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The fine structure excitation of the interstellar CCS radical induced by collisions with He is investigated. The first
potential energy surface (PES) for the CCS-He van der Waals complex is presented. It was obtained from a highly cor-
related spin unrestricted coupled cluster approach with single double and perturbative triple excitations [UCCSD(T)].
The PES presents two shallow minima of 31.85 and 37.12 cm−1 for the linear (He facing S) and the nearly T-shaped
geometries, respectively. The dissociation energy of the complex was calculated and found to be D0 = 14.183 cm−1.
Inelastic scattering calculations were performed using the Close-Coupling approach. Cross sections for transitions be-
tween the 61 first fine structure levels of CCS were obtained for energy up to 600 cm−1 and rate coefficients for the 5
- 50 K temperature range were derived. This set of collisional data can be used to model CCS emission spectra in dark
molecular interstellar clouds and circumstellar enveloppes and enable an accurate determination of CCS abundance in
these astrophysical media.

I. INTRODUCTION

In 1984, a new emission line at 45.379 GHz was detected
in TMC-1, TMC-2 and SgrB2 by Suzuki et al.,1 but remains
unidentified due to its atypical shape explained by an extraor-
dinary large spin-splitting.1 At that time, it was the most in-
tense unassigned line among radio lines,1,2 suggesting that
the observed molecule is one of the most abundant species in
molecular clouds.3 This mysterious line was finally assigned
to the CCS(3Σ−) radical a few years later by Saito et al.3

After this detection, astronomers started to look for longer
carbon chains containing sulfur, now convinced that they ex-
ist in space.4 Hence, CnS (n = 3, 4, 5) chains were detected
in several astronomical sources.2,5–9 Researchers also started
to investigate the formation processes of these carbon chains.
Different mechanisms were discussed for decades,10–20 and
still are. Their main production pathways are thought to in-
volve ion-neutral reactions forming HCnS+, followed by its
dissociative recombination.10–14,17,20 It was also proposed that
these carbon-chains can be formed and can grow through
neutral-neutral reactions involving CnS or HmCnS (m, n = 1, 2)
molecules.15–20 In addition, proofs were reported that sulfur-
containing carbon chains chemistry is related to the one of
nitrogen-containing carbon-chains.14,21

After its first assignement, CCS was widely observed in
dark molecular clouds, including TMC-1.2,4,14,21–28 It was
also seen in the circumstellar envelope of IRC+10216,6,29 in
the protostellar envelope of B335,25 and in Bok globules.30

The CCS molecule is a key to understand the physical and
chemical evolution of molecular clouds.14,20,24,25 Its abun-
dance is highly sensitive to physical conditions, and thus re-
flects some properties that are hidden by other tracers.24 In-
deed, it is produced in dense gas as a result of the collapse
of the core, and it is rapidly destroyed in the densest ma-
terial of the central region. Its distribution will thus de-
scribe the variation of physical conditions of the observed

molecular clouds.24 Therefore, its abundance ratio with NH3,
which will be desorbed from grain surface during star forma-
tion, indicates evolution stages of dense cores14,23,27 and Bok
globules.30 In addition, the CCS lines are intense enough to in-
vestigate physical structures of dense cores,23 such as clumps
and dense filaments, which are suggested to play a dominant
role in the formation of prestellar cores.26,28 Finally, due to its
fine structure, CCS can also be used to estimate the magnetic
field in molecular clouds by measuring the Zeeman splitting
of its lines.31,32

A reliable modeling of chemical species abundances from
emission spectra requires accurate collisional data.33 Colli-
sional excitation in molecular clouds and circumstellar enve-
lope (astrophysical media where CCS molecules are mostly
detected) are mainly induced by H2 and He. Such accurate
collisional data do not exist yet for CCS to the best of our
knowledge. In fact, due to the presence of an electronic spin,
and a large spin-splitting, CCS very peculiar internal structure
(see Section II B) can only be described with the intermediate
coupling scheme as presented by Alexander & Dagdigian,34

