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Electron-impact study of S; using the R-matrix method
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We have carried out acomprehensive study of electron impact on the open-chain S; isomer by using the R-matrix
method. Elastic (integrated and differential), momentum-transfer, excitation, and ionization cross sections, along
with effective collision frequency over a wide electron temperature range (500-30 000 K) have been presented.
The target states are represented by including correlations via a configuration interaction technique. The results of
the static-exchange, correlated 1-state, and 24-state close-coupling approximations are presented. Our study has
detected a shape resonance, six core-excited shape resonances, and one Feshbach resonance in the 24-state model.
We detect a stable bound state of S5’ of 2B, symmetry having a configuration . . . 1 laf, o 3bf4b1 e 8b§, . 2a§,
with a vertical electronic affinity value of 2.15 eV, and a ionization potential value of 9.77 eV, which are in good
agreement with the experimental values of 2.093 £ 0.025 and 9.68 £ 0.03 eV, respectively. The ionization cross
sections are calculated using the binary-encounter-Bethe model in which Hartree-Fock molecular orbitals at a
self-consistent level are used to calculate kinetic and binding energies of the occupied molecular orbitals. We
have used partial waves up to / = 4 to represent continuum electron in our R-matrix method. A Born top-up
procedure is invoked to account for the contribution of partial waves higher than / = 4 to obtain converged cross

sections.
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I. INTRODUCTION

Sulfur has drawn considerable interest for several reasons.
It has the largest number of allotropes, with many of them
comprising cyclic molecules [1-3]. It exhibits allotropy in
the solid, molten, and gaseous phases [4]. It is one of the
most cosmically abundant second-row elements observed in a
radio band in a variety of galactic sources and circumstellar
shells of carbon-rich evolved stars [5-7]. It is an excellent
candidate for astronomical detection in comets [8] and the
atmosphere of Jupiter’s moon lo, where S, and SO, are
readily observed [9]. The thiozone or S; molecule is observed
in supersonic molecular beams, inert gases, interstellar and
astronomical sources, with a gas phase at low- and high-
resolution spectroscopy. The study of thiozone is further
motivated by their expected presence in ancient sedimentary
rocks during photolysis of SO, resulting in the formation of
Ss [5-10].

The S; molecule is of great interest due to its analogy
with the important and valence-isoelectronic O3 molecule.
The S; molecule, which is a closed shell, is stable at very
high temperatures [11]. The S; ground state is a singlet
with two valence isomers: the open-chain structure with
Cy, symmetry and the closed (cyclic) chain structure with
D3, symmetry [12-18]. The closed Ds, form of S; lies
6.7 kcal mol~! above the open-chain form [19]. Lenain
et al. [20] concluded from the observed Raman spectra
that the ground-state geometry corresponds to the bent Cy,
form, just as in O3. There is a tendency of the second-row
atoms to favor bent structures. This observation was further
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supported by accurate ab initio calculations [4,14,15,21],
though some semiempirical theories [16,18], supported the
cyclic Dy, structure. All single configuration Hartree-Fock
(HF) calculations, regardless of the level of the theory, predict
the ring to be more stable [4,12,14—16,21-23]. However, when
electron correlation is considered, the order of stability is
reversed [24]. Jones [13] has performed calculations using
density functional calculations with the parameter-free local
spin density (LSD) approximation for the exchange correlation
energy for the low-lying 'A;, *A,, 3By, and 3 B, states of Ss.
He has reported the vertical excitation energies for these states
at two geometries (/SSS = 114° and Rss = 3.78 a.u. and
/SSS = 120° and Rss = 3.76 a.u.). The LSD approximation
predicts near degeneracy between the two forms.

Raghavachari et al. [4] have studied small sulfur clusters
(S,=S12) using ab initio molecular orbital techniques. The
HF method was used in the determination of the molecular
geometries for all clusters. They optimized the geometry
using efficient gradient techniques with the 3-21G* basis set
[valence double-zeta (DZV) sp plus a set of d-type polarization
functions on each sulfur atom]. In smaller clusters containing
multiple bonds, the calculated bond lengths at the HF level are
too small, thus emphasizing the need for electron correlation
effects to obtain a more reliable geometry.

Fueno and Buenker [21] have reported the calculations
using the multireference double-configuration interaction
(MRD-CI) method, for S; with bond angle of /SSS = 119°
and bond length Rgs = 1.914 A. The bond angles for the C»,
symmetry have no bearing on the relative stabilities of the ring
isomers. Suomtamo et al. [24] have studied the sulfur clusters
S,-Ss using the molecular valence method. The geometry was
optimized using both minimal (MZ) and polarized double-zeta
(DZP) basis sets.

Koch et al. [25] computed the adiabatic electron affinity of
S; and the energies of the three low-lying excited electronic
states of the thiozone anion at an optimized geometry of the
X 2B, ground state employing coupled-cluster theory with
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single, double, and partially triple excitations [CCSD(T)],
second-order multireference perturbation theory [complete ac-
tive space with second-order perturbation theory (CASPT2)],
and multireference configuration interaction [MRCI and in-
ternally contracted MR-configuration interaction (IC-MRCI)]
methods using a large atomic natural orbital basis set.

