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Low-energy electron collisions with thioformaldehyde
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The elastic integral, differential, and momentum transfer cross sections and the excitation cross sections from
the ground state to the first three low-lying electron excited states for low-energy (010 eV) electron collisions
with thioformaldehyde (H,CS) molecule are calculated using the R-matrix method. Eighteen target states are
included in the close-coupling formalism. Three core-excited shape resonant states (*B,,>B;,2A;) and three
Feshbach resonant states (> B,,2A;,> B)) are determined for the (N + 1)-electron H,CS™ system in the low-energy
range. The dissociative electron attachment processes at the first two low-lying core-excited shape resonant states
are proven by performing a series of scattering calculations, indicating the S™(*P) yields together with the CH,

fragment at three different states.
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I. INTRODUCTION

Thioformaldehyde (H,CS), which is the simplest molecule
in the thiocarbonyl family, is well known to exist in interstellar
clouds [1-3]. Recently, H,CS was also detected for the first
time in the circumstellar envelope around an asymptotic giant
branch (AGB) star [4]. H,CS plays an important role in the
photochemical evolution of sulfur-containing species in atmo-
spheric chemistry and astronomical systems [1-7]. Moreover,
it is an important intermediate in organic synthesis [8,9],
biological functions [10-12], and photochemical reactions
[13-15].

Absorption spectra of H,CS in the visible and ultraviolet
regions have been investigated experimentally [16-21]. The
lowest vibrational transition energies of X 'A; to A 34, and A
1A, (n = 7*) were first determined to be 1.80 and 2.03 eV,
respectively [16,17]; furthermore, the electron transitions to
the higher valence B 'A; (wx — m*) and Rydberg states C
'B, (n — 4s5), D '"A; (n — 4p,), and E ' By (n — 4p,) were
observed at 5.60, 5.84, 6.60, and 6.82 eV, respectively [18-20].
Recently, much more information on the valence to Rydberg
state transitions was obtained [21,22]. Theoretically, there are
a series of multireference configuration-interaction (MR-CI)
studies on the spectroscopy of thioformaldehyde [23-28]. The
experimental data of the basic properties of the ground-state
H;,CS, such as ionization potential (IP), electron affinity (EA),
and dipole moment (u), are also available. The adiabatic
IP (V) has been determined by the electron-impact mass
spectrometry (V& =9.44 eV) [29] and by the photoioniza-
tion mass spectrometry (V4 =9.376 eV) [30]. The vertical
IP (V;},) was obtained by the photoelectron spectroscopy
(Vi2,=9.34 eV [31], 9.38 eV [32]). The EA of H,CS was
measured to be 0.465 + 0.023 eV by the photoelectron
spectrum of the thioformaldehyde negative ion [33]. The u
value at the electronic ground state is 1.6491 D, determined
by the molecular-beam electric resonance technique [34], and
1.647 D, determined by microwave spectroscopy [35]. To
the best of our knowledge, there have been no reports up

to now on the electron-impact spectroscopy of H,CS. In the
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electron collisions with this molecule, the electron transitions
including the spin-permitted and spin-forbidden promotions
can be observed. Meanwhile, it is worth exploring the coupling
mechanism between the electron-molecule resonant states
formed in the collisions and the electron-attachment-induced
dissociations.

In the present work, the integral elastic and inelastic cross
sections of the low-energy (0-10 eV) electron scattering
from H,CS are calculated using the UK polyatomic R-matrix
codes [36,37]. High efficiency and the accurate treatment
of the electron multiconfigurations guarantee the successful
applications of the R-matrix method in a series of studies
on the small radicals [38] and polyatomic molecules [39,40].
The electron-scattering calculations for H,CS are performed
within the CI scheme and the close-coupling approximation.
Here we are interested in the low-energy region (<10 eV)
because in this energy range the transient-state negative ion,
also known as the electron-molecule resonant states, can
be formed in the different mechanisms, i.e., the incoming
electron can occupy one of the unoccupied molecular orbitals
(MOs) or excite any of the occupied MOs as it falls into
another one. The electron-molecule resonant states are usually
shorted-lived and decay into energetically open channels, e.g.,
dissociation to a negative ion and a neutral fragment. The
excitation cross sections from the molecular ground state
to a few low-lying excited states have also been calculated,
and these excited states formed in the inelastic collisions
can decay into the ground state with photon emissions or
by coupling with the dissociation channels to produce the
anionic and neutral fragments. Furthermore, the POLYDCS
code [41] is employed for the calculations of rotationally
elastic and inelastic differential cross sections (DCSs) in which
the K-matrix elements are required and obtained within the
18-state R-matrix approximation.