which makes the accurate collisional data quite difficult to
compute.25

In radiative tranfer models involving CCS, three sets of
approximate collisonal data were used. Fuente et al.21 and
Suzuki et al.14 computed CCS-H2 rate coefficients using the
OCS-H2 rotational rate coefficients of Green & Chapman,35 to
which they reintroduced the spin dependence with the Infinite
Order Sudden (IOS) approximation. Wolkovitch et al.25 com-
puted CCS-H2 rotational rate coefficients based on OCS-H2
PES of Green & Chapman35 with the Close-Coupling (CC)
approach. The spin dependence was also reintroduced with
the IOS approximation. However, the IOS approximation
used to compute all these sets of collisional data, is considered
not to be suitable for molecules presenting large spin-splitting
such as CCS.21,25,36,37 Note that in all these calculations, H2
was considered as a structureless projectile.
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The aim of this work is to overcome this lack of accurate
CCS collisonal data by providing the first state-to-state rate
coefficients for the CCS-He collisional system considering ex-
plicitely the fine structure levels of CCS.

To this end, a new highly correlated PES of the CCS-He
system was computed. It was then used in scattering cal-
culations using a close-coupling (CC) approach to provide
the dissociation energy of the complex and fine structure re-
solved rate coefficients for the 5 - 50 K temperature range.
The collisional data that we provide here could be used to de-
rive accurate abundances of the CCS molecule in dark molec-
ular clouds and circumstellar envelope such as TMC-1 and
IRC+10216, respectively.

Section II presents the computational methods used to ob-
tain the PES (Sec.II A), a description of the peculiar fine struc-
ture of the CCS (3Σ−) radical (Sec. II B), the methods used
to compute the dissociation energy of the complex (Sec.II C),
and scattering data (Sec.II D).

In Section III the results of the calculations are presented.
The new PES is described in Section III A. The dissociation
energy D0 of the complex and the effect of the fine structure
on its computed value is discussed in Section III B. Accu-
rate fine-structure resolved collisional rate coefficients based
on cross sections are presented in Section III C. Finally, the
rate coefficients are compared to the latest set of CCS-H2 data
provided by Wolkovitch et al.25 in Section III D.

II. METHODS

A. CCS-He potential energy surface (PES)

1. ab initio calculations

In its ground electronic (3Σ−) and vibrational states, the
CCS molecule is linear.38,39 The interaction potential between
CCS and He was described using Jacobi coordinates (R,θ ),
where R is the distance between the center of mass of the CCS
radical and the He atom, and θ describes the angle between R
and CCS internuclear axis (see Figure 1). The internuclear
distances in the CCS radical were set at their experimental
equilibrium distances rC−S = 2.96a0 and rC−C = 2.47a0.4

The potential energy surface (PES) was computed with the
spin unrestricted coupled-cluster single double and perturba-
tive triple excitations ab initio method [UCCSD(T)]40 and
the augmented correlation consistent quadruple-zeta basis set
(hereafter aVQZ) augmented by additional mid-bond func-
tions of Cybulski & Toczylowski.41

The ab initio calculations have been performed for 32 val-
ues of θ between 0 and 180◦ with an unregular step. For each
value of θ , 44 values of R were chosen between 4.5 and 30a0
with various steps in order to accuratly describe the different
range of interactions. All ab inito points were computed with
the MOLPRO package.42

The basis set superposition error was corrected at every ge-
ometry (R, θ ) with the counterpoise procedure of Boys &

FIG. 1. Representation of the CCS-He collisional system in Jacobi
coordinates.

Bernardi:43

V (R,θ) = ECCS−He(R,θ)−ECCS(R,θ)−EHe(R,θ) (1)

where V (R,θ) is the interaction potential, and all energies E
are computed with full basis set.

2. Analytical representation

A global fit of the interaction potential V (R,θ ) was per-
formed based on the 1351 ab initio points using an expansion
over Legendre polynomials Pλ (cosθ).44

V (R,θ) =
λmax

∑
λ=0

vλ (R)Pλ (cosθ) (2)

where λmax was taken equal to 31 according to the number of
θ angles calculated. The radial coefficients vλ (R) have been
fitted following the procedure of Werner et al.44 The long-
range of interaction was fitted and extrapolated using a mul-
tipolar expansion with Cn

Rn (n = 6, 8 and 10) coefficients. The
fitted potential reproduces all of our ab initio points with an
error inferior to 1.7%. The root mean square (RMS) deviation
is equal to 3.51 cm−1 but is mostly due to deviations at short
distances for angles between 140 and 180◦ where the PES is
highly repulsive. The RMS is about 0.016 cm−1 in the poten-
tial well regions (V (R,θ) < -1 cm−1), and about 9.3 × 10−4

in the long-range of interactions (0≤V (R,θ)≤ -1 cm−1).

