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Due to the lack of specific collisional data, the abundance of NS+ in cold dense interstellar clouds was determined
using collisional rate coefficients of CS as substitute. To better understand the chemistry of sulfur in the interstellar
medium, further abundance modeling using the actual NS+ collisional rate coefficients are needed. For this purpose,
we have computed the first full 4D potential energy surface of the NS+−H2 van der Waals complex using the explicitly
correlated coupled cluster approach with single, double, and non-iterative triple excitation in conjunction with the
augmented-correlation consistent-polarized valence triple zeta basis set. The potential energy surface exhibits a global
minimum of 848.24 cm−1 for a planar configuration of the complex. The long-range interaction energy, described using
multipolar moments, is sensitive to the orientation of H2 up to radial distances of ∼ 50 a0. From this new interaction
potential, we derived excitation cross sections, induced by collision with ortho- and para-H2, for the 15 low-lying
rotational levels of NS+ using the quantum mechanical close-coupling approach. By thermally averaging these data,
we determined downward rate coefficients for temperatures up to 50 K. By comparing them with the previous NS+−H2
data, we demonstrated that reduced dimensional approaches are not suited for this system. In addition, we found that
the CS collisional data underestimate ours results by up to an order of magnitude. The differences clearly indicate that
the abundance of NS+, in cold dense clouds retrieved from observational spectra, must be reassessed using these new
collisional rate coefficients.

I. INTRODUCTION

Recent observations of sulphur-bearing molecules in photo-
dissociation regions (PDR) such as the Horsehead nebula1

have revived investigations on the interstellar sulphur chem-
istry, which is still poorly understood. Indeed, in most of the
astrophysical environements where S-bearing species are ob-
served, the sum of observed S-species does not account for
the sulfur cosmic abundance. The S- reservoir(s) question is
still an unresolved important question.

Despite holding a small percentage of the S-budget, NS+

plays a key role in the of sulphur chemistry. For instance, most
of charge exchange and ion-neutral reactions of S-bearing
molecules lead to NS+.1 In addition, this cation is claimed
to be a valuable PDR tracer since it is more abundant in the
PDR than in the core of the Horsehead nebula.1 This enhanced
abundance towards the outer layers of the Horsehead nebula
is a signature of the dependence of the NS+ abundance on the
external UV field. Moreover, being present at different evolu-
tionary stages of dark molecular clouds, NS+ is considered as
good barometer and thermometer in these regions.2

The large variation of the NS/NS+ abundance ratio ob-
served between cold molecular clouds (30−50) and hot cores
(> 500) suggests that the chemistry underlying the formation
and destruction of these species varies from one medium to
another.2 In molecular clouds, NS+ likely forms from reac-
tions between atomic nitrogen and SO+/SH+.2 In external
layers of PDRs, i.e. UV-irradiated regions, S+ + NH, SH+

+ N and H2S+ + N are expected to be the favorite formation
routes of NS+.1 In addition, charge exchange reactions be-
tween NS and C+/S+ are less critical in PDRs than in cold
molecular clouds.

Therefore, constraining the chemistry of NS and NS+ in
cold molecular clouds and PDRs is crucially needed. For B1b
molecular cloud, the chemical model of Cercnicharo et al.2

reproduced the observed NS/NS+ abundance ratio within a
factor of ∼ 2. However, this finding must be treated with cau-
tion since the authors highlighted that they used approximate
rate coefficients to interpret the observational spectra of NS+

and NS.
Accurate abundance modeling requires prior determination

of collisional rate coefficients. Without these data, local ther-
modynamic equilibrium (LTE) conditions which are rarely
verified in space, would be considered. This approach has
led to underestimate the abundance of NS by a factor of
1.5− 2.5.2 Since collisional rate coefficients of NS and NS+

were not available in the leterature, Cernicharo et al.2 used the
rate coefficients of CS3 for both species. They neglected the
fine structure of NS and used a scaling factor of 5 to take into
account the ionic nature of NS+.

