spatial range 0–15a0 by employing the standard bound
state quantum chemistry methods. In practice, all the in-
tegrals are evaluated in the entire configuration space of
the scattering system, the tail contribution outside the
R-matrix sphere is subtracted.

In the first term of equation (1), the first summation is
over the number of target electronic states included in the
calculation and the second summation is over the num-
ber of continuum orbitals linked to each target state. The
double summation in the first term of equation (1) gener-
ates ‘target+continuum’ configurations. The summation
in the second term of equation (1) runs over configura-
tions χm, where all electrons are placed in target occupied
and virtual molecular orbitals. These are described as the
L2 configurations and are important for relaxing the or-
thogonality between the target and continuum orbitals.
Gaussian-type orbitals (GTOs) are used to represent the
bound and the continuum electrons. The main advantage
of GTOs is that the multicentred integrals can be evalu-
ated in a closed form. We have used the GTO continuum
basis functions [51] in which these functions were fitted to
Bessel functions for the case of a neutral molecule.

In the outer region, when the scattering electron is at
a large distance from the center of mass of the target, the
probability of swapping its identity with any of the target
electron is negligible and so are the exchange and cor-
relation effects. The interacting potentials are direct and
are multi-polar in character. We include only the dipolar
and quadrupolar potentials of the long-range character.
The outer region is essentially a potential-field region, and
we can use single center expansion of the scattering sys-
tem analogous to equation (1) by dropping the antisym-
metrization operator and also dropping the second sum-
mation involving correlation effects. This leads to a set of
coupled differential equations, and the solution functions
are propagated outward [52] until the effect of multipolar
forces is negligible. These solutions are then matched with
the appropriate standing wave boundary conditions yield-
ing K-matrix, eigenphase sums and the cross sections.

3 Results and discussion

3.1 Target and scattering model

We used the double zeta plus polarization (DZP) Gaussian
basis set (12,8,1)/(6,4,1) for S [53] and (5,2,2)/(3,2,2) for
H [54] for our calculations on H2S. We have not used a
large basis set with diffuse functions as it extends outside
the R-matrix box. H2S is a bent molecule with 1A1 sym-
metry ground state whose point group C2v is of order four.
We have employed the H2S experimental equilibrium ge-
ometry [21,55] where S-H distance is taken to be 1.335 Å
and the H-S-H angle is 92.11◦. H2S is formed by bond-
ing each of the two unpaired 1s orbitals of hydrogen with
the unpaired 3p orbital of sulphur. The Hartree-Fock elec-
tronic configuration for the ground state is 1a2

1 2a2
1 1b2

2 3a2
1

1b2
1 4a2

1 2b2
2 5a2

1 2b2
1. The molecular orbitals are generated

by performing a self-consistent field (SCF) calculation at
the experimental equilibrium geometry of the ground state



M. Gupta and K.L. Baluja: Application of R-matrix method to electron-H2S collisions in the low energy range 477

Table 1. Dominant configuration, transition moment of each transition from the ground state in au, and the vertical excitation
energies in eV for the target states of H2S.

Vertical excitation energy (eV)

State Configuration Transition moment This work Roberage et al. [12] Shih et al. [4] Expt.

Theo. Expt. Theo.

X1A1 5a2
12b2

12b2
2 0.385 – – – –

13A2 . . . 2b−1
1 3b2 0.000 6.70 5.88 ≤ 6.3 6.17

11A2 . . . 2b−1
1 3b2 0.000 7.08 6.30 – 6.80 4.60-7.50 [16]

7.4 [18]
13B1 . . . 2b−1

1 6a1 0.000 7.21 5.75 – 5.91
11B1 . . . 2b−1

1 6a1 0.215 7.50 6.13 5.0–7.4 6.22 6.33 [16]
13B2 . . . 5a−1

1 3b2 0.000 9.24 8.14 – 8.46
23B1 . . . 2b−1

1 7a1 0.000 9.40 7.69 8.18 7.75
23A2 . . . 2b−1

1 4b2 0.000 9.97 7.62 – 7.67
21A2 . . . 2b−1

1 4b2 0.000 10.07 7.64 – 7.69

of the H2S molecule. These SCF wavefunctions of the tar-
get are calculated from standard contracted basis sets and
the SCF energy is found to be –398.678 au. In the present
work, CI wavefunctions are used to represent all the target
states. We divided our calculation into 10 core electrons
fully occupied in the 5 molecular orbitals and 8 valence
electrons which are free to occupy 4a1, 5a1, 6a1, 7a1, 2b1,
2b2, 3b2 and 4b2 molecular orbitals. The vertical excitation
energies for the excited states so formed lie in the range
6.70–10.07 eV.