B. Fine structure of CCS

In 3Σ− open-shell molecules, as CCS in its electronic
ground state, a coupling between the electronic spin S and the
rotational angular momentum of the radical N occurs. This
so-called spin-rotation coupling will split the rotational lev-
els into fine structure levels. CCS energy levels are described
with an intermediate coupling representation.

The total angular momentum j is then expressed as:

j = N+S (3)
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In the intermediate coupling scheme for S = 1, the rotational
wavefunction can take 3 expressions for each j ≥ 1 as:34,45,46

|F1 jm〉= cosα|N = j−1,S jm〉+ sinα|N = j+1,S jm〉,
|F2 jm〉= |N = j,S jm〉, (4)
|F3 jm〉=−sinα|N = j−1,S jm〉+ cosα|N = j+1,S jm〉,

where |N,S jm〉 denotes pure Hund’s case (b) basis functions,
and α is the mixing angle. This angle is obtained by diagonal-
ization of the molecular Hamiltonian. It depends on j, on the
rotational constant B0, on the spin-rotation constant γ0, and on
the spin-spin constant λ0.

In pure Hund’s case (b) limit, α → 0 and the F1, F2 and F3
fine structure levels will correspond to N = j - 1, N = j, and N
= j + 1, respectively.

Hereafter, each fine structure energy level will be labeled as
for pure Hund’s case (b) by the couple of quantum numbers
N j according to the astrophysical notation.

The rotational and fine energy levels of the CCS radical
were computed with the use of McGuire et al.47 spectroscopic
constants: B0 = 0.216074 cm−1; D = 5.760985 ×10−8 cm−1;
γ0 = -4.907061×10−4 cm−1; λ0 = 3.242098 cm−1. Fine struc-
ture levels of CCS are represented in Figure 2. For CCS, the
fine structure levels are ordered by their rotational quantum
number N only from N j ≥ 10. For N values from 1 to 10, α

decreases from 41 to 17◦, exhibiting the decreasing degree of
coupling between pure Hund’s case (b) basis as N increases.

C. Dissociation energy calculations

The dissociation energy D0 of the 12C12C32S-He com-
plex was obtained from the new highly correlated PES using
the coupled-channel approach. The coupled-equations were
solved with the log-derivative method of Manolopoulos48 as
implemented in the BOUND software.49

Calculations were performed both with only the rotational
structure of CCS (e.g. neglecting the spin-rotation and spin-
spin couplings), and then considering the fine structure of
CCS. As the fine structure of CCS is peculiar, it might be ex-
pected to observe some impact on the bound state energies and
thus on the dissociation energy, if the fine structure is taken
into account or not.

The parameters were adjusted in order to converge de dis-
sociation energy to better than 0.0001%. For the calculations
with the rotational structure alone, the rotational basis con-
tains the first 23 rotational levels (up to N = 22). The prop-
agation parameter Rmax and DR were set to 56a0 and 0.004,
respectively. To accurately include the fine structure of CCS, a
modified version of the BOUND software was used.49 The ba-
sis contains the first 64 fine structure levels (up to N j = 21 j).
The propagation parameter Rmax and DR were set to 36a0 and
0.014, respectively.

FIG. 2. Representation of the rotational (left) and fine structure
(right) energy levels of the CCS(3Σ−) radical.

D. Scattering calculations

1. Cross sections and rate coefficients calculations

As previously mentioned, the CCS radical is often found in
cold molecular clouds. The temperature in these astrophysi-
cal media varies from few to a few of tenth of K.50 CCS was
also detected in the outer part of B335 circumstellar envelope,
where the temperature is about 25 K24 and in the outer part of
IRC+10216 circumstellar envelope in which the temperature
is typically around 50 K.29

In astrophysical media, only levels with an internal energy
≤ 100 cm−1 can be considered as significantly populated at 50
K. Scattering calculations were thus performed for fine struc-
ture levels up to N j = 20 j, with the 2020 fine structure level at
96.79 cm−1.