Millefiori and Alparone [26] calculated the structure and the
dipole polarizabilities of S, clusters (n = 2—12) using density
functional theory within the Becke three-parameter Lee- Yang-
Parr (B3LYP) approximation and conventional ab initio HF
and CCSD(T) methods.

The rotational spectrum of S; has been observed [5]
and precise geometric structure has been derived with S3
as a bent chain with Rss = 1.917 £0.001 A and an apex
angle 117.36° by means of Fourier-transform microwave
spectroscopy. Experimentally, Nimlos and Ellison [27] report
an electron affinity of S3 as 2.093 % 0.025 eV and from Franck-
Condon analysis of photoelectron spectra give an estimate for
the S-S bond as 1.90 & 0.05 A. Berkowitz and Lifshitz [28]
deduced the ionization potentials as 9.68 = 0.03 eV for Ss.

The electron structure of S3, as O3, is a mixture of ionic
and diradical valence structures, which imparts a multicon-
figurational character to the ground-state wave functions.
The HF ground-state configuration of the S; molecule in
the open-chain structure, i.e., in Cp, symmetry, is ...1la12,
...3b7,...8b3, ...2a3 and corresponds to (X ' A;) while the
unoccupied orbitals are 459, 12a?, and 959. The orbital 8b,
is occupied and the 4b; orbital is empty in C,, symmetry
while this occupancy gets reversed in D3, symmetry. Thus
the HF ground-state configuration of the S; molecule in
the closed-chain structure, i.e., in D3, symmetry is ... llalz,
.. .4b%, .. .7b§, . 2a§. The 4b; orbital is an antibonding 7 *
orbital while 8b, is a nonbonding no orbital, thus showing
that the S-S bond distance is shorter in Cy, symmetry than in
D3, symmetry [14,29]. There are several theoretical methods
to determine structures and properties of small structures
such as the ab initio approach [30-32], the embedded atom
methods (EAMs) [33,34], tight-binding molecular dynamics
(TBMD) [35,36], pseudopotential density-functional-theory
method, and the Langevin molecular dynamics annealing
technique (PDFMD) [1], and the coupled-cluster theory [29].

The structure of S3 is a computational challenge because
the S-S bond length is quite sensitive to the level of theory,
the size of the basis set employed, and the participation of the
low-lying 3d orbitals in bonding. This work uses the ab initio
R-matrix method to study the low-energy electron scattering
of the S; molecule in the fixed-nuclei approximation. The
calculations use the UK molecular R-matrix code [37,38]. The
R-matrix method provides cross sections at a large number of
scattering energies efficiently. It includes correlation effects
and gives an adequate representation of several excited states
of the molecule [39]. Our interest lies in low-energy region
(<10 eV), where high-level but few-channel methods such
as the R-matrix works best. The incoming electron can
occupy one of the many unoccupied molecular orbitals or can
excite any of the occupied molecular orbitals as it falls into
another one. These processes give rise to the phenomenon of
resonances forming a negative molecular ion for a finite time
before the resonance decays into energetically open channels.
Below the threshold of the first vibrational channel, the energy
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loss is due to rotational excitations, which is very important for
polar molecules where the cross section becomes enormous.
The binary-encounter-Bethe (BEB) ionization cross sections
[40,41] are also computed. The BEB cross sections depend
on energy (kinetic, binding), the occupation number of the
occupied molecular orbitals of the target, and the energy of
the incident electron. The electron scattering calculations are
performed at a static-exchange (SE) level and close-coupling
approximation, by including 1 and 24 target states, namely, the
1-state (CI-1 state) and 24-state close-coupling approximation.

II. METHOD

A. Theory

The R-matrix theory [42,43] is well described and thus we
give an outline only. The configuration space of the scattering
system in an R-matrix approach is divided into an inner and an
outer region. Both regions are treated differently in accordance
with different interactions in each region. Once the scattering
electron leaves the inner region, the other target electrons get
confined in the inner region.

In the present work the R-matrix boundary radius dividing
the two regions was chosen to be 12a( centered at the Ss
center of mass. This sphere encloses the entire charge cloud
of the occupied and virtual molecular orbitals included in the
calculation. At 12ay, the amplitudes of the molecular orbitals
are less than 10‘3a0_ 32, Howeyver, the continuum orbitals have
finite amplitudes at the boundary. Inside the R-matrix sphere,
the electron-electron correlation and exchange interactions
are strong. Short-range correlation is important to describe
the resonances. The behavior of the differential cross sections
at small scattering angles is dictated by the dipole interaction
(if present) and long-range polarization.