II. THEORETICAL METHOD

The R-matrix method has been described in detail elsewhere
[42,43]. In a fixed nuclei R-matrix approach, the configuration
space is divided into an inner region and an outer region. The
inner region is defined as the volume of a sphere centered
at the center of mass of the target molecule. This region is
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treated in varieties, but ensuring that the charge density of
the target is fully constrained in this region. In the inner
region, the scattering electron is indistinguishable from the
electrons of the target, and the electron-electron correlation
and exchange are strong. The highly qualified electron wave
functions are required in the scattering calculations. In the
outer region, it is assumed that the scattering electron can be
considered to be distinct. This electron, therefore, moves in a
local potential arising from its long-range interaction with the
target. The electron exchange and correlation effects between
the scattering electron and target electrons are neglected.

In the inner region, the wave function of the (N4 1)-
electron system is expanded in the following way:

N+ N
[ ZARRIE| E @i P (x1, . xn)u (XN41)
ij

+ ZbikXiNH(xl,--.,xNH), (1

where A is an antisymmetrization operator, xy is the spatial
and spin coordinates of the Nth electron, ®;" is the ith target
wave function, and u;; is a continuum orbital describing
the scattering electron. The target wave function ®;V is
represented using the complete active space CI (CASCI)
model, which ensures a good balance between the N-electron
target and the (N + 1)-electron wave functions. The sum in the
second term of Eq. (1) represents the short-range correlation
and polarization effects, running over configurations y;V*!
that are known as L? functions. These x;V*! are multicenter
quadratically integrable functions constructed, as the target
wave functions, with the target occupied and virtual MOs.
ajjx and b are the variational coefficients obtained by
diagonalizing the (N + 1) Hamiltonian.

The configurations included in the CI expansion are
generated as the products of MOs; the same set of orbitals must
be used for all electronic states. In the polyatomic R-matrix
suite, both the molecular MOs and the continuum orbitals
are expanded in terms of Gaussian-type orbitals (GTOs). The
basis functions for the MOs, centered on each nucleus, are
adapted from a standard quantum chemistry basis set. The
continuum basis functions are centered at the center of mass
of the target. First, the Schmidt orthogonalization procedure
is used to orthogonalize target and continuum MOs, then
Lowdin symmetric orthogonalization is used to orthogonalize
the continuum orbitals among themselves and remove linearly
dependent functions [36,44].

III. TARGET AND SCATTERING MODELS

The molecule H,CS, which belongs to the Cj, point
group, is a closed-shell system. The geometrical param-
eters at the ground state X 'A; are experimentally de-
termined as R(C=S)=1.611 A, R(C-H)=1.093 A, and
bond angle (H-C-H)=116.9° [45], and are used in the
present calculations. We use the double-¢ plus polarization
(DZP) Gaussian basis set contracted as (9s5pld)/(4s2pld)
for the C atom, (12s8pld)/(6s4pld) for the S atom [46],
and (8s2p)/(5s2p) for the H atom [47]. We have not used
the larger basis set augmented with more diffuse functions
since the electron wave function could extend outside the
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inner region (radius ~12ag). First, a self-consistent-field
(SCF) calculation for the ground-state target is performed,
and a set of occupied and virtual MOs are obtained.
The Hartree-Fock electron configuration at the ground state
is lal22a123a124a|21b121b225a126a122b227a122b|23[922. The
SCF energy for the ground state of H,CS is —436.5129
hartree, and the energies of the higher occupied MOs with
the irreducible representations 7ap, 2by, and 3b, are —14.66,
—11.27, and —9.50 eV, respectively. The eigenvalues of the
first three virtual MOs 3b;, 8a;, and 4b, are 1.36, 3.01, and
3.81 eV, respectively. Within Koopmans’ theorem, the first
Vion 18 simply estimated to be 9.50 eV, which is in agreement
with the experimental value (9.38 eV) [32]. To improve the
calculations of the ground and excited states, the CASCI model
is employed. In the present CASCI calculations, we keep 14
electrons frozen in the inner MOs 1ay, 2a,, 3a;, 4a;, 1by, 1b,,
and 5a,, while allowing the remaining 10 electrons to occupy
freely the outer MOs 6a,, 2b,, 7a;, 2by, 3b,, 3by, 8ay, 4b,,
and 9a; (the latter four are the virtual MOs of the ground-state
target). The CASCI energy of the ground state is —436.5407
hartree. The dipole moment and quadrupole moments have
also been calculated to provide additional information on the
charge distribution in the H,CS molecule. The p value at the
ground state is predicted to be 1.7979 D, in good agreement
with the experimental datum of 1.6491 D [34]. The quadrupole
components O,y and Qo at the ground state are 2.013 258
and 0.083 765 a.u., respectively. Furthermore, the rotational
constants are 9.6399, 0.5915, and 0.5573 cm~".