In Table 1 we list the dominant configurations, the
transition moments and the vertical excitation energies
for the target states obtained in the present work and
compared these with other theoretical and experimental
work. The first entry (0.385 au) in the transition moment
column refers to dipole moment of the ground state of the
molecule. We have fair agreement with the experimental
and other theoretical results. To provide additional infor-
mation on the charge distribution in H2S molecule, we
have also calculated the dipole and quadrupole moments
of H2S at its equilibrium geometry. Our SCF model yields
a dipole moment of 0.406 au. The value is higher than
the experimental value of 0.382 au [33]. The correspond-
ing value obtained by our CI model is 0.385 au, which is
in excellent agreement with the experimental value. The
absolute values of quadrupole components Q20 and Q22

for the ground state in our CI model are 0.673 au and
1.260 au respectively. Since there are no measured values
for quadrupole moments of the ground state of H2S, we
have compared our computed values with the available
theoretical values [56]. The value of our Q20 component
is in good agreement with the SCF value 0.674 au, and is
slightly less than the value 0.796 au, evaluated at the level
of many perturbation (MP2) theory in which triple-zeta
plus polarization basis functions are employed.

The origin is kept at the centre of mass for all the calcu-
lations. Our scattering calculations included the nine tar-
get states given in Table 1, in the close-coupling expansion
of the system. Calculations were performed for doublet
A1, A2, B1 and B2 scattering symmetries. The continuum

orbitals were represented by Gaussians centered at the
molecule centre of gravity to represent Bessel functions
within the finite region of the R-matrix sphere [51]. These
orbitals depend parametrically on the R-matrix spheri-
cal radius and the range of incident electron-impact en-
ergies, and are independent of the target molecule. Our
calculations were performed for continuum orbitals up to
g-partial wave. These continuum orbitals were orthogonal-
ized to the target orbitals based on a mixture of Schmidt
and Löwdin symmetric orthogonalization methods, and
those continuum orbitals with an overlap of less than
2 × 10−7 were removed [42]. It is important to preserve
the balance between the amount of correlation included
in the target states and in the scattering calculation. This
is achieved by allowing 9 electrons (8 valence electrons +1
scattering electron) to move freely among 4a1, 5a1, 6a1,
7a1, 2b1, 2b2, 3b2 and 4b2 molecular orbitals.

3.2 Differential cross sections

Our calculations are carried out in the fixed nuclei (FN)
framework which is valid since the collision time is much
smaller than the characteristic times of nuclear motion.
However, the evaluation of elastic DCS for polar molecules
in the FN approximation leads to divergence in these cross
sections in the forward direction. This divergence can be
avoided by introducing rotational motion of the molecule.
The elastic DCS is then obtained by summing up rota-
tionally resolved elastic and inelastic cross sections which
are extracted from the K-matrix elements calculated in
the 9-state R-matrix method. The evaluation of DCS is a
stringent test for any scattering theory employed. These
cross sections play an important role in several areas of in-
vestigation like atmospheric physics, plasma physics, ra-
diation biology etc. The DCS for a general polyatomic
molecule can be explained as:

dσ

dΩ
=

∑

L

ALPL(cos θ) (2)
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Table 2. Energies of rotational levels of the electron-H2S scat-
tering system.