A multicentered configuration interaction (CI) wave-
function expansion is used in the inner region. The calculation
in the inner region is similar to a bound-state calculation,
which involves the solution of an eigenvalue problem for
(N + 1) electrons in the truncated space, where there are
N target electrons and a single scattering electron. Most of
the physics of the scattering problem is contained in this
(N + 1) electron bound-state molecular structure calculation.
Outside the sphere, only long-range multipolar interactions
between the scattering electron and the various target states
are included. Since only direct potentials are involved in the
outer region, a single center approach is used to describe the
scattering electron via a set of coupled differential equations.
The R-matrix is a mathematical entity that connects the two
regions. It describes how the scattering electron enters the inner
region and how it leaves it. In the outer region, the R-matrix
on the boundary is propagated outward [44,45] until the inner
region solutions can be matched with asymptotic solutions,
thus yielding the physical observables such as cross sections.
We include only the dipole and quadrupole moments in the
outer region.

In the polyatomic implementation of the UK molecular
R-matrix code [37,38], the continuum molecular orbitals
are constructed from atomic Gaussian-type orbitals (GTOs)
using basis functions centered on the center of gravity of
the molecule. The main advantage of GTOs is that integrals

062707-2



ELECTRON-IMPACT STUDY OF S; USING THE R- ...

involving them over all space can be evaluated analytically
in closed form. However, a tail contribution is subtracted to
yield the required integrals in the truncated space defined by
the inner region [37].

The target molecular orbital space is divided into core
(inactive), valence (active), and virtual orbitals. The target
molecular orbitals are supplemented with a set of continuum
orbitals, centered on the center of gravity of the molecule.
The continuum basis functions used in polyatomic R-matrix
calculations are Gaussian functions and do not require fixed
boundary conditions. First, target and continuum molecular
orbitals are orthogonalized using Schmidt orthogonalization.
Then symmetric or Lowdin orthogonalization is used to
orthogonalize the continuum molecular orbitals among them-
selves and remove linearly dependent functions [37,46]. In
general and in this work, all calculations are performed
within the fixed-nuclei approximation. This is based on the
assumption in which electronic, vibrational, and rotational
motions are uncoupled.

In the inner region, the wave function of the scattering
system consisting of target plus scattering electron is written
using the CI expression

U =AY oM@ Y E ey
i J
D dmX1s XN XN 1)k (1)

where A is an antisymmetrization operator, xy is the spatial
and spin coordinate of the Nth electron, ¢,-N represents the ith
state of the N-electron target, &; is a continuum orbital that
is spin coupled with the scattering electron, and k refers to a
particular R-matrix basis function. Coefficients a;jx and b,
are variational parameters determined as a result of the matrix
diagonalization.

The first sum runs over the 24 target states included in the
present calculation, which are represented by a CI expansion.
It accounts for one electron in a continuum state with the
remaining electrons in a target state. To obtain reliable results,
it is important to maintain a balance between the N-electron
target representation ¢iN and the (N + 1) electron scattering
wave function. The summation in the second term of Eq. (1)
runs over configurations y,,, where all electrons are placed in
target occupied and virtual molecular orbitals. The choice of
appropriate x,, is crucial in this [47]. These are known as L?
configurations and are needed to account for orthogonality
relaxation and for correlation effects arising from virtual
excitation to higher electronic state that are excluded in
the first expansion. The basis for the continuum electron is
parametrically dependent on the R-matrix radius and provides
a good approximation to an equivalent basis of orthonormal
spherical Bessel functions [48].

We have used 55a;, 36b;, 36b,, and 23a, continuum
orbitals. The target and the continuum orbitals of a particular
symmetry form an orthonormal set in the inner region, for
example, the 12a; orbitals of the target and 55a; orbitals of the
continuum are orthonormal to each other. The configuration
state functions (CSFs) in the second term in Eq. (1) were
constructed by allowing the scattering electron to occupy
any of the target occupied or virtual orbitals. This term
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is responsible for the polarization effects in the 1-state CI
calculation also.

B. S; target model

There are two isomers of the S; molecule: one of C,,
symmetry and other of D3, symmetry. The C,, isomer is a
prolate asymmetric top closed-chain system having X 'A;
as the ground state whereas the Ds, isomer has X 1A/1
as the ground state. S; and Oj are isovalent homologs.
The DZP Gaussian basis set [49] were used, contracted as
(12,8,1)/(6,4,1) for S atoms. The diffused functions (with
a cutoff exponent 0.1) were avoided as they would extend
outside the R-matrix box. The optimized geometry for Cy,
isomer has Rgs = 1.9037 A and /SSS = 117.2506°, which is
close to the optimized geometry having Rss = 1.912 A and
/SSS = 117.9° for the DZP basis set by Suontamo et al. [24]
and Rss = 1.963 A and /SSS = 117.4° of Ivanic et al. [50].
The angle 117.4° is within 2° of that for the isovalent molecule
03(116.8°), indicating sp? hybridization for the apex sulfur.
We optimized the ground-state geometry at the HF level using
the Gaussian GO3 package. Our main work rests on the Cy,
isomer but we have carried out a scattering calculation on the
D3y, isomer in the SE approximation. The optimized geometry
for the D3, isomer has a bond length of 2.127 A with a bonding
angle of 60°. The set of occupied and virtual set of orbitals
were obtained by the self-consistent field (SCF) calculation
for the ground state of the S3 molecule. This calculation yields
occupied orbitals up to 11ay, 3b1, 8b,, and 2a,. Their binding
energies for the C, isomer are tabulated in Table I.