In the CASCI calculations of the (N + 1)-electron system,
no R-matrix poles are found to have energies lower than the
ground state X 'A;, implying that there is no bound state
of the anion H,CS™. In the experiment, however, H,CS~
can be formed at a bound state [32]. Since the geometry
of the ground-state H,CS™ [32,48], also in the C,, point
group, is slightly different from that of H,CS, the EA of
H,CS should be positive, 0.465 £ 0.023 eV [32]. The
existence of such a bound state could seriously influence
the cross sections at the corresponding symmetry, 2B, of
the bound-state H,CS™. In this work, the SCF calculations
for the ground-state (®B;) H,CS™ at the H,CS equilibrium
geometry have been performed. The energy of the singly
occupied MO (SOMO) 3b, is —0.20eV. The EA 0f 0.20 eV can
be simply estimated within Koopmans’ theorem, which is close
to the experimental result [32]. Furthermore, using the SCF
wave functions of HyCS™, the CASCI calculations predict a
pole of 2B, symmetry that is 0.11 eV lower than the ground-
state energy of H,CS. Therefore, this 2 B, -state anion H,CS ™ is
abound state, in accord with the experimental result [32]. In the
present calculations, the SCF orbitals of H,CS™ are only used
for the calculations of the elastic cross section for 2B; sym-
metry, while the SCF orbitals of H,CS are used for the other
calculations.

The predominant configurations, the transition moments,
the number of configuration state functions (CSFs), and the
vertical excitation energies of the target state are listed in
Table 1. The vertical excitation energies for the first three
excited states are in good agreement with the MR-CI results
[23-26], while the deviations become distinct for the higher
states. These differences may arise from the different basis sets
or sizes of the active space used in the respective calculations.
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TABLEI. Predominant configuration, transition moment (in a.u.), the number of configuration-state functions (), and the vertical excitation

energies (in eV) for the target states of H,CS.

Vertical excitation energies

State Dominant configuration Transition moment N This work MR-CI*  MR-CI® MR-CI° MR-CIY  Expt.

114, -+ 6a122b,°7a,*2b1%3b,? 1408 0.00 0.00 0.00 0.00 0.00

134, - 6a,22b,%7a,*2b,%3b,'3b, ! 1892 2.37 1.84 222 2.14 1.80¢

1'A; - 6a,22b,%7a,72b,23b,'3b, ! 1268 2.66 2.17 2.38 2.40 2.03f

13A; - 6a122b,°7a,*2b,'3b,23b, ! 1868 3.57 3.28 3.56 3.74

13B, - 6a,22b,°7a,*2b,%3b,'8a; 1912 6.80 5.72 591 5.68

13B, - 6a,22b,*7a,'2b,23b,23b, ! 1888 6.87 6.38 6.32

1B, -+ 6a122b,°7a,*2b1*3b,' 84, ! —0.0805 1336 6.95 5.83 5.95 5.76 5.84¢
5.845"

1B - 6a,22b,%7a,'2b,%3b,23b, ! —0.3587 1280 7.86 7.51 7.17 7.31

234, 1868 8.08 6.58 6.71 6.53

214, —0.0040 1408 8.11 6.62 6.80 6.56 6.60¢
6.837"

314, 0.0204 1408 8.24 6.88

234, 1892 8.46 7.79 6.90 6.56

414, —0.0216 1408 8.63 7.92 7.02 7.37 5.60¢
6.132"

214, 1268 8.81 7.88 6.92 6.74

23B, 1888 9.15 7.53

2B, —0.6937 1280 9.35 7.57

23B, 1912 9.75 6.38

2'B, 0.2482 1336 10.12 6.54 6.82¢
6.586"

2From Ref. [23].