J τ Energy (meV) J τ Energy (meV)

0 0 0.0 4 –4 14.358
1 –1 1.719 –3 14.358

0 1.881 –2 18.510
1 2.404 –1 18.538

2 –2 4.765 0 21.236
–1 4.798 1 21.654
0 6.366 2 21.732
1 6.852 3 24.322
2 7.245 4 24.463

3 –3 8.969 5 –5 20.940
–2 8.973 –4 20.940
–1 11.858 –3 26.305
0 12.011 –2 26.309
1 13.360 –1 30.379
2 14.327 0 30.486
3 14.580 1 32.894

2 33.748
3 34.533
4 36.854
5 36.925

where PL is a Legendre function. The AL coefficient have
already been discussed in detail [57]. For a polar molecule
this expansion over L converges slowly. To circumvent this
problem, we use the closure formula

dσ

dΩ
=

dσB

dΩ
+

∑

L

(
AL − AB

L

)
PL(cos θ). (3)

The superscript B denotes that the relevant quantity is
calculated in the Born-approximation with an electron-
point dipole interaction. The convergence of the series is
now rapid since the contribution from the higher partial
waves to the DCS is dominated by the electron-dipole in-
teraction. The quantity dσB/dΩ for any initial rotor state
|jτ〉 is given by the sum over all final rotor states |j′τ ′〉

dσB

dΩ
=

∑

j′τ ′

dσB(jτ → j′τ ′)
dΩ

. (4)

The expressions of state-to-state rotationally inelastic
DCS, dσB(jτ → j′τ ′)/dΩ for a spherical top, a symmet-
ric top and an asymmetric top molecules are already been
given [47]. The rotational eigenfunctions and energy lev-
els of H2S, which is an asymmetric top molecule are calcu-
lated by the program ASYMTOP [24] for all values of J up
to 5. The eigen values are reported in Table 2. We used the
calculated rotational constants for H2S at its equilibrium
geometry, which are 10.349153 cm−1, 9.043974 cm−1 and
4.826322 cm−1 to calculate these rotational energy levels.
Since there is no vacancy in the ground state of molecule
H2S, the scattering electron can occupy one of the low-
lying virtual orbitals 6a1, 3b2, 7a1 and 4b2 which have SCF
orbital energies equal to 3.51 eV, 4.06 eV, 5.39 eV and
5.99 eV respectively at the equilibrium geometry of the
H2S molecule. We have calculated rotationally summed
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Fig. 1. DCS at 1 eV: dashed curve, present work (SE);
full solid curve, present work (CI); experiment: solid circle,
Gulley et al. [35]; solid square, Rohr [31]; theory: dotted curve,
Gianturco [25]; double-dot dashed curve, Jain and Thompson
[24]; dot-dashed curve, Lengsfield [26].

DCS for elastic scattering of electrons from H2S molecule
at incident electron energies 1, 2, 3, 5, 10 and 15 eV in the
angular range from 0◦ to 180◦. The sum is from the initial
rotational level J = 0 to final rotational levels J ′ = 0, 1,
2, 3, 4, 5. In this we included all the nine states in the
close coupling expansion. The K-matrix elements from a
particular scattering R-matrix calculation form input to
the computational code [47] which yields the DCS, elastic
and momentum transfer cross sections.

In Figure 1, we have shown DCS calculated by the R-
matrix method at SE and the 9-state scattering models at
1 eV. We have compared these with the available exper-
imental [31,35] and other theoretical [24–26] values. Our
9-state curve lies lower than our SE curve due to the loss
of flux in a multistate calculation. At such low energy, all
the theoretical results by different methods are at variance
with each other. Only the complex-Kohn calculation [26]
seem to agree with the experimental data [35]. Almost a
similar situation exists at 2 eV as shown in Figure 2. As
the energy increases from 3 eV and above, we find good
agreement between our results and the experimental re-
sults [35] as shown in Figures 3 to 7. This agreement im-
proves as the energy increases. We also notice a general
agreement among all the theoretical values shown. In Fig-
ure 5, we have presented the (0 → 0, 1, 2, 3, 4, 5) rotational
transition cross-sections at an incident energy of 10 eV.
These cross sections have been summed over the final
pseudo quantum number τ ′. The rotational elastic scatter-
ing (0 → 0) has the dominant contribution, whereas the
dipole component (0 → 1) has the characteristic forward
peak. The undulations in (0 → 1) cross sections have also
been noticed in the other Schwinger variational calcula-
tion [27]. The quadrupolar component (0 → 2) exhibit
an almost flat curve which is in conformity with born
results. As J ′ increases to 5, the cross section contribu-
tion becomes negligible thus ensuring that our DCS have
converged with respect to J values. At 15 eV, there are
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Fig. 2. DCS at 2 eV: dashed curve, present work (SE); full
solid curve, present work (CI); experiment: solid circle, Gulley
et al. [35]; theory: dotted curve, Gianturco [25]; dot-dashed
curve, Lengsfield [26].
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Fig. 3. DCS at 3 eV: dashed curve, present work (SE);
full solid curve, present work (CI); experiment: solid circle,
Gulley et al. [35]; solid square, Rohr [31]; theory: dotted curve,
Gianturco [25]; double-dot dashed curve, Jain and Thompson
[24]; dot-dashed curve, Lengsfield [26].