TABLE 1. S; molecular orbital binding and average kinetic
energies (in eV) for the DZP basis set at an equilibrium geometry
for a C,, isomer.

Molecular orbital |B| U N
la; 2506.65 3296.90 2
2a, 2503.34 3296.82 2
3a, 248.00 509.25 2
4a, 244.85 509.08 2
Sa, 184.77 478.92 2
6a, 181.72 477.67 2
Ta, 181.60 479.15 2
8a; 32.08 61.99 2
9a,; 21.21 72.28 2
10a, 15.35 50.05 2
11a, 10.39 52.77/3 2
1b, 184.80 478.17 2
2b, 181.64 478.16 2
3b, 14.60 42.96 2
1b, 2503.34 3296.82 2
2b, 244.85 509.08 2
3b, 184.84 478.16 2
4b, 181.72 477.67 2
5b, 181.60 479.15 2
6b, 26.98 64.06 2
7b, 15.58 59.85 2
8b, 10.50 50.67/3 2
la, 181.64 478.16 2
2a, 9.77 45.58/3 2
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TABLE II. Dominant configuration, the transition moments (in a.u.), N the number of CSFs, and the vertical excitation energies (in eV) for
the target states of S3 open-chain isomer. The dagger (') represents the dipole moment.

Vertical Excitation Energy

State Dominant Transition N Present Jones? Jones?*

Cyy configuration moments /SSS = 117.2506° /SSS = 114° £SSS = 120°
Rss = 1.9037 A Rss = 3.78 a.u. Rss = 3.76 a.u.

X4, ... 1a?,...3b%,...8b3, ... 243 0.27911 4067 0.000 0.0

a’B, (...)2a;"4b, - 5802 1.467 1.4

b3B, (.. .)llal‘14b1 — 5826 1.510 1.3

c3A, (. .)8b2_14b1 — 5811 1.681 1.2

114, (. .)8b2’14b1 — 3843 1.811 1.5 1.71

1'B, (.. .)11a[14b. 0.0489 3858 1.861 1.6 1.52

d’B, — 5802 3.447

214, (.01 lal’1 12a, 0.0062 4067 3.643

1'B, (. .)2a2‘14b1 1.0638 3962 3.714 2.3 1.97

e3A, — 5811 4.503

f3B — 5826 4.676

214, — 3843 4.871

314, 0.0972 4067 5.073

2B, 0.114 3858 5.089

g3A, — 5727 5.142

h34A, — 5727 5.243

i’B, — 5802 5.250

2'B, 0.0616 3962 5.401

j3A, — 5811 5.708

k3B, — 5826 5.969

314, — 3843 6.065

3'B; 0.0192 3858 6.298

3'B, 0.5702 3962 6.326

134, — 5727 6.977

2Reference [13].

By Koopmans’ theorem, the first ionization energy is
9.77 eV, which is in agreement with the experimental value
of 9.68 = 0.03 eV [28]. The SCF calculations do not provide
a good representation of the target states. The CI calculations
were performed, which resulted in the lowering of the ground
state and excited states. Also, the correlation introduced
provides a better description of the target wave function and
excitation energies. The SCF ground-state energy for the S3
molecule is —1192.4538 a.u., in comparison to the HF value
of —1192.472 55 a.u. of Raghavachari et al. [4], while our CI
ground-state energy gets lowered to —1192.5379 a.u., which
compares well with other works in literature [4,25,26,50]. The
HF value refers to an extremely large basis set function as
compared to a SCF calculation.

In the CI model, 30 frozen electrons were distributed in the
1af2a% .. 7a%, lb%be, 1b§2b§ o 5b§, 1a§ configuration and
the remaining 18 electrons are allowed to move freely in nine
molecular orbitals 8a; ... 11ay, 3by, 6b,...8by, 2a,. In our
model we allow single as well as double excitations from the
HF occupied orbitals to any one of the available virtual orbitals.
There are also some selected triple excitations included,
for example 11a; — 12a;, 3by — 4by, and 8b, — 9b,. The
vertical eletronic affinity (VEA) was computed using bound
state calculations by including the continuum electron basis
functions centered at the origin. The stable bound state of
S5 was detected having a VEA value of 2.1514 €V, in good

agreement with 2.093 = 0.025 eV experimental value [27].
The dipole moment is 0.279 013 a.u. or 0.7086 D, which is
close to the value of 0.56 D of Millefiori et al. [26], while
the components of the quadrupole moments O and Q,, are
0.631 23 and 2.328 82 a.u., respectively. The correlational
energy of the anion with an additional weakly bound electron
is much higher than that of the neutral species. A good
description of the extra electron requires one-particle basis
set augmented by a diffuse function as well as functions of
high angular momentum.