"From Ref. [24].

‘From Ref. [25].

4From Ref. [26].

¢From Ref. [17].

fFrom Ref. [16].

gFrom Ref. [20].

"From Ref. [21].

The energies of the first two excited states are 0.57 and 0.63 eV IV. RESULTS

larger than the experimental values [16,17], respectively.
Furthermore, for the higher excited states, our results are
also larger than the MR-CI [23-26] and experimental results
[20,21].

In the present scattering calculations, 18 target states given
in Table I are included in the close-coupling expansion, in
which four states are in ' A, symmetry and each two is in 344,
'B,, 3By, 'B,, 3B, A5, and *A, symmetries, respectively.
Our scattering calculations are performed for doublet spin
scattering states with A;, By, B, and A, symmetries. The
continuum orbitals up to g-partial waves (the quantum number
I < 4) are orthogonalized to the target orbitals based on the
mixture of Schmidt and Lowdin symmetric orthogonalization
and represented by GTOs centered at the molecular center
of gravity [49]. The continuum orbitals with an overlap of
less than 2 x 10~!7 are removed [36]. The quantity balance
between the correlation included in the target states and that in
the scattering calculation is achieved by allowing 11 electrons
(10 valance electrons plus one scattering electron) to move
freely among 6a;, 2b,, 7a,, 2by, 3b,, 3by, 8ay, 4b,, and 9a,
MOs.

A. Elastic and inelastic total cross sections

The elastic cross section of electron collision with H>CS in
an 18-state approach is shown in Fig. 1. As mentioned above,
the first 2 B; state of the anion H,CS™ is a bound state [32]. The
elastic cross section is also examined for B; symmetry with a
static-exchange (SE) approach and a one-state CI calculation,
which is shown as the inside panel of Fig. 1. One broad
peak at 1.94 eV is found in the elastic cross-section profile
obtained with the SE calculation, while a narrow peak is
observed at 0.47 eV in the one-state CI calculation. However,
this peak (or resonance) is not real because it disappears
in the 18-state CI calculation. This artificial resonant state
should be converted into the bound state as described in
Sec. III due to the proper treatment of the polarization effects
by the more states involved in the scattering calculations.
The retention of a large number of coupling channels in the
18-state model provides the necessary polarization potential
in an ab initio way, which is crucial for determining the
true resonances and their resonance parameters. In Fig. 1,
the contribution of 2A; symmetry is much larger than those
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FIG. 1. (Color online) Elastic cross section of the electron
collision with H,CS. Dashed curve: 2A;; dotted curve: 2B;; dash-
dotted curve: 2B,; single-dash-double-dotted curve: 2A,; thin solid
curve: total; short-dashed curve: Born correction; thick solid curve:
Born-corrected. Inside panel: elastic cross sections for 2B; symmetry
with static-exchange (SE) (dashed line), 1-state (dotted line), and
18-state (solid line) CI calculations in the energy range of 0-5 eV.

of 2B, and 2B, symmetries, while the contribution of 2A,
symmetry is the smallest. The contributions of >B; and 2B,
symmetries are comparable to each other over the whole
energy range investigated in this work. Due to the long-range
dipole interaction, the DCS is singular in the forward direction
and therefore the elastic cross section is formally divergent in
the fixed-nuclei approximation. In order to obtain a converged
elastic cross section, the effect of molecular rotation must be
included along with a very large number of partial waves.
Therefore, in the present calculations, the contribution of
partial waves with / > 5 to the elastic cross section is
considered using the first Born approximation [50,51]. As
shown in Fig. 1, the contribution of Born correction is larger
than the contributions of 2By, 2B,, and 2A, symmetries below
about 5.5 eV, even exceeding the contribution of 2A | symmetry
at energies less than 1.0 eV. Furthermore, there are two small
dips around 6.55 and 6.94 eV in the total elastic cross section.
Carefully inspecting the four components of the total elastic
cross section, we find that the resonances around 6.55 and
6.94 eV come from 2B, and >A; symmetries, respectively. The
resonances in multichannel scattering are characterized not
only by the structures exhibited in the cross-section curves, but
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also, more importantly, by the sudden jumps of the eigenphase
sum for 7 radians. In most cases, the position and width of
a true resonance can be determined by fitting the eigenphase
sum to a Breit-Winger form [52],