two minima in DCS, which occur near 70◦ and 135◦ indi-
cating the dominance of d-wave scattering caused by the
heavier atom sulphur. As energy increases from 1 eV to
10 eV, we notice that backward scattering increases and
reaches maximum at around 4 eV which is close to the
resonance position, and then decreases. This is typical be-
haviour of DCS near a resonance position in the case of
polar molecules.

3.3 Elastic integral cross sections

In Figure 8 we have shown integrated elastic cross-sections
of our 9-state R-matrix results. We also performed an SE
calculation in which we used only the ground state of the
molecule described by the SCF calculation, in the close

0 50 100 150
Angle (deg)

0.1

1

10

100

1000

D
C

S 
(Ao

2 /s
r)

5 eV

Fig. 4. DCS at 5 eV: dashed curve, present work (SE);
full solid curve, present work (CI); experiment: solid circle,
Gulley et al. [35]; theory: double-dash dotted curve, Natalense
et al. [29]; dot-dashed curve, Lengsfield [26].
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Fig. 5. DCS for various rotational excitations at 10 eV: dotted
curve, J = 0 → J ′ = 0; full curve, J = 0 → J ′ = 1; dashed
curve, J = 0 → J ′ = 2; dot-dashed curve, J = 0 → J ′ = 3;
double-dot dashed curve, J = 0 → J ′ = 4; double-dashed dot
curve, J = 0 → J ′ = 5.

coupling expansion of the scattering system. As energy
approaches zero, we notice the dominance of dipole scat-
tering contribution. The peak at threshold is due to A1

symmetry, in which the incoming electron occupies the
first vacant orbital, 6a1, that predominantly involves s-
wave scattering. A prominent feature of the elastic cross
section curve is the appearance of 2B2 shape resonance.
The peak of the resonance lies at 4.74 eV with a width
of 2.24 eV in the SE model. This resonance is also con-
nected with a sudden increase of about π radian in the
eigenphase sum in a multichannel calculation. By fitting
the eigenphase sum to the Breit-Wigner profile the po-
sition and width of this resonance is determined. These
parameters agree well with the corresponding values of
5 eV and 3 eV as calculated by Gianturco [25] in single
centre expansion at the same level of SE treatment. In our
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Fig. 6. DCS at 10 eV: dashed curve, present work (SE);
full solid curve, present work (CI); experiment: solid circle,
Gulley et al. [35]; theory: double-dash dotted curve, Natalense
et al. [29].
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Fig. 7. DCS at 15 eV: dashed curve, present work (SE);
full solid curve, present work (CI); experiment: solid circle,
Gulley et al. [35]; theory: double-dash dotted curve, Natalense
et al. [29]; dot-dashed curve, Lengsfield [26].

CI calculation, this resonance shifts to 3.86 eV with the
corresponding width of 1.92 eV. This is to be compared
with the values calculated by Jain and Thompson [24] who
found resonance in 2B2 symmetry at 2.22 eV with the cor-
responding width of 1.31 eV. The effect of the resonance in
the elastic cross section appears as a hump. In a shape res-
onance phenomenon, the incident electron with a non-zero
angular momentum, is trapped by the centrifugal barrier
to form a temporary negative molecular ion H2S− that de-
cays via quantum mechanical tunneling. The elastic cross
section calculated in a 9-state R-matrix method lies lower
than SE curve of R-matrix calculation for almost the en-
tire energy range. The inclusion of correlation in the target
states and the loss of flux in the additional scattering chan-
nels provided in a multistate calculation lowers the cross
sections with respect to calculation performed at SE level.
Our cross sections have been compared with the experi-
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Fig. 8. Total elastic cross sections (9-state R-matrix for elec-
tron impact on H2S: light solid curve, present work (SE); dark
solid curve, present work (CI); experiment: solid circle, Gulley
et al. [35]; solid square, Szmytkowski et al. [33]; theory: dot-
ted curve, Jain and Thompson [24]; dashed curve, Machado
et al. [27]; dot-dashed curve, Varella et al. [28]; double-dot
dashed curve, Gianturco [25].