In Table II, we list the dominant configuration, the transition
moments N, the number of CSFs and the vertical excitation
energies for the target states. The excited states are formed
by the excitation of an electron from the occupied ay, by, b,
and a, orbitals to the vacant orbitals. Our vertical transition
energies for the target states are in good accord with the density
functional calculations of Jones [13]. The differences arise
due to the different geometry, basis set, the active space, and
the correlation effects used in our calculation. This is due
to the restriction imposed by R-matrix method of using only a
single basis set to represent all the target states. In the R-matrix
approach it is computationally convenient to use the same set
of basis functions for all the target states. This is also a source
of certain discrepancies in the target thresholds

In the 1-state CI model we include only the ground state,
which is correlated. With the present DZP basis function
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FIG. 1. (Color online) Elastic cross sections of the electron impact on the S; molecule. Thin solid curve, 2A,; dotted curve, 2B ; dashed
curve, 2B,; dashed-dotted curve, 2A,; single-dashed-double-dotted curve, total summed; double-dashed-dotted-curve, Born correction; thick

solid line, total Born corrected. (a) Static exchange. (b) CI-1 state.

we find that the ground state of the C,, isomer is lower by
9.84 kcal/mol with respect to the ground state of the Ds;,
isomer at their corresponding optimized geometry in CI-1
state model. This value is slightly higher than the value
9.2 kcal/mol of Koch et al. [25], who used the complete
active space self-consistent field approximation (CASSCF)
and 8.5 kcal/mol of Millefiori e al. [26], which use more
elaborate correlation effects.

C. Scattering model

We have included 24 target states, taking three each in
the singlet, lA],lB],lBQ,lAz, and triplet, 3A|, SBI, 332, 3A2,
symmetries in the trial wave function describing the electron
plus target system. Calculations were performed for doublet
scattering states with Ay, A,, Bj, and B, symmetries. Contin-
uum orbitals up to g partial wave (I = 4) were represented by
Gaussians centered at the molecule center of gravity [48].

Due to the presence of the long-range dipole interaction, the
elastic cross sections are formally divergent in the fixed-nuclei
approximation as the differential cross section is singular in
the forward direction. To obtain converged cross sections, the
effect of rotation must be included, along with a very large
number of partial waves.

The effects of partial waves with [ > 4 were included
using a Born correction via a closure approach [51,52]. This
correction is applied at the cross-section level at all energies.
Our partial g-wave cross section using the R-matrix method
nearly coincided with the g-wave and Born results in the entire
scattering energy region. This establishes the correctness of
our procedure to use the Born correction beyond the g-partial
wave.

The maximum number of coupled channels in our scattering
calculation is 150. The number of CSFs for a typical doublet
scattering symmetry is ~80000. Due to the small dipole
moment (0.2790 a.u. or 0.7086 D) of the ground state, we have
propagated the R-matrix to a radius of 50ay. The propagated
solutions at 50ay are matched with the asymptotic boundary
conditions yielding K matrices from which we can extract
integral cross sections using standard formulas.

III. RESULTS

A. Elastic and inelastic total cross sections

In Figs. 1(a) and 1(b) we present the elastic cross sections
of electron impact on the S3 molecule in the SE model and the
CI-1 state model, respectively. We have shown the contribution
of each symmetry. In the SE calculation, exchange is included
and the target molecule is not allowed to be perturbed and
hence polarization is assumed to be minimum or zero. In the
CI-1 state, exchange is included and the target molecule is
allowed to be perturbed and hence polarization is included. Our
SCF calculation indicates that the first virtual molecular orbital
4b has energy of —1.68 eV. The scattering electron occupies
this molecular orbital and gives rise to a shape resonance in
2B, symmetry at ~1.5 eV as shown in Fig. 1. This resonance
is due to lack of correlated effects in the SE approximation.
When correlation effects are included via CI in the ground
state, this resonance is expected to become a bound state.
This we show in Fig. 1(b) in the CI-1 state model. Here, the
shape resonance in > B; symmetry, which was detected in the
SE model, vanishes and becomes a bound state. We instead
now have a shape resonance in 2A; symmetry at ~3 eV with
an electron configuration (X 'A;)12a;. We also see a sharp
resonance in the 2 A, symmetry at ~2 eV and a broad resonance
in the 2 B, symmetry at ~4.7 eV. The other small peaks that we
see could be due to pseudoresonances. These peaks get wiped
out when more correlation is included in the 24-state model,
as can be seen in Fig. 2. Due to the presence of an angular
barrier for symmetries other than A, the elastic cross sections
are expected to start from zero at low energies. Our results for
these symmetries are not accurate for energies below 0.5 eV.
This is the inherent numerical problem in the R-matrix method
in which uncontracted continuum wave functions are used.