5 (E) = 8 (B) — tan™! (L2 (2)
= — tan ,
0 E —E
where E, is the resonance position, I'" is the width, and
80(E) is the background phase near the resonance. When the
background varies slowly over the resonance profile, I can be
determined from the relation [53]

T =2/8(E,). 3)

In general, the point of maximum gradient §'(E) serves as
definitions for the position of the resonance, and the width can
be determined using Eq. (3). Through analyzing the eigenphase
sums calculated with the 18-state model, the energy positions
and widths of resonances together with their parent states are
obtained (see Table II). The dip at 6.55 eV in 2B, symmetry
has a width of 0.0189 eV and is a Feshbach resonance
whose parent state is 1 B, state of H,CS. The configuration
of this Feshbach resonance is . ..6a;22b,27a,%2b,%3b,'8a,>.
The dip at 6.94 eV in 2A; symmetry is also a Feshbach
resonance with a width of 0.0304 eV, and its parent state
is 1 'B, state. The configuration of the second Feshbach
resonance is ...6a;°2b,27a;22b,%3b,'8a;'4b,'. The parent
states and the configurations of resonances are determined
by performing a set of calculations including some carefully
chosen configurations and by manipulating the active space of
calculations.

The excitation cross sections of the transitions from
the ground state X 'A; to the first three excited states 1
3A5, 1 'A;, and 1 3A; are depicted in Figs. 2, 3, and 4,
respectively. It is noted that the former two transitions are
electric-dipole-forbidden and the last one is spin-forbidden.
Figure 2 shows the X A, — 1 3A, excitation cross section
together with the individual contribution of the different
scattering symmetry. Except for some specific points, the
contribution of >B; symmetry is much larger than that of any
other symmetry. The total excitation cross section shows a
sharp peak at 6.55 eV, a small peak at 6.94 eV, a diffuse
peak at 5.15 eV, a shoulder at 3.62 eV, and a small dip at
9.05 eV. By meticulous examinations of each contribution of
four scattering symmetries, we find that the resonances around
3.62 and 6.55 eV come from 2 B, scattering symmetry (see the
inside panel of Fig. 1), the resonances around 5.15 and 9.05 eV
are attributed to 2 B; scattering symmetry, and the resonance at

TABLE II. Resonant states of the electron-H,CS scattering system.

Resonance parameters (eV) Parent state (eV)

State Designation of resonance Type of resonance Position/ E, Width/I" State Position
’B, - 6a,22b,%7a,%2b,?3b,'3b,? core-excited 3.62 0.5698 134, 2.37
B, - 6a122b2%7a,*2b,'3b,%3b, 2 core-excited 5.15 1.1696 134, 3.57
B, - 6a122b2%7a,%2b,23b,'8a,” Feshbach 6.55 0.0189 1°B, 6.80
A, - 6a122b,%7a,%2b,%3b,'8a, ' 4b," Feshbach 6.94 0.0304 1'B, 6.95
24, - 6a122b2%7a,'2b,23b,%3b, 2 core-excited 7.98 0.0370 1°B, 6.87
B, - 6a122b2%7a,%2b'3b,%8a,” Feshbach 9.05 0.0241 23B, 9.15
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FIG. 2. (Color online) Electron-impact excitation cross sections
from the ground state X 'A; to the 1 3A, state. Dashed curve:
2 A, contribution; dotted curve: 2B, contribution; dash-dotted curve:
2B, contribution; single-dash-double-dotted curve: A, contribution;
solid curve: total. Inset: the enlargement for the energy region of
3.2-4.2¢eV.