Since its interstellar detection, NS+ has become the tar-
get of rotational energy transfer studies induced by collisions.
Trabelsi et al.4 reported rate coefficients for the 11 low-lying
rotational levels of this cation due to helium-impact for tem-
peratures ranging up to 300 K. The calculations were based
on a three dimensional potential energy surface (which was
thereafter averaged using the NS+ ground vibrational wave
functions) computed at the explicitly correlated coupled clus-
ter method with single, double and non-iterative triple excita-
tion in conjunction with the augmented-correlation consistent-
polarized valence triple zeta basis (hereafter denoted as
CCSD(T)-F12/aug-cc-pVTZ). Few months later, Cabrera et
al.5 used a CCSD(T)/aug-cc-pV5Z 3D PES (a similar accu-
racy to the PES mentioned above) to revisit the NS+−He col-
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lisional system. They extended the rotational basis up to the
27 low-lying energy levels and resolved the hyperfine struc-
ture since such emission lines were also reported.2 Both au-
thors compared their results with the collisional rate coeffi-
cients of CS-He3 used in the NS+ abundance modeling. De-
spite the similarity of their data, Trabelsi et al.4 validated the
use of CS as template for NS+ while Cabrera et al.5 high-
lighted the limits of such an approximation.

Due to the fact that He is seen as a bad template for para-
H2 (p-H2) in the case of charged species, Bop6 reassessed the
hyperfine rate coefficients corresponding to the 23 low-lying
rotational levels of NS+ for temperatures up to 100 K, but us-
ing p-H2( j2 = 0) as projectile. These calculations were based
on a 4D PES, computed at the CCSD(T)-F12/aug-cc-pVTZ
level of theory, which was thereafter averaged over the ori-
entations of H2 (denoted hereafter as model treatment). The
comparison with the previous rate coefficients of NS+ led to
deviations of 2−4 depending on the transition and on the tem-
perature.

The strong anisotropy of the PES of NO+−H2,7 an isoelec-
tronic analogue of NS+−H2, with respect to the orientations
of H2 let us reconsider the use of an average potential for the
scattering of NS+ with H2. In practice, we revisited the scat-
tering of NS+ due to p-H2 impact using a full dimensional
PES. Since this molecular cation was also observed towards
warm/hot environments such as the Horsehead nebula,1 where
the ortho-to-para-H2 ratio is not negligible, rate coefficients
by collision with both ortho-H2 (o-H2) and p-H2 are needed.

This paper is structured as follows: the computational de-
tails are briefly given in Section II, the results are shown and
discussed in Section III and concluding remarks are displayed
in Section IV.

II. COMPUTATIONAL DETAILS

A. Potential energy surface and analytical fit

The potential underlying the interaction between NS+(1Σ+)
and H2(1Σ+

g ), in their ground electronic state, was calculated
using the Jacobi coordinate system. The PES was calcu-
lated under the assumption of rigid rotor-rigid rotor inter-
action using the bond lengths averaged with the ground vi-
brational wave functions, <rH2>0 = 1.449 a0 and <rNS+>0 =

2.7189 a0.2,8 In practice, 4 degrees of freedom are needed to
describe the geometry of the collision complex (see Fig. 1):
the intermolecular distance (R), the polar angles of NS+ and
H2 relative to the R vector (θNS+ and θH2 , respectively) and
the dihedral angle between the half-planes that contain NS+

and H2 (φ ).
In this work, we used as Bop6 the state-of-the art CCSD(T)-

F12/aug-cc-pVTZ level of theory9,10 implemented in the
MOLPRO molecular package version 201011 for all ab initio
calculations. We improved the PES Bop6 by (i) fully describ-
ing the H2 rotations and (ii) explicitly treating the long-range
interaction potential using a multipolar expansion. In fact, the
previous PES of the NS+−H2 complex was averaged over 3
H2 rotations : (θH2 ,φ ) = (0, 0), (90, 0) and (90, 90).6

FIG. 1. Coordinate system of NS+−H2 complex.

TABLE I. Electric properties of the NS+ and H2 monomers com-
puted at the CCSD(T)/aug-cc-pVTZ level of theory. All values are
in a. u.
Param. Definition NS+ H2

µz dipole moment -0.7805 0.
Θzz quadrupole moment 1.0029 0.4866
Ωzzz octupole moment -0.7002 0.0
Φzzzz hexadecapole moment -7.79 0.36
Φxxxx -2.92 0.14
αxx dipole polarizability 13.8399 4.7608
αzz 23.4455 6.7291

The basis set superposition error correction was taken into
account using the counterpoise method.12

The interaction energy V (R,θNS+ ,θH2 ,φ) was expanded in
bispherical harmonics AL1L2L(θNS+ ,θH2 ,φ):