mental [35] and other theoretical results [24,25,27,28] and
a good agreement is found in general. Due to the presence
of a long-range dipole interaction, the elastic cross sec-
tion is formally divergent in the fixed-nuclei approxima-
tion due to a singularity in the differential cross section
in the forward direction. To obtain converged cross sec-
tions, the effect of rotation must be included along with
a very large number of partial waves. The effect of partial
waves higher than l = 4 partial wave was included using
Born correction which requires expressions for the par-
tial as well as full Born cross sections. These expressions
have been taken from the work of Chu and Dalgarno [60].
For applying the Born correction we have used the exper-
imental value 0.382 au for the dipole moment of H2S at
its equilibrium geometry. It is worth mentioning that the
elastic cross section for H2S are higher than H2O which
has similar electronic configuration and geometrical struc-
ture. The results for DCS’s for electron collisions with wa-
ter give better agreement than DCS’s results for H2S. This
may be due to the enlarged active space of H2S that in-
volve 3s and 3p atomic orbitals of S, that require extra
correlation effects to properly describe the charge cloud of
molecular orbitals of H2S in its ground and excited states.

3.4 Momentum transfer cross section

A further test of the quality of our DCS is shown in Fig-
ure 9, where we have shown momentum transfer cross sec-
tion (MTCS), which is defined as:

σm = 2π

∫
dσ

dΩ
(1 − cos θ)dθ. (5)

The MTCS indicates the importance of the backward scat-
tering and is an important quantity that forms the input
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Fig. 9. The momentum transfer cross section for electron scat-
tering by H2S: light solid curve, present work (SE); dark solid
curve, present work (CI); experiment: solid circle, Gulley et al.
[35]; theory: dotted curve, Jain and Thompson [24]; dashed
curve, Varella et al. [28]; dot-dashed curve, Machado et al. [27].

to solve the Boltzmann equation for the calculation of elec-
tron distribution function of swarm of electrons drifting
through a molecular gas. In contrast to the divergent be-
haviour of DCS in the forward direction, the MTCS does
not diverge due to the multiplicative factor (1−cos θ). Fig-
ure 9 shows our MTCS obtained in both SE and 9-state
R-matrix approach and are compared with the experi-
ment [35] and other available theory [24,27,28]. The peak
at 3.86 eV shows the presence of 2B2 resonance as already
explained in Section 3.3. Beyond 5 eV, the curve is par-
allel to the curve of Varella et al. [28] but is consistently
lower. The curve of Jain and Thompson [24] and Machado
et al. [27] also depict peaks similar to the present work but
at slightly different energies. Only our R-matrix results are
in good agreement with experimental values.

3.5 Excitation cross section

Figures 10 and 11 present electron-impact excitation cross
sections from the ground state to the first four excited
states, in the 9-state R-matrix calculation. According to
the optical dipole selection rules, the transitions to the
triplet states are spin-forbidden, and the transitions to
the states of A2 symmetry are symmetry-forbidden. In the
present spectrum only the transition to excited state 1B1

is dipole allowed. The cross sections for these dipole al-
lowed transitions have been Born corrected using the Born
correction formula [60] except that the dipole moment is
replaced by the transition moment of the concerned tran-
sition. In Figure 10, we have shown the excitation cross
section for transitions X1A1 → 13A2 and X1A1 → 11A2.
The cross sections for 13A2 rises quickly from threshold
and become nearly constant with a value of 0.2 Å2. These
cross sections are mostly composed of 2B2 symmetry com-
ponent. The cross section for 11A2 symmetry is lower than
its triplet counterpart due to its lower degeneracy which
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Fig. 10. Electron impact R-matrix excitation cross sections:
dark solid curve, X1A1 → 13A2 symmetry; light solid curve,
X1A1 → 11A2 symmetry.
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Fig. 11. Electron impact R-matrix excitation cross sections:
dark solid curve, X1A1 → 13B1 symmetry; light solid curve,
X1A1 → 11B1 symmetry.