When more correlation is added as in our 24-state model,
which include more polarization generated by inclusion of
excited states, we see that in Fig. 2, the shape resonance in ZA,
is shifted to a lower energy at ~1.66 eV. This has configuration
X 'A1(12a;) and a width of 0.91 eV. The corresponding
resonances in the 2A, and 2B, symmetry shift to 0.84 and
3.45 eV, respectively. The resonance in 2 A, is very sharp while
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FIG. 2. (Color online) 24-state R-matrix elastic cross sections of
the electron impact on the S; molecule. Thin solid curve, 2A; dotted
curve, 2B;; dashed curve, ?B,; dashed-dotted curve, 2A,; single-
dashed-double-dotted curve, total summed; double-dashed-dotted-
curve, Born correction; thick solid line, total Born corrected.

in 2B, it is broad with a width of 1.16 eV. Further, 2A, with a
configuration (2a, '4b?) decays to a® B, parent state, which is
higher and thus is a Feshbach resonance. The resonance with
configuration 2B, : &b, 14b% decays to its parent state 1'A,
and thus is a core-excited shape resonance.

In Fig. 3 we have compared the elastic cross sections for the
two isomers in the SE model. The cross sections for the D3y,
symmetry are lower than the corresponding Cy, cross section
because the dipole moment of the Ds;, isomer is almost zero,
having a value of 0.1025 x 107 a.u. The frontier SCF orbitals
of the D3, isomer are rearranged as compared to the C5, case.
The lowest unoccupied molecular orbital (LUMO) of C5, is
4b,, with an orbital energy of —1.68 eV, whereas for D3, the
LUMO (8b;) energy is 0.79 eV. The shape resonance in the
C», case in the SE model becomes a bound state in the D3,
case at the same level of approximation, indicating an absence
of this resonance. However, we see a resonance at 3.45 eV due
to the 2B, symmetry in the D3, case.
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FIG. 3. (Color online) Elastic cross sections of the electron
impact on the S; molecule in the SE model. Dotted curve, open-chain
isomer (C,,); dashed-dotted curve, closed-chain isomer (Djy,).

In Figs. 4-7 we have shown the inelastic cross sections
from the ground state X 1 A, to the first five states a > B, b3 By,
¢3A,, 11A,, and 1'B;, whose vertical excitation thresholds
along with their dominant configuration and the number of
CSFs included in the CI expansion are given in Table II.

The two transitions in Figs. 4(a) and 4(b) are spin-forbidden
transitions. Figure 4(a) depicts X 1A, = a3®B, excitation
cross section in which we also show the individual contribu-
tions of each scattering symmetry. We notice some interesting
features here. The maximum contribution is of 2B, scattering
symmetry. In 2B, there are peaks at 3.45 and 5.79 eV. The
widths of these peaks are 1.16 and 0.26 eV, respectively. The
peak at 3.45 eV is the signature of the core-excited shape
resonance as also detected in the elastic cross sections in
Fig. 2. The peak at 5.79 eV is also a core-excited shape with
configuration 2B, : 8b; '4b?, with j3A, as the parent state.
In 2B there is a peak at ~4.2 eV with a width of 0.05 eV.
It is a core-excited shape resonance with a configuration of
(11a;'4b,12a,)*B; and decays to the parent state 1 ' B; after
the 12a; molecular orbital is detached.
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FIG. 4. (Color online) Electron impact excitation cross sections from the ground X 'A; state of the S; molecule to the (a) a 3B, state (b)
b3 B, state in 24-state model. Thin solid curve, 2A,; dotted curve, 2B,; dashed curve, %B,; dashed-dotted curve, 2A,; thick solid line, total

summed.
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FIG. 5. (Color online) Electron-impact excitation cross sections
from the ground X ' A, state of the S3 molecule to the ¢ * A, state. Thin
solid curve, 2A,; dotted curve, 2B, ; dashed curve, 2 B,; dashed-dotted
curve, 2A,; thick solid line, total summed.

Figure 4(b) depicts a X YA, = b3B; excitation cross
section. The maximum contribution is that of 2B, symmetry.
In 2 B; there is a peak at ~4.2 eV, as discussed in Fig. 4(a). The
peak at ~6.5 eV in A, symmetry is a broad resonance. The
peak in 2A; at 4.75 eV with a configuration of (11a; '35?)*A,
has a width of 0.17 eV, and is a core-excited shape resonance
which decays to the parent state f 3 B;.

Figure 5 depicts a X 'A; — ¢3 A, excitation cross section
in which we also show the individual contributions of each
scattering symmetry. The contributions of the 2B, and %A,
symmetries are larger than the other two symmetries. We see
a peak in the 2 B; symmetry at 4.2 eV. This was as seen earlier
in Figs. 4(a) and 4(b). There is a resonance in 2A, with a
configuration (2a, 14b%)2A2 at 4.67 eV of width 0.62 eV. It is
a core-excited shape resonance with a parent state 1 ' B,.

