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We report results from an ab initio calculation of low-energy electron scattering by CS2 molecules
using the Schwinger multichannel method with pseudopotentials. We calculated elastic integral,
differential and momentum transfer cross sections in an energy range from 5 eV up to 50 eV
and compared our results with available theoretical results and experimental data. Through the
symmetry decomposition of our integral cross section and eigenphase sum analysis, we found cross
section peaks that may be interpreted as broad shape resonances in the cases of the Xy, 14, II,,
and A, symmetries. Among these possible resonances, the Ilg4, II,,, and A, are being reported for
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the first time.

I Introduction

Studies on electron-collision with CSs have received lit-
tle attention in the past years. We can quote the the-
oretical work of Lynch et al. [1], the measurements of
total cross section by Szmytkowski [2], the measure-
ments of elastic cross sections by Sohn et al. [3] and
the more recent works by Raj and Tomar [4] and Lee
et al.[5]. Lynch et al. used the continuum multiple-
scattering model and studied elastic e™-CS, scattering
from 0 eV up to 100 eV. They were able to find some
shape resonances, especially the low-energy II,, shape-
resonance around 1.85 eV. The measurements of Sohn
el al. covered the energy range from 0.3 eV up to 5 eV.
Szmytkowski measured total cross sections covering the
energy range from 0.4 eV up to 80 eV and Raj and
Tomar applied the independent atom model to calcu-
late cross section for energies above 100 eV. Lee et al.
used the Schwinger variational iterative method com-
bined with the distorted wave method to study e™-CS5
scattering. They calculated elastic and total (elastic
plus inelastic) cross sections for energies up to 100 eV
and also calculated differential cross sections at selected

energies.

In this work we present results of our calcula-
tions on elastic e”-CSs collision, obtained with the
Schwinger multichannel method with pseudopotentials
(SMCPP) [6] at the fixed-nuclei static-exchange ap-
proximation. We have considered energies ranging from
5 eV up to 50 eV, thus avoiding the very low-energy
range, where polarization effects are known to be im-
portant in the description of the scattering process.
The SMCPP method has been applied with success
in the calculation of elastic and inelastic cross sections
for electron scattering by several molecular systems [7].
The symmetry decomposition of the integral cross sec-
tion according to the irreducible representations of the
molecular point group (Deop) and the eigenphase sums
were also investigated in order to study the resonant be-
havior of the partial cross sections for some particular
symmetries of CSs,.

In the next sections we present the theoretical for-
mulation of our method, our computational procedures
and our results and discussions. We end this work with
a brief summary.
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IT Theoretical Formulation

Here we will give a brief description of the SMC [8, 9]
and SMCPP [6] methods. The SMC method is a mul-
tichannel extension of the Schwinger variational princi-
ple. Actually, it 1s a variational approximation for the
scattering amplitude, where the scattering wave func-
tion is expanded in a basis of (N+1)-particle Slater de-
terminants

U5) =D am(B)xm), (1)
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and the coefficients ai(/;) of this expansion are varia-
tionally determined. The resulting expression for the
scattering amplitude in the body frame is

A = _
N+1 2

In the above equations |Si5,>’ solution of the unper-
turbed Hamiltonian Hy, is the product of a target state
and a plane wave, V is the interaction potential between
the incident electron and the target, |xn) is an (N+1)-
electron Slater determinant used in the expansion of
the trial scattering wave function, H = E — H is the
total energy of the collision minus the full Hamiltonian
of the system, with H = Hy + V. P is a projection
operator onto the open-channel space defined in terms
of target eigenfunctions |®;):

open

P=3 " [@) (P, ()

and GS;) is the free-particle Green’s function projected
on the P-space.

In this paper, we study elastic scattering at the
static-exchange approximation, and the operator P is
composed only by the ground state of the target |®;)

P =9:)(®| (6)

and the configuration space |y} is

{Ixm)} = {Al®1)[em)}, (7)

where |¢;) is a l-particle function represented by one
molecular orbital.

With the choice of Cartesian Gaussian functions to
represent the molecular and scattering orbitals, all the
matrix elements arising in Eq. (2) can be computed an-
alytically, except those from <Xm|VG§D+)V|Xn> (VGV),
that are evaluated by numerical quadrature [9].