is 1/3 that of the triplet scattering symmetry. In the com-
plete absence of exchange effects, this ratio becomes exact.
In Figure 11, the cross sections for 13B1 and 11B1 sym-
metry are shown. Here also the 13B1 curve lies above the
11B1 state due to spin degeneracy effect. Here, the ma-
jor contribution comes from 2A1 symmetry. As the energy
increases, due to the diminishing effect of exchange, the
ratio of cross sections for triplet to singlet approaches the
value corresponding to the ratio of their spin degeneracies.

4 Variation of resonance parameters
with bond length

From the lowest R-matrix pole of 2A1 symmetry, we notice
that this state of H2S− is a virtual state with a very small
excess energy of 0.14 eV with respect to the ground state
of H2S at its equilibrium position. Therefore, it does not
show any resonance behaviour. To investgate the possible
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Fig. 12. Variation of 2B2 shape resonance width and position
with stretching bond (S-H) in Cs symmetry.

bound nature of 2A1 scattering symmetry and the pos-
sible decay route of the detected shape resonance of 2B2

symmetry, we carried out a series of R-matrix calculation
in the 9-state model in which we stretched one bond of SH
from its equilibrium value to about 3.5a0, while keeping
other geometrical parameters of the molecule fixed. The
calculations are performed in Cs point group, in which A′
symmetry correlates with A1 and B2 symmetries of C2v

point group and the other A′′ symmetry of Cs correlates
with the other two symmetries of C2v point group. Varia-
tion of both the 2A1 and 2B2 scattering states is thus ex-
plored via A′ symmetry only. As the stretching increases,
the 2A1 scattering symmetry becomes a bound state near
a distance of 3.45a0 and corresponds to the fragmentation
channel:

H2S− −→ SH−(1Σ+) + H(2S).

This mechanism provides a method of producing SH neg-
ative ions. In Figure 12, we have shown the variation of
resonance width and resonance position of 2A′ (2B2 in
C2v) shape resonance with stretching S-H bond. These
resonance parameters decrease with increasing S-H bond
length and approaches zero at 3.45a0. This implies that
the shape resonance decays via DEA. This corresponds to
the other two-body fragmentation channel:

H2S− −→ SH (2Π)+H− (1S).

Since the electron affinity of SH is 2.314 eV, which is much
higher than electron affinity of H (0.754 eV), we expect
that as the energy of the incident electron increases from
zero eV onwards, SH−(1Σ+) is formed first and then as
energy increases further the other negative ion namely
H−(1S) is formed. This is confirmed by the appearance
of DEA peaks of SH− and H− in the experiment [38]. We
also made a calculation for the potential energy curve for
H2S with fragment products as H and SH. Our calculation
yielded a value of 3.34 eV for the dissociation of H2S into
these products, which closely agree with the experimental
value of 3.26 eV [61].

5 Conclusion

The elastic differential, integral, momentum transfer and
excitation cross sections for electron impact on H2S are
calculated using the R-matrix method with an adequate
target representation. For the low-lying excited states,
we have good agreement between the vertical spectrum
of these states with experiment. The dipole moment of
the ground state is also in excellent agreement with the
experimental results. Our calculation shows shape reso-
nance in 2B2 symmetry at the equilibrium geometry of
H2S molecule. This is in conformity with the other re-
sults obtained with a much larger basis functions, which
included diffuse functions. For 2B2 symmetry, the scatter-
ing electron temporarily occupies the 3b2 orbital, which is
dissociated leaving the H− ion via DEA. The elastic and
momentum transfer cross sections are in good agreement
with the experimental results. DCS in the range 5–15 eV,
are also in excellent accord with the experiment. Excita-
tion cross sections for low lying excited states have been
presented for the first time.
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