To ensure the convergence of the cross sections for the
range of temperature of interest, the scattering calculations
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E (cm−1) Nmax Jmax Rmax STEPS DNRG
0.5 - 30 18 26 30 65 0.5
30 - 50 21 31 20 40 0.5

50 - 100 27 40 20 25 0.5
100 - 150 29 46 20 20 0.5
150 - 200 31 51 14 16 1
200 - 300 32 59 14 12 1
300 - 400 35 64 14 12 2
400 - 500 37 71 14 12 2
500 - 600 39 76 14 11 2

TABLE I. MOLSCAT parameters used in the scattering calculations.
the energy step DNRG used to span the energy grid is also given.

were performed for transitions between the first 61 fine struc-
ture levels for a total energy E up to 600 cm−1 with a various
energy step in order to accurately describe their resonances.

Accordingly, all calculations reported in the present paper
were carried out by taking into account the exact energy split-
ting of the levels as well as rotational wavefunction that are
linear combination of pure Hund’s case (b). Inelastic cross
sections from an initial state N j to a final one N′j′ are given
by:34

σN j→N′
j′
=

π

(2 j+1)k2
N j

×∑
jll′
(2J+1)|δN jN′j′

δ j j′δll′ −SJ(N jl;N′j′ l
′)|2 (5)

with k2
N j

= 2µ

h̄2 [E −EN j ]. E is the total energy of the system,
and EN j is the energy of the N j level.

The scattering matrices SJ(N jl;N′j′ l
′) were computed for

each total energy E with the Close-Coupling (CC) approach
and the log-derivative propagator of Manolopoulos48 imple-
mented in the MOLSCAT code.51

Some parameters were constrained by the fit of the PES.
Hence, the minimum distance of propagation of the wave-
function Rmin = 4.36a0, allowing the calculations up to 1500
cm−1, and λmax = 31, the number of radial coefficients used
to describe the PES. Some of the parameters were obtained
through convergence tests. Hence, STEPS related to the step
of propagation of the wavefunction, Rmax the largest distance
of propagation of the wavefunction and Nmax the highest ro-
tational quantum number of CCS included in the basis were
adjusted. The total angular momentum Jmax of the system
was automatically converged by the MOLSCAT code. These
parameters, that can be found in Table I, were converged to
ensure less then 2% of uncertainties on the cross sections.

Rate coefficients are computed assuming a Maxwell-
Boltzmann distribution of kinetic energies, as:

kN j→N′
j′
(T ) =

(8kBT
πµ

)1/2( 1
kBT

)2

∫
∞

0
EkσN j→N′

j′
(Ek)e−Ek/kBT dEk, (6)

with kB the Boltzmann constant.

III. RESULTS AND DISCUSSIONS

A. PES

The isocontours of the PES produced in this work
are presented in Figure 3. It was computed with the
UCCSD(T)/aVQZ level of theory with additional mid-bond
functions, as described in Section II A. The PES has one lo-
cal minimum V = - 31.85 cm−1 for the linear complex (θ =
0◦), with the He atom facing the sulfur of the CCS radical
at R = 8.35 a0 , and a global minimum at V = - 37.12 cm−1

for the nearly T-shaped complex (θ = 97.72◦) at R = 6.70 a0.
These two minima are separated by a low barrier of about 16
cm−1 with respect to the global minimum.

The PES is globally highly anisotropic with respect to the θ

coordinate, which explains why 32 angular coefficients were
needed to obtain its correct analytical fit. Nonetheless, if θ

is considered only between 0◦ and ∼ 100◦, i.e. when the He
atom is attracted by the sulfur side of CCS, then the anisotropy
is not very pronounced. On the contrary, if θ is considered be-
tween 100◦ and 180◦, the He is approaching CCS while facing
the terminal carbon and the interaction is highly repulsive.
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FIG. 3. Isocontours (in cm−1) of the CCS-He PES.

B. Dissociation energy calculations

The dissociation energies, with only the rotational structure
of CCS included and with the fine structure of CCS taken into
account, were computed based on the methodology described
in Section II C.