The numerical calculation of the matrix elements
from VGV represents the most expensive step in the

H (HP+ PH) N

1 _
Uz ,0 = =52 2085, Vi) (@ D (6 VIS, (2)
where
and
WVPHPY) _ygiby, (4)

2

SMC code and demands almost the entire computa-
tional time of the scattering calculation. These matrix
elements are reduced to a sum of primitive two-electron
integrals involving a plane wave and three Cartesian
Gaussian functions

7 I NI I
@BV = [ [ afsdraa(i)a) (e,
12
(8)
and must be evaluated for all possible combinations of
«, B and v and for several directions and moduli of k.
We must also evaluate one-electron integrals of the type

(a[VEP ) = / dia(7)V P if T (9)

In the above equation, V% is the nonlocal pseudopo-
tential operator given by:

VEP (1) = Veore(r) 4 Vien (r), (10)
with
. 7 [2
‘/core(r) = _Tv ZCZQOTeerf [(afore)l/Z T]] ’ (11)
i=1
and

1 3 2 +1
Vien(r) = S35 Ay e o™ N7 i (im, (12)

n=0j=11=0 m=—1

where Z, is the valence charge of the atom and in this
application it is equal to 4 for C, and 6 for S. The coef-
ficients ¢{°"¢, Ay;i, and the decay constants af"°

§or¢ and
«;; are tabulated in Ref. [10].
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Even for small molecules composed by light atoms,
a large number of the two-electron integrals must be
evaluated. This limits the size of molecules in scat-
tering calculations. In the SMCPP method we need
shorter basis set to describe the target and scattering
and consequently the number of two electron integrals is
smaller than in the all-electron case. The one-electron
integrals of Eq. (9) are more complex than those involv-
ing the nuclei, but they can be calculated analytically
and their number is also reduced due to the smaller
basis set. The reduction in the number of these inte-
grals allows the study of molecules that are larger and
heavier than those reachable by all-electron techniques.

IIT Computational Procedures

The ground state of the molecule, 'Y, is described
by a single-configuration wave function |®1) (Hartree-
Fock level) at the experimental geometry with »(C-
S)=1.5526A [11]. The s core electrons of carbon and
the 1s,2s, and 2p core electrons of sulfur were replaced
by the pseudopotentials of Ref. [10]. The basis func-
tions used in the description of the target ground state
|®1) and in the description of the scattering orbitals |¢;)
used in Eq.( 7) are given in Table 1, and were obtained
as described in Ref. [12]. We have not included in our
calculations the symmetrical combination of d functions
([(1‘2 +y? + zz) exp(—arz)]), which is in fact a s-type
function, in order to avoid the linear dependency in the
basis set that could be responsible for spurious struc-
tures in the cross sections [13].

Table 1. Cartesian Gaussian functions for carbon and
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IV Results and Discussion

Fig. 1 shows the comparison between our integral cross
section, the calculated cross section of Lynch et al. [1]
and Lee et al. [5], and the measured total cross section
of Szmytkowski [2]. We also show the data at 5 eV of
Sohn et al. [3]. There is very good agreement between
our results and the results of Lynch et al. for energies
above 15 eV. Both calculations agree with the result of
Sohn et al. at 5 eV, and also follow the shape of the
total experimental cross section data of Szmytkowski.
For energies between 5 eV and 15 eV, the agreement be-
tween both these theoretical results is qualitative. The
cross section of Lee et al. is above our cross sections and
the cross section of Lynch et al. for the entire energy
range considered. The structures in our integral cross
section are related to structures in the partial cross sec-
tions for particular symmetries, as discussed below.
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Figure 1. Integral cross section for CS;. Solid line, our
pseudopotential results; dashed line, theoretical results of
Ref. [1]; thin solid line with circles, theoretical results of
Ref. [5]; plus sign, experimental elastic datum of Ref. [3];
stars, experimental total cross section of Ref. [2]. The ar-
rows indicate the structures positions and the symmetries
they appear are also shown.

In Fig. 2 we show the symmetry decomposition of
our integral cross section according to the irreducible
representations of the Dy point group. Although not
shown, our partial cross sections are in good agreement
with those of Ref. [1]. Tt is clear in this figure that the
structures in our integral cross section are related to
the structures that appear in the symmetries 3,, ¥,
Iy, and II,, at 7 eV, 6.5 eV, 13.5 eV, and 23 eV, re-
spectively, as indicated by the arrows in Fig. 1. The
II,, structure produces a very smooth undulation in our
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integral cross section due to the significant background
from other symmetries at this energy.
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Figure 2. Symmetry decomposition of the integral cross
section.
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Figure 3. Eigenphase sum for the ¥4, ¥,, 14, I, and A,
symmetries. The arrows indicate the peaks position of the
partial cross sections of Fig. 2. The peaks for the ¥, and
3, symmetries are located at the same energy.