6.94 eV is due to 2A; scattering symmetry. The peaks around
6.55 and 6.94 eV arise from the Feshbach resonances that have
been found in the elastic cross-section calculations. The addi-
tional calculations indicate that the shoulder around 3.62 eV
corresponds to a core-excited shape resonance % B, with a width
of 0.5698 eV. The parent state of this core-excited resonance is
1 3 A, and the configuration is . ..6a;%2b,27a;122b,%3b,'3b,>.
The diffuse peak at 5.15 eV is related to a core-excited
shape resonance 2B; with a width of 1.1696 eV and a
configuration as ...6a;%2b,>7a,?2b,'3b,*3b,%. It can decay
to its parent state 1 A, if the electron of 3b; is detached.
The dip around 9.05 eV is attributed to a Feshbach resonance
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FIG. 3. (Color online) Electron-impact excitation cross sections
from the ground state X 'A; to the 1 'A, state. Dashed curve:
2 A, contribution; dotted curve: 2B, contribution; dash-dotted curve:
2 B, contribution; single-dash-double-dotted curve: 2 A, contribution;
solid curve: total.
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FIG. 4. (Color online) Electron-impact excitation cross sections
from the ground state X 'A; to the 1 3A; state. Dashed curve:
2 A, contribution; dotted curve: 2B, contribution; dash-dotted curve:
2B, contribution; single-dash-double-dotted curve: 2A, contribution;
solid curve: total.

2B, with a width of 0.0241 eV and a configuration of
.. .6a122b,%7a122b,'3b,%8a; 2. Its parent state is 2 3B;.

The excitation cross sections of the X '4; — 1 A,
transition are plotted in Fig. 3. Here we also observe several
resonances. The sharp peak in 2B, symmetry at 6.55 eV and
the small peak in 2A; symmetry at 6.94 eV have been detected
both in the elastic-scattering process and the X 'A; — 134,
transition. The diffuse peak around 5.15 eV and the dip at
9.05 eV attributing to >B; symmetry are also found in Fig. 2.
An additional strong peak at 7.98 eV is observed in Fig. 3,
which is due to 2A; symmetry scattering. This 2A; symmetry
resonance is further proven to be a core-excited shape resonant
state with a width of 0.0370 eV, and its configuration is
...6a122b,%7a,12b,23b,%3b,% and can decay into the parent
state 1 3B, after the electron detachment from 3b; MO.
The X 'A; — 1 3A, excitation cross sections are shown
in Fig. 4. The predominant contribution in the lower-energy
range is of 2B symmetry, indicating an extremely high peak
at about 5.15 eV. The significant enhancement of the cross
section arises from the electron collision energy approaching
the threshold of this >B; core-excited shape resonance. At
the higher energy, the >B; symmetry Feshbach state leads to
a remarkable resonant peak around 9.05 eV. Although this
resonance has been observed in the X 'A; — 134, and X
1A, = 1A, transitions, it is observed much more clearly in
the present X ' A; — 13A, process.

B. Differential cross section

The calculation of the DCSs provides a more stringent test
for any theoretical model. The DCS for a general polyatomic
molecule is given by

do
- = > ALPL(cos0), 4)
L

where P;, is a Legendre function. The A, coefficients have
been discussed in detail by Gianturco and Jain [54]. For a
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polar molecule, this expansion over L converges slowly. The
following closure formula is used to accelerate the convergence
of DCS:

dg _do” | (AL — AP) P, (cosB) (5)
_— = - cos ).
aQ ~ dQ R

The superscript B represents the relevant quantity, which is
calculated in the Born approximation with an electron—point-
dipole interaction. The convergence of the summation over L
in (5) is now rapid because the contribution from the higher
partial waves to the DCS is dominated by the electron-dipole
interaction. The quantity do®/dQ for any initial rotor state
/Jt) is given by the sum over all the final rotor states /J't"),

do® do® .,
dQ_;dQ (Jr— J'7). (6)

The expressions for the state-to-state rotationally inelastic
DCS, do8/dQ2(Jt — J't'), for a spherical top, a symmetric
top, and asymmetric top molecules have been given by Sanna
and Gianturco [41]. The maximum value of /5 in the Born K
matrices is 30. The value of L in the Legendre expansion of
the calculated A, coefficients is 18. The calculated dipole mo-
ment (1.7979 D) and rotational constants (A =9.6399 cm™!,
B=0.5915cm™!, and C =0.5573 cm™") for H,CS are used in
the calculations of the elastic (/ =0 — J' = 0) and rotationally
inelastic J=0—J' =1,2,3,...) DCSs.