If the fine structure is neglected, then the computed dissoci-
ation energy D0 is 14.159 cm−1. If the fine structure is taken
into account, then D0 = 14.183 cm−1. In both cases, the dis-
sociation energy is found above the barrier between the two
minima of the complex.

The good agreement between these two results, different by
less then 0.2%, demonstrates that the fine structure, even if pe-
culiar, does not have a strong influence on D0, the dissociation
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energy of the complex, contrarily to what could have been an-
ticipated. This agreement shows that the coupling between the
electronic spin of CCS and the rotation of the whole complex
is weak. However, this difference is not negligible, and could
be probed by experimental measurements. Thus, the impact
of the fine structure on the dissociation energy D0 value is
moderated, but still, the fine structure needs to be taken into
account for calculations of spectroscopical accuracy.

To the best of our knowledge, no measurements of the dis-
sociation energy for the CCS-He complex have been reported.
However, the comparison between theoretical and future ex-
perimental measurements could help us evaluating the quality
of the PES. The PES could also be used to study the spec-
troscopy of the complex. Indeed, such calculations are sensi-
tive to the shape and the depth of the potential wells since it is
where bound states are located and can also be another probe
of the PES quality.

C. Cross sections and rate coefficients

In this section, cross sections obtained from the scattering
calculations performed as detailed in Section II D 1 are pre-
sented. Rate coefficients, which are derived from averaging
these cross sections over a Boltzmann distribution of the ve-
locities, are also described.

In Figures 4 and 5, cross sections as a function of kinetic
energy are presented in the upper panels, and their associated
rate coefficients as a function of temperature are in the lower
panels. These collisional data are represented for ∆N = ∆j (Fi
conserving) transitions, which are the dominant ones.

In the cross sections of both figures, Feshbach and shape
resonances are observed when the kinetic energy is lower or
similar to the well depth, so when Ek . 37 cm−1. These
are explained by the temporary formation of (quasi)bound
states.52 These resonances have to be taken into account in
order to obtain correct values and behaviors of the rate coeffi-
cients, especially at low temperatures, and it justifies why the
energy step needed to be smaller when the collisional energy
is small or similar to the well depth of the PES.

As one can see, the same type of transitions are represented
within the lowest N j levels (from the N j = 1 j levels) in Fig. 4,
so when fine structure levels are not ordered by increasing N
values, and within N j ≥ 10 j levels (from the N j = 10 j levels)
in Fig. 5, so when they are ordered by increasing N values. If
low-N j fine structure levels are considered (Fig. 4), then the
rate coefficients with the same ∆N but with different j (differ-
ent Fi) have very different magnitudes. In fact, they can differ
by up to 2 orders of magnitude. At the opposite, if high-N j
transitions are considered (Fig. 5), then, the rate coefficients
for transitions with the same ∆N are very similar. Therefore,
it is suspected that the strength of the mixing between Hund’s
case (b) basis have a huge influence on the rate coefficients
and on the propensity rules.

To discuss this hypothesis, propensity rules are investigated
in Fig. 6 where rate coefficients from N j=N+1 = 12, 67 and
1011 levels as a function of ∆N are represented at 30 K. Dif-
ferent initial level were considered since, according to Figs. 4
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FIG. 4. Cross sections as a function of kinetic energy (upper panel)
and rate coefficients as a function of temperature (lower panel) for
∆N = ∆j transitions from the 1 j levels.

and 5, the propensity rules are expected to change with respect
to the initial N j levels.

For all transitions, rate coefficients globally decrease with
increasing ∆N. However, the general propensity rule is in
favor of transitions with even ∆N compared to transitions
with odd ∆N. It was already observed in other (X3Σ−) sys-
tems, for which it was justified by the even anisotropy of the
PES.36,46,53–56 The propensity rule favouring even ∆N fades
with increasing ∆N, and it tends to vanish when ∆N ≥ 10,
where the magnitude of the rate coefficients then only de-
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FIG. 5. Cross sections as a function of kinetic energy (upper panel)
and rate coefficients as a function of temperature (lower panel) for
∆N = ∆j transitions from the 10 j levels.

crease with increasing ∆N following the exponential energy-
gap behavior.