In order to study possible resonant behavior in our
partial cross sections we have also calculated the eigen-
phase sum for each one of the symmetries. Our results
are shown in Fig. 3 for possible resonant symmetries
(those with bumps in Fig. 2). For each symmetry, we
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mark with an arrow the energy at the peak and it is
always close to the maximum slope of the eigenphase.
Therefore, this figure indicates that the structures re-
ferred to in the previous paragraph for the symmetries
Y4, Iy, and II, may be, in fact, broad shape reso-
nances. In the case of A,, the structure located at
12.5 eV, 1s very broad and cannot be seen in the integral
cross section due to its very low magnitude. Lynch et al.
also reported the X, resonance, placed at 7.9 eV. The
I, I, and A, resonances are being identified in this
work for the first time. In the case of X, there is a spu-
rious and very sharp resonance around 8.0 eV which is
resposible for the slope discontinuity of the eigenphase
sum in Fig. 3. We are not interpreting that discontinu-
ity as a real resonance because the phase change 1s too
small.
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Figure 4. Differential cross sections for CS,. Lines, our
pseudopotential results; thin solid line with circles, theoret-
ical results of Ref. [5]; plus signs, experimental elastic data

of Ref. [3].

In Fig. 4a we compare our differential cross section
(DCS) with the measured DCS of Sohn et al. and cal-
culated DCS by Lee et al. at 5 eV. There is very good
agreement between our results and the results of Sohn
et al.. Although the DCS of Lee et al. presents the
same shape than ours, 1t is greater in magnitude than
ours at all scattering angles. In Figs. 4b, 4c, and 4d
we show our calculated DCS at 7.5, 10, 12.5, 15, 20,
25, 30, 40 and 50 eV and calculated DCS of Lee et al.
at 10, 20, and 50 eV. At 10 and 20 eV we found good
agreement in shape with the DCS of Lee et al.. For en-
ergies above 10 eV, our the DCS present two minima,
indicating a d-wave behavior.
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Finally, Fig. 5 shows our momentum transfer cross
section. There is no available results for comparison.
In Table 2 we present our results for differential, inte-
gral, and momentum transfer cross sections at selected
energies.
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Figure 5. Momentum transfer cross section.
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V  Summary

We presented results for elastic scattering of low-energy
electrons by CS, molecules. Qur results agree very well
with the available theoretical and experimental results.
Through the symmetry decomposition of the integral
cross section and eigenphase sum analysis we tenta-
tively assign the cross section peaks to broad shape
resonances for the X, II,, II,, and A, symmetries,
at 7 eV, 13.5 eV, 23 eV, and 12.5 eV respectively. In
this work, we have identified these resonances for the
first time, except for the X, one, reported by Lynch et
al. [1] at 7.9 eV.
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Table 2. Tabulated cross sections for (S5 at selected energies. The cross sections are in 1071¢ cm? and the

scattering angles are in degrees.

angle 9eV  7.5eV  10eV  12.5eV  15eV  20eV  25eV  30eV  40eV  50eV

0.0 1258 25.78 34.01 44.99 4726 46.42 45.22 39.55 34.03 28.17
10.0 11.88 23.31 30.02 38.52 39.81 37.75 35.62 30.49 24.90 20.00
20.0 10.08 17.38 20.76 24.28 2393 20.71 18.04 14.75 10.95 8.1
30.0 782 11.05 11.57 11.80 10.92 891 7.60 6.34 5.07 4.07

40.0  5.70 6.53  5.75 5.40
50.0  4.07 4.16  3.17 3.14
60.0  3.01 312 222 2.10
70.0 243 2.58 1.80 1.39
80.0 2.13 2.11 1.52 1.19
90.0  1.90 1.64  1.32 1.33
100.0  1.63 1.22 1.18 1.43
110.0  1.33 097 1.14 1.34
120.0  1.11 0.96 1.26 1.24
130.0  1.09 1.27  1.56 1.27
140.0 1.31 1.89  2.01 1.47
150.0  1.76 2.70  2.59 1.88
160.0  2.28 354  3.24 2.52
170.0  2.71 4.16  3.80 3.20
180.0  2.87 4.39 4.03 3.51

499 448 419 357 2797 191
3.08 265 220 162 1.02 071
1.98  1.28 0.82 059 047 043
1.19 079 063 0.60 0.47 0.34
1.06  1.02 091 079 0.63 055
130 1.26  1.09 097 0.8 081
140  1.21 113 112 0.96  0.93
1.24  1.00 1.04 107 090 0.85
099 079 084 08 076 0.61
0.86 0.71 066 062 057 040
094 076 060 048 042 040
1.26 091 064 048 047 0.62
1.81 113 077 0.66 088 1.02
241 1.38 092 095 147 144
269 150 1.00 1.09 175 1.63

s 36.12 4453 43.98 45.12 4208 35.92 31.75 27.13 21.92 17.98

mtes  23.25  25.92  24.50 21.93 18.18 14.49 12,56 11.35 10.10 9.13
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