Our calculated rotationally resolved DCSs at the electron
collision energy of 2 eV are shown in Fig. 5. The calculated
DCS is converged when J' increases up to 5. The elastic
and inelastic (/=0 — J' =1) contributions are the main
contributions to the total DCS. The contribution of the higher J’
decreases when J' increases. The component (/=0 — J' =1)
is comparable to the elastic component (J=0 — J' =0) at
higher angles, but exceeds the latter when the angle is smaller
than 35°. This may be due to the large dipole moment of
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FIG. 5. (Color online) Electron impact R-matrix rotationally
resolved state-to-state (J — J') differential cross sections of H,CS at
2 eV. Dashed curve: J=0 — J' =0; dotted curve: /=0 — J =1;
dash-dotted curve: /=0 — J' =2; single-dash-double-dotted curve:
J=0 — J =3; short-dashed curve: /=0 — J' =4; short-dotted
curve: J =0 — J' =5; solid curve: summed.
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FIG. 6. (Color online) Differential cross sections at 1, 2, 4, 6, and
7 eV. Solid curve: 1 eV; dashed curve: 2 eV; dotted curve: 4 eV,
dash-dotted curve: 6 eV; single-dash-double-dotted curve: 7 eV.

H,CS. The DCSs obtained by summarizing the rotational cross
sections for (/=0 — J =0-5) at the selected energies of
1, 2, 4, 6, and 7 eV are depicted in Fig. 6. The DCSs at
all the impact energies show sharp increases at the smaller
scattering angles due to the dipolar nature of the target. Such a
backward-scattering preference is also observed for the similar
dipolar target H,CO [40]. As shown in Fig. 6, the DCSs at 1
and 2 eV show minima at about 130° and 150° respectively.
When the incident energy increases to 4 eV, there are two
minima, one at about 110° and the other at 150°. At incident
energies of 6 and 7 eV, the first minimum of the DCS shifts to
the smaller angle of about 90°.

In Fig. 7, the momentum transfer cross sections (MTCSs)
are presented in the energy range of 0-8 eV. The MTCS
indicates the weights of backward scattering and it is an
important measure in a warm study of electrons through gases.
At the lower incident energies, the backward scattering is
predominant, exhibiting a large MTCS. In contrast to the
diverging nature of DCS in the forward direction (at the large
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Energy (eV)

FIG. 7. Momentum transfer cross section in the energy range of
0.01-8.00 eV.
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scattering angles), MTCSs show no singularity due to the
multiplicative factor (1 — cosf), where 0 is the scattering
angle. The peak near 5 eV of the MTCS is basically due to
the formation of the 2 B; core-excited shape resonance, and the
peak around 7 eV may arise from the 2A; Feshbach resonance.
The resonance with >B; symmetry is also observed in the
elastic cross-section calculations as a small jump around 5 eV
on the blue dash-dotted line in Fig. 1. Since the SCF orbitals
of H,CS™ are used for the > B; symmetry elastic cross-section
calculations, this resonance position observed in the elastic
cross section shifts slightly to lower energy with respect to that
observed in the excitation cross sections (Figs. 2-4). In Fig. 7,
these two peaks show distinctly different shapes, implying the
contrasting phase couplings between the resonant states and
the background. If only one angular momentum / is essential
for a certain resonance, the MTCS at the resonant position
will be in the shape of the peak at ~5 eV in Fig. 7 when the
background phase shift (8yg) is zero. This type of resonance
is often called a pure Breit-Wigner resonance. On the other
hand, when 8, = 37 /4, the peak shape is shown to be that at
7 eV in Fig. 7.

C. Stretching the C =S bond

The present study identifies two low-lying core-excited
shape resonances at 3.62 and 5.15 eV in 2B, and ?B; sym-
metries, respectively. The first core-excited shape resonance
2B, is formed by trapping the scattering electron at the lowest
unoccupied MO (LUMO) 3b; and simultaneously promoting
the target molecule (H,CS) to the 1 3 A, state; similarly, the
promotion to the 1 3A; state of the target and the electron
trapping at the LUMO lead to the second core-excited shape
resonance 2B;. These two core-excited shape resonances
are unstable, especially for the second resonance due to its
quite large resonance width. They could decay into their
respective parent states by detachment of the trapped electron.
Since the LUMO of H,CS is an antibonding orbital 7 c_g-
as shown in the inset of Fig. 8, the full occupation of this
orbital at these two resonance states could dramatically weaken
the C=S bond. Therefore, the C=S bond cleavage is another
vitally important decaying channel of H,CS™ of these two
resonant states. To explore the possible C=S bond dissociation
coupling with these two resonant states, we perform a series of
R-matrix calculations at these two resonant states, specifically
by stretching the C=S bond length while fixing the CH bond
length and the HCH bending angle at the equilibrium in Cy,
symmetry.