As previously mentioned, ∆N = ∆ j transitions are dom-
inant compared to other type of transitions. This behav-
ior is frequently observed in molecules in (X3Σ−) electronic
state,36,46,53,54,57–59 and was also predicted by Alexander &
Dagdigian.34 The latter study also mentioned that this propen-
sity rule is independent of the degree of intermediate coupling.
However, a competition between 12 → N j=N+1 (F1 conserv-
ing) and 12 → N j=N−1 (F1 → F3) transitions for ∆N ≥ 10 is
observed in the left panel and is in conflict with Alexander &
Dagdigian34 prediction.

To understand this surprising behavior, the wavefunctions
of the different 12, 67 and 1011 initial states considered here

are presented according to equations (4):

12 ≡ 0.75|12〉 + 0.66|32〉
67 ≡ 0.92|67〉 − 0.40|87〉
1011 ≡ 0.96|1011〉 − 0.29|1211〉

With regard of the wavefunction expressions, it can be ob-
served that the level hitherto named 12 is actually a linear
combination of the |12〉 and the |32〉 Hund’s case (b) basis
with similar weight. As N increases, for a N j=N+1 (F1) level,
the weight of the |N = j− 1,S jm〉 basis increases, and the
weight of the |N = j + 1,S jm〉 basis decreases. Thus, as N
increases, the internal structure of the system tend to be closer
to a pure Hund’s case (b) description.

Therefore, when one of the state involved in the transition
cannot be represented within a pure Hund’s case (b) (as for the
12 level), then usual Hund’s case (b) propensity rules are not
valid anymore. At the opposite, when the levels can be rea-
sonably described by a pure Hund’s case (b) approach (as for
the 1011 level), the expected propensity rules for pure Hund’s
case (b) are then valid.

Alexander & Dagdigian34 also predicted ∆N = ∆ j for j = N
(F2 conserving) transitions to be dominant, and ∆N = ∆ j for j
= N + 1 (F1 conserving) and for j = N - 1 (F3 conserving) to
be equal. However, for CCS-He rate coefficients, ∆N = ∆ j for
j = N + 1 (F1 conserving) transitions are the most dominant
ones for low N j levels, and all ∆N = ∆ j transitions tend to be
equivalent for high N j levels, as show in Figure 5.

The relative magnitude of N j=N+1 → N j=N (F1→ F2) and
N j=N+1 → N j=N−1 (F1→ F3) transitions depends here on the
N j initial level. Indeed, when transitions from the 1011 fine
structure level are considered (right panel), rate coefficients
for transitions to final N j=N (F2) levels are stronger than tran-
sitions to final N j=N−1 (F3) levels. This propensity rule cor-
responds to Hund’s case (b) limit, in agreement with previous
observation that levels with N j ≥ 10 are well described within
pure Hund’s case (b). However, this propensity rule reverses
when N of the initial level decreases. For transitions from the
67 (F1) fine structure level (center panel), transitions to final
N j=N−1 (F3) and N j=N (F2) are in competition. For transitions
from the 12 (F1) fine structure level (left panel), rate coeffi-
cients for transitions to final N j=N−1 (F3) levels are stronger
than rate coefficients to final N j=N (F2) levels. This propen-
sity rules do not correspond to Hund’s case (b) limit,34 and
can be explained by the fact that the mixing between Hund’s
case (b) basis is significant for low N j levels. Such findings
clearly confirm that the mixing between pure Hund’s case (b)
levels is not negligible for the CCS(3Σ−) molecule, and thus,
that a pure Hund’s case (b) approach will not be suitable for
this system.

D. Comparison with previous data

In this part, our rate coefficients are compared to the most
recent ones provided by Wolkovitch et al.,25 in order to eval-
uate the potential impact of the new collisional data on the
modeling of CCS observations.
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FIG. 6. Propensity rules for transitions out of the 12 (left panel), 67 (center panel) and 1011 (right panel) levels for a temperature of 30 K.