AL1L2L(θNS+ ,θH2 ,φ) =

√
2L1 +1

4π

[(L1 L2 L
0 0 0

)
×PL10(θNS+)PL20(θH2)+2

min(L1,L2)

∑
M=1

(
L1 L2 L
M −M 0

)
×PL1M(θNS+)PL2M(θH2)cos(Mφ)

]
(1)

where L = |L1−L2|, ...,L1 +L2, L1 and L2 are associated with
the rotational motion of NS+ and H2, respectively and M is
related to the dihedral angle φ . Due to homonuclearity of H2,
the index L2 takes only even values. PLM is the associated
Legendre polynomial. The potential in this coupled basis has
the following form:

V (R,θNS+ ,θH2 ,φ) = ∑
L1L2L

vL1L2L(R)AL1L2L(θNS+ ,θH2 ,φ).

(2)
The expansion coefficients vL1L2L(R) at each point R (31 R-
grid points from 4.5 to 29 a0) were obtained using 11-point
(5-point) Gauss-Legendre quadrature for θNS+ (θH2 ) and 9
Gauss-Chebyshev quadrature for φ . Angles, θNS+ , θH2 and φ

were set to [11.98, 27.49, 43.10, 58.73, 74.36, 90.00, 105.64,
121.27, 136.90, 152.51, 168.02], [13.12, 30.11, 47.20, 64.32,
81.44] and [10, 30, 50, 70, 90, 110, 130, 150, 170], respec-
tively. The use of these quadrature allows us to expand the po-
tential in the coupled basis with Lmax

1 = 10 and Lmax
2 = 6 which

gives us a total of 142 radial expansion coefficients vL1L2L(R).
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The long-range part of the potential can be represented
using analytical multipolar expansion through the order of
R−6.13

V (R,θNS+ ,θH2 ,φ) =
1
3
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(3)

In practice, 100 Gauss-Legendre quadrature nodes are con-
sidered to determine the isotropic term, C0

6 = 40.3027 Eha6
0,

using the (equation-of-motion) EOM-CCSD method14 im-
plemented in MOLPRO. The average polarizability α and
the tensor Tαβγ...ν are defined as 1/3(αxx + αyy + αzz) and
∇α ∇β ∇γ ...∇ν R−1, respectively. Superscrips A and B denote
molecules NS+ and H2, respectively. We implied in Eq. 3
the dependence of multipole moments and polarizabilities of
molecule A on angle θNS+ and of molecule B on angles θH2
and φ . The values of multipole moments and polarizabilities
used in analytical calculations are presented in Table I. These
values were calculated at the CCSD(T)/aug-cc-pVTZ level of
theory using finite-field method.15

We noticed that for very large intermolecular separations,
CCSD(T)-F12a method started to deviate from the analyti-
cal long-range approximation. Therefore, we performed fur-
ther calculations using standard CCSD(T) along with the aug-
cc-pVTZ basis set. Indeed, at intermediate distances R =
20− 22 a0, the CCSD(T) and CCSD(T)-F12a computed en-
ergies agree very well whereas discrepancies occur at R > 29
a0. Using the long-range analytical potential as reference at
R = 100 a0, we obtained slight deviations of ∼ 10−5% for
standard CCSD(T) whereas CCSD(T)-F12a leads to relative
errors of up to 30%. In fact, the agreement with CCSD(T) is
not surprising since the multipole moments and polarizabili-
ties of monomers (Eq. 3) are computed at the same level of
theory. Therefore, to obtain a smooth and accurate interaction
potential, we used CCSD(T)-F12a for R ≤ 20 a0, CCSD(T)
for 20 < R ≤ 25 a0 and the analytical multipolar expansion
for R > 25 a0.

The root-mean-square error (rmse) of the analytical fit
(Eq. 2) is about [10−4−10−3] cm−1 and [10−2−10−1] cm−1

in the attractive and repulsive regions, respectivly. The expan-
sion coefficients obtained from the fit, i.e. for 4.5≤R≤ 29 a0,
were interpolated using cubic spline routine. For R > 29 a0,
the potential is represented solely by analytical long-range
multipolar expansion.