Figure 6 depicts a X 'A; — 1!A, excitation cross section.
This transition is symmetry forbidden. The cross section of > B
symmetry attains a peak value at ~4.2 eV while those of 2B,
and 2A; attain a peak value at 5.79 and 4.75 eV, respectively.
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FIG. 6. (Color online) Electron-impact excitation cross sections
from the ground X ' A; state of the S3 molecule to the 1 ' A, state. Thin
solid curve, 2A,; dotted curve, 2B, ; dashed curve, 2 B,; dashed-dotted
curve,?A,; thick solid line, total summed.
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FIG. 7. (Color online) Electron-impact excitation cross sections
from the ground X ' A, state of the S; molecule to the 1 ' B, state. Thin
solid curve, >A,; dotted curve, % B, ; dashed curve, > B,; dashed-dotted
curve, 2A,; thick solid line, total summed; double-dashed-dotted-
curve, Born correction; thick solid line, total Born corrected.

These resonances have been discussed while describing Figs. 4
and 5.

In Fig. 7, we have shown excitation cross sections for the
transition X 'A; — 1!'By. This is the first transition that is
dipole allowed. Peaksin 2By, A1, and > B, have been discussed
in earlier figures.

The resonance position E, and the resonance width T,
parameters of the resonances yielded by 24-state close-
coupling calculations are given in Table III. These parameters
were obtained by fitting eigenphase sums to the Breit-Wigner
profile [53].

B. Ionization cross section

The BEB cross section is rather sensitive to the ionization
energy used in the calculation. The ionization energy in our
calculation is 9.77 eV, which is deduced from Koopmanns’
theorem and is in good agreement with the experimental values
of 9.68 4+ 0.03 eV [28]. The molecular orbital data used in
calculation of BEB cross section is given in Table 1. These
molecular orbitals used in our CI model were obtained through
a SCF calculation, so only this set of molecular orbitals is
used to calculate the BEB cross sections. The ionization cross

TABLE III. Resonance parameters of Ss.

Electronic configuration  E, r, Type of Parent
of resonant state @V) (eV) resonance state
ZA, X YA (12a) 1.66 091 Shape X'A
2A; ()1 a 302 475 017 Coreexcited f3B,
2By 1 (...)8b; '4b} 345 1.16 Coreexcited 1'A,
2B, : (...)8b; '4b? 579 0.26 Coreexcited j3A,
2By :(..)11a;'4b2a; 420 005 Coreexcited 1'B;
2A; (.. )2a, 402 0.84  0.01 Feshbach  a?B,
24,5 1 (.. )2a; 403 6.50 0.02 Coreexcited 3'B,
2451 (.. )2a; 403 4.67 0.625 Coreexcited 1'B,
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FIG. 8. (Color online) Electron-impact BEB ionization cross
sections of the S3 molecule. Dotted curve, BEB; solid curve, modified
BEB

section o is obtained by summing over each orbital cross
section o;, where

S IR L) It
“*)—m{z( ‘72) " +[( ‘;>‘t+1“’
(2)

where t = T/B,u = U/B, and S = 47ralN(R/B)*. Here, R
is the Rydberg energy, T is the kinetic energy of the incident
electron, U is the orbital kinetic energy, N is the electron
occupation number, and B is the binding energy of the orbital.

We have calculated electron-impact ionization cross sec-
tions of S3 by using the standard formalism of the BEB
model [40,41]. This formalism requires the binding energy
and kinetic energy of each occupied molecular orbital in a
molecular structure calculation. The parameter Q of the BEB
formalism is set to unity. The BEB cross sections are given in
Fig. 8 from threshold (9.77 eV) to 5000 eV. The cross section

~ 4@ 0->0 3
' 10 2eV S 0->1 7
0->2
o 0-->3 d
g 0-->4 3
© 21 - 0->5 B
-2 10
z  E
=] £ 3
5 10°F -
A L i —— |
= 10°F -
E ’/
2 E E
[} E 3
= E
A10%F n
i ! ! ! Lo
0 20 40 60 80 100 120 140 160 180

Scattering angle (deg)

. . . 62
Differential cross sections ( 10 cm’/sr)

PHYSICAL REVIEW A 83, 062707 (2011)

rises from threshold to a peak value of 7.71 A? at 80.0 eV and
then shows In E/ E behavior as E approaches higher values.

According to the Mulliken population analysis, the molec-
ular orbitals 11a;, 8b,, and 2a, comprise more than a 90%
contribution from the 3p atomic orbital of sulfur. We have
therefore divided the kinetic energy of these molecular orbitals
by the principal quantum number n = 3. The modified BEB
ionization cross sections [54] are larger than the unmodified
BEB ionization cross sections. However, the peak now occurs
ata 60 eV impact energy with a value of 9.87 A2. We note that
earlier we have observed peaks in the BEB cross sections for
SOS molecule [55] also at 80 and 60 eV for BEB and modified
BEB ionization cross sections respectively.

C. Differential cross section

The evaluation of the differential cross sections (DCSs)
provides a more stringent test for any theoretical model. The
DCS for a general polyatomic molecule is given by the familiar
expression

do

o= XL:ALPL(COSG), 3)
where Pj, is a Legendre function. The A coefficients have
already been discussed in detail in Gainturco and Jain [56].
For polar molecules this expansion over L converges slowly.