Wolkovitch et al.25 rate coefficients were obtained for fine
structure levels up to N j = 12 j based on OCS-H2 PES of
Green & Chapman.35 This PES was adapted from an OCS-He
interaction potential computed with the electron gas model.
As mentioned in the introduction, the H2 collider is thus con-
sidered as a structureless particle, as done for the He atom
in this work. Based on this PES, Wolkovitch et al.25 com-
puted rotational rate coefficients with the CC approach, to
which they reintroduced the spin-dependence with the IOS ap-
proximation within the pure Hund’s case (b), as developed by
Corey & McCourt.60

In Fig. 7, a comparison between fine-structure rate coef-
ficients computed by Wolkovitch et al.25 and in the present
work is done at 10 and 20 K.

A difference of a factor 2-10 is globally found between the
two sets of rate coefficients at both temperature considered.
The distribution around the x = y axis is very sparse, and dif-
ferences up to 2 orders of magnitude are observed for some
transitions at both 10 and 20 K.

For astrophysical modeling, it was found that an order
of magnitude of difference in collisional excitation rate co-
efficients can induce up to a factor 2–5 in the abundance
determinations.33 Therefore, the differences between the two
sets of rate coefficients are very significant and should impact
the determination of CCS abundances in astrophysical media.

The discrepancies between Wolkovitch et al.25 set of data
and the one presented in this work are the results of the differ-
ent projectiles, of the different PESs, and of the use of differ-
ent scattering approaches (the IOS approximation within pure
Hund’s case (b) description of the levels is used in Wolkovitch
et al.25 work).

In order to investigate the influence of the PES and of the
different colliders, pure rotational rate coefficients were com-
puted from the new CCS-He PES presented in Section III A.
The scattering calculations were performed with the CC ap-
proach to obtain converged cross sections for the first 13 ro-
tational CCS energy levels for temperatures up to 20 K. Ro-
tational rate coefficients from the ground rotational state are
compared in Table II to the ones used by Wolkovitch et al.25
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FIG. 7. Direct comparison of Wolkovitch et al.25 CCS-H2 fine-
structure resolved rate coefficients and CCS-He ones provided in
this work at 10 K (red diamonds) and 20 K (black open circles).
The solid line represents a perfect agreement between the two sets
of data; dashed, dashed-dotted and dotted lines delimit the regions
where the rate coefficients differ by less than a factor of 2, 10 and
100, respectively.

to derive their fine-structure resolved rate coefficients.

For the dominant transitions, i.e. for transitions with even
∆N, the agreement between these rates is better than a factor
of 2, especially at 10 K where the agreement for these transi-
tions for ∆N ≤ 6 are better than 20%. The differences between
the rotational rate coefficients increase as the ∆N increases, in
particular at 10 K, where it reaches almost 2 orders of mag-
nitudes for ∆N = 12. However, such small rate coefficients
do not significantly contribute to the fine structure rate coef-
ficients within the IOS approach used by Wolkovitch et al.25

At 20 K, the discrepancies stay under a factor of 2 for all tran-
sitions with ∆N ≤ 10. If the discrepancies between rotational
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T = 10 K T = 20 K
N→ N’ Wolkovitch This work Wolkovitch This work

et al.25 et al.25

0→ 1 4.8 × 10−11 9.82 × 10−11 4.5 × 10−11 8.90 × 10−11

0→ 2 1.1 × 10−10 9.77 × 10−11 1.1 × 10−10 1.08 × 10−10

0→ 3 2.2 × 10−11 2.41 × 10−11 2.0 × 10−11 2.59 × 10−11

0→ 4 5.8 × 10−11 5.90 × 10−11 5.8 × 10−11 7.21 × 10−11

0→ 5 1.5 × 10−11 7.96 × 10−12 1.4 × 10−11 1.10 × 10−11

0→ 6 2.0 × 10−11 1.92 × 10−11 1.8 × 10−11 3.41 × 10−11

0→ 7 1.3 × 10−11 3.40 × 10−12 1.0 × 10−11 7.03 × 10−12

0→ 8 1.1 × 10−11 4.14 × 10−12 9.5 × 10−12 1.31 × 10−11

0→ 9 7.6 × 10−12 8.79 × 10−13 6.1 × 10−12 3.65 × 10−12

0→ 10 8.4 × 10−12 5.80 × 10−13 6.9 × 10−12 3.95 × 10−12

0→ 11 7.6 × 10−12 1.97 × 10−13 7.6 × 10−12 1.75 × 10−12

0→ 12 3.8 × 10−12 4.34 × 10−14 3.3 × 10−12 8.97 × 10−13

TABLE II. Comparison of rotational rate coefficients from the
ground rotational state computed by Wolkovitch et al.25 and in this
work.