As shown in Fig. 8, the resonance positions and widths
of the 2B, and B, core-excited shape resonant states change
gradually with the C=S bond stretching. When the C=S bond
is elongated, the resonance positions and widths decrease as
expected. This suggests that the C=S bond could be sponta-
neously broken and then produce the stable anionic and neutral
fragments. Since the EA of the S atom [EA(S) =2.08 eV [55]
is much larger than that of CH; radical [EA(CH,) =0.652 eV
[56], we conjecture that the fragments can be S~ and CHo,.
Using the thermochemical data of H,CS [30], CH,, and S
[57], we estimate that the dissociation energy Dy of e~ +
H,CS — CH; + S~ is 3.57 eV. Since the position of the first
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FIG. 8. (Color online) Variation of resonance position and width
in terms of the different C-S bond length. Solid curve: position of
2B, ; dashed curve: position of 2 B,; dash-dotted curve: width of 2B ;
dotted curve: width of 2B,. Inset: the lowest unoccupied molecular
orbital (LUMO) 3b; of H,CS.

core-excited shape resonance 2B is at 3.62 eV, the following
channel is energetically permitted:

H,CS™(®B,) — CH2(X>By) + S~ (*P).

On the other hand, the adiabatic energies for the transitions
from the ground state X B to the first two excited states a
YA, and b 'B; of CH, radical are 0.483 and 1.542 eV [58],
respectively. The second core-excited shape resonance % B at
5.15 eV may couple with not only the above dissociation but
also the following two channels:

H,CS™(*B;) — CHay(a'A)) + S™(*P)
— CH,(b'B)) +S™(*P)

if we assume that the product S~ remains to be at its
ground state. To the best of our knowledge, there is still no
experimental report on the dissociative electron attachment to
the H,CS molecule.

Finally, we make a brief comparison between formaldehyde
(H,CO) and H,CS. The electron impact with H,CO was
always studied with the R matrix [40], the complex Kohn
variational [59], and the Schwinger multichannel [60] meth-
ods. The common points and the differences are addressed
here: Since these two molecules have large dipole moments,
the Born corrections to the elastic cross sections are important.
A shape resonance of the >B; symmetry was observed clearly
both in the electron transmission experiments [61] and by
the theoretical elastic cross-section calculations [40,59,60]
for H,CO; however, there are no distinct resonance peaks
exhibited in the present theoretical elastic cross-section profile
for H,CS. In the inelastic-scattering calculations, some core-
excited shape and Feshbach resonances are significant for
H,CS (see Figs. 2—4), while they are not distinctly observed
for H,CO (see Figs. 8-10 in Ref. [40]). As for the C=X
(0,S) bond cleavage, only the shape-resonant (>B;) anion
H,CO~ was discussed [40], while two core-excited shape
resonant states 2B, and 2B, are discussed for H,CS™, and
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the neutral fragment CH, is proposed to be at three possible
states, depending on the electron collision energies.

V. CONCLUSION

The elastic and excitation inelastic cross sections of the
low-energy electron collision with the H,CS molecule are
calculated using the R-matrix method with an adequate target
representation. For the low-lying excited states of the target,
our results are in good agreement with the MR-CI calculation
results [23-25]. The molecular properties at the ground state
are also in accord with the experimental results [31,32,34].
The electron-scattering calculations show three core-excited
shape resonant states 2B, (3.62 eV), 2B; (5.15 eV), and %A,
(7.98 eV) and three Feshbach resonant states 2B, (6.55 eV),
2A; (6.94 eV), and 2B (9.05 eV). Due to the larger dipole
moment of the target, the backward scattering is preferred for
the elastic and inelastic scatterings. With the increase of the
incident energy, one of the minima of the forward-scattering

PHYSICAL REVIEW A 84, 022709 (2011)

DCSs shifts to the smaller scattering angle. The configurations
of the first two low-lying core-excited shape resonances 2B,
and % B; show the full occupation of the anti C=S bond orbital
3b; (r*), implying that the C=S bond may be weakened at
these two resonant states. Our calculations indicate further
that the C=S bond can be broken simply via the C=S bond
stretching. Moreover, the S~ (P)and CH, (X 3B, a'A|, and
b ' By states) fragments are proposed as the products of the
dissociative electron attachments via the first two core-excited
shape resonances.
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