We use the closure formula to accelerate the convergence of
DCS,

do do?B

=gt (AL — A7) P(cos 6). (4)

L

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 interaction. The quantity

24-state CI 2eV 1
-~ 4eV

6eV
- 8eV
— 10eV

()]

—
(=
S

—_
S

iy il

|
160 180
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140

|
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FIG. 9. (Color online) (a) Electron-impact R-matrix rotationally resolved state-to-state (J — J’) cross sections of S3 at 2 eV in the 24-state
model: Thin dotted curve, 0 — O; thin dashed curve, 0 — 1; big dashed curve, 0 — 2; dashed-dotted curve, 0 — 3; double-dashed-dotted
curve, 0 — 4; double-dotted-dashed curve, 0 — 5; thick curve, summed (over J') results. (b) Electron-impact R-matrix DCS of S; differential
cross sections in the 24-state model: Dotted curve, 2 eV; dashed curve, 4 eV; dashed-dotted curve, 6 eV; dashed-double-dotted curve, 8 eV;

thin solid curve, 10 eV.
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do®/dS2 for any initial rotor state |JT) is given by the sum
over all the final rotor states |J't’),

do® .

do® .,
-5 > g T =T, (5)

J't

The expression for the state-to-state rotationally inelastic
DCS, do?/dQJt — J't'), for a spherical top, a sym-
metric top, and an asymmetric top molecule are given by
Sanna and Gianturco [57]. We used the calculated rotational
constants for S;, which are A = 0.804577206 cm™!, B =
0.0997278885 cm~! and C = 0.088729773 1 cm~!, which
are calculated at the geometry used in the present calculation.

In Fig. 9(a) we show our calculated rotationally resolved
DCS for electron scattering by S3 at an incident energy of
2 eV. The scattering is dominated by the elastic component
0 — 0 and the dipole component 0 — 1. As J’ increases,
the cross sections decrease; this shows that, by J' =5, we
have obtained almost convergent results. In Fig. 9(b) we show
DCSs which are obtained by summing the rotational cross
sections for all processes 0 — (J’ = 0-5) at selected energies
of 2,4, 6, 8, and 10 eV. The DCSs at all the energies show a
steep rise as the scattering angle approaches zero. This is due
to the dipolar nature of the target. Besides this, the data on
DCS is further used to calculate the momentum-transfer cross
section (MTCS) that shows the weightage of backward-angle
scattering. We have calculated DCSs by using the POLYDCS
program of Sanna and Gianturco [57] that requires basic
molecular input parameters along with K matrices evaluated
in the R-matrix scattering calculation.

However, since the DCSs are not very sensitive to correla-
tion effects for backward scattering, we expect our MTCSs to
be quite reliable, which are shown in Fig. 10 in the 1-10 eV
range. It provides a useful input in solving the Boltzmann
equation for the electron distribution function. From Fig. 10,
we observe that the MTCS decreases with increasing energy.
The peak near 1.5 and 4 eV are due to the effect of resonances.
In contrast to the diverging nature of DCS in the forward
direction, MTCSs show no singularity due to the weighting
factor (1 — cos ), where @ is the scattering angle. This factor
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FIG. 10. (Color online) Momentum transfer cross sections of the
S; molecule ground state, Solid curve, 24-state result.
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FIG. 11. (Color online) Effective collision frequency of the S;3
molecule ground state. Solid curve, (v); dotted curve v.

vanishes as 8 — 0. The MTCS is useful in the study of
electrons drifting through a molecular gas.

D. Effective collision frequency of electrons

Using the MTCS data, we evaluated two types of the
effective electron-S3 collision frequency (v) and v~!, from
Baille et al. [58]. These are given by the following expressions
in which it is assumed that the electrons follow a Maxwell-
Boltzmann distribution,

8 m 32 poo mev?
(v) —N( ) /USQM(u)e*mdu (6)
0

“ 3720 \ T,

and

] m 5/2 poo v3 o?
51 - e T %7 du. 7
VT 3giN <2kTe) /0 0" ()¢ v (D)

Here, N is the number density of molecules, m, is the
electron mass, k is the Boltzmann factor, 7, is electron
temperature, v is the velocity of the electron, and Q™ (v) is the
velocity-dependent MTCS. These are plotted in Fig. 11. These
collision frequencies are related to transport properties such
as the mean free path, mobilities, and diffusion coefficients.
These find applications in the study of electrons swarming
through molecular gases.

IV. CONCLUSIONS

We have carried out a detailed study of electron impact on
an open-chain S; isomer by using the R-matrix method. We
have presented results for various types of cross sections. The
vertical electronic affinity and the ionization potentials are
in good agreement with the experiment. The data generated
for MTCS has been fruitfully employed to calculate collision
frequencies which are useful for the evaluation of transport
coefficients. Our study has detected a shape resonance , a
Feshbach resonance, and six core-excited shape resonances in
the 24-state model. The ionization cross section presented in
the BEB model may be useful to experimentalists as resource
data.
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