rate coefficients for high ∆N at 10 K were the source of the
differences on the fine structure-resolved rate coefficients ex-
hibited in Fig. 7, then they should vanish or at least decrease
at 20 K, where the discrepancies between rotational rate coef-
ficients stay reasonable (below a factor of 5 for all considered
transitions). However, the distribution of the fine rate coeffi-
cients are very similar at both 10 and 20 K, so this hypothesis
is disproved.

Such similarity between the two sets of rotational rate coef-
ficients is not surprising because the PES for both molecular
systems (CCS-He vs. OCS-H2) are similar. Indeed, only the
long-range of Green & Chapman35 OCS-H2 PES was actually
computed with H2, and all other features of the PES, i.e. the
repulsive wall and the potential wells, were computed for the
OCS-He system. Therefore, no significant differences were
expected between the two sets of rotational rate coefficients
for CCS-H2 and CCS-He. Therefore, the remarkable differ-
ences between the fine structure rate coefficients highlighted
in Fig. 7 do not seem to originate from the colliders, or from
the PES considered. It suggests that the scattering approach is
the main reason for such differences.

With the IOS approximation, the exact energy of the fine
structure levels are not taken into account in the scattering
calculations. Indeed, the later approximation uses rotational
cross sections from the ground state to infer fine structure re-
solved cross sections for all levels considered.25 However, if
CCS energetic structure is not explicitly taken into account,
some transitions will be considered as excitations, when, in
fact, they are de-excitations such as the 01 → 10 transition, or
all transitions between the 11 level and any N j levels with N
≤ 4 and j = N + 1.

According to these results, the IOS approximation within
pure Hund’s case (b) for the CCS molecule is failing at re-
producing accurate fine-structure resolved rate coefficients at
(least at) low temperature. It also suggests that it may fail for
other systems with a large spin-splitting as it was already dis-
cussed in previous works.21,25,36,37 Therefore, the conclusions
drawn from astrophysical model based on Wolkovitch et al.25

data may need to be reconsidered.

IV. CONCLUSIONS

State-to-state rate coefficients for the CCS(3Σ−)-He system
were obtained for the 5 - 50 K temperature range, by explicitly
taking into account the CCS fine structure. For that purpose,
the first PES of the CCS-He van der Waals complex was com-
puted. It exhibits a strong anisotropy, and thus, a great num-
ber of ab initio points and vλ (R) coefficients were required
to correctly describe it. The dissociation energy of the com-
plex was computed with and without considering explicitly
the CCS fine-structure in the Close-Coupling calculations, and
the effect of such peculiar structure on this dissociation energy
appear to be not huge although not negligible.

Based on the PES, cross sections were computed with the
Close-Coupling approach within the intermediate coupling
scheme, and rate coefficients for temperature from 5 to 50 K
were derived by integration of the cross sections over kinetic
energies. Propensity rules were discussed, and the degree of
mixing between pure Hund’s case (b) basis was found to have
a strong influence on them. Therefore, it was concluded that
CCS collisional data could only be properly described with
the intermediate coupling scheme.

The obtained rate coefficients were compared at 10 and 20
K to previous ones provided by Wolkovitch et al.,25 and a
global difference of a factor 2-10 was observed. Some tran-
sitions exhibited discrepancies up to 2 orders of magnitudes.
Thus, the derived abundances of CCS and extended conclu-
sions might need to be reconsidered.

For now, CCS abundances in astrophysical media were de-
rived within the local thermodynamic approximation (LTE)
approximation, which is known to not be accurate in many
astrophysical media (such as molecular clouds, where CCS is
widely detected) or with the data of Wolkovitch et al.25 With
the new set of data provided here, the CCS abundances may be
significantly revised, and then, its correlated abundance with
HC3N and carbon chains in general can be further investigated
and may decipher on the formation path of such molecules.
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