B. Cross sections and rate coefficients

The scattering processes we are studying can be sum-
marised as follows:

NS+( j1)+o−; p−H2( j2)→ NS+( j′1)+o−; p−H2( j2)(4)

where j1 and j2 are the NS+ and H2 rotational quantum num-
bers, respectively. The hyperfine structure due to the nuclear
spin of nitrogen is not considered in this work but it can be
derived from our data using the Infinite Order Sudden (IOS)
approximation.16,17 The cross sections (σ ) were calculated for
the 15 low-lying rotational levels of NS+ ( j1 = 0−14) for to-
tal energies ranging up to at least 500 cm−1. The energy range
was spanned using a fine step size of 0.1 cm−1 to correctly de-
scribe the resonances.

We used the close-coupling quantum mechanical
approach18 implemented in the MOLSCAT code.19 The
log derivative-airy propagator was used to solve the coupled
equations.20 Preliminary test calculations were performed to
set the integration parameters. For NS+, we considered a
quite wide rotational basis which includes at least 10 channels
above the considered rotational energy levels. Typically, the
size of the basis was varied from 23 to 30 rotational levels
( j1 = 22−29).

Regarding the H2 rotational basis, only j2 = 0 and j2 = 1
were used for p- and o-H2 colliders, respectively. For p-H2,
convergence was checked by comparing the sum of partial
cross sections, σ ( j2 = 0) and σ ( j2 = 0− 2), over the 11 first
total angular momenta (J = 0−10). For total energies of 100
cm−1, 250 cm−1 and 500 cm−1, the deviation of σ ( j2 = 0)
with respect to σ ( j2 = 0− 2) is less than 30%. In the case
of o-H2, we calculated partial cross sections σ ( j2 = 1) and
σ ( j2 = 1− 3) up to J = 5 to reduce the computational cost
due to the inclusion of j2 = 3. As shown for HCCNC and
HNCCC,21 the more total angular momentum we use, the bet-
ter the convergence would be. Since the first rotational energy
level of H2 is shifted to ∼ 120 cm−1 above the ground level,
we used total energies of 220 cm−1, 370 cm−1 and 620 cm−1.
The disagreement between σ ( j2 = 1) and σ ( j2 = 1− 3) is
less than 20% except at low energy. For a better appreciation
of the convergence, we show in Table II the variation of cross
sections as a function of the increment of the H2 rotational
manifold.

The STEPS-parameter was varied from 60 to 10 to keep the
integration step small enough. The rotational energy levels
were constructed using the spectroscopic constants of NS+

[B0 = 0.835 cm−1 and D0 = 1.17×10−7 cm−1] and H2 [B0 =
59.322 cm−1 and D0 = 0.047 cm−1].2,8

By thermally averaging the so-calculated cross sections
over the Maxwell-Boltzmann velocity distribution, we derived
collisional rate coefficients (k) for temperatures up to 50 K,

k j1, j2→ j′1, j2
(T ) = (

8
πµβ

)1/2
β

2

∫
∞

0
Ekσ j1, j2→ j′1, j2

(Ek)e−βEk dEk (5)

where Ek is the kinetic energy, µ = 1.931 au is the reduced
mass of the complex and β the inverse of the Boltzmann con-
stant multiplied by the temperature.
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FIG. 2. Contour plots of 2D cuts of the NS+−H2 4D PES. The panels (a), (b), (c) and (d) show V (R, θNS+ , θH2 = 81.8◦, Φ = 180◦), V (R, θH2 ,
θNS+ = 124.3◦, Φ = 180◦), V (θNS+ , Φ, R = 5.77 a0, θH2 = 81.8◦) and V (θNS+ , θH2 , R = 5.77 a0, Φ = 180◦), respectively.

TABLE II. The variation of cross sections (Å2) as a function of the increment of the H2 rotational manifold. For p-H2 and o-H2, we summed
partial cross sections over the 11 (J = 0−10) and 6 (J = 0−5) first total angular momenta, respectively.

p-H2 o-H2
E = 100 cm−1 E = 250 cm−1 E = 500 cm−1 E = 220 cm−1 E = 370 cm−1 E = 620 cm−1

j1 j′1 j2 = 0 j2 = 0−2 j2 = 0 j2 = 0−2 j2 = 0 j2 = 0−2 j2 = 1 j2 = 1−3 j2 = 1 j2 = 1−3 j2 = 1 j2 = 1−3
1 0 4.01×10−1 5.20×10−1 1.03×10−1 1.38×10−1 6.72×10−2 6.02×10−2 4.16×10−1 5.85×10−1 9.76×10−2 9.20×10−2 4.14×10−2 4.87×10−2

3 2 2.54 2.93 5.08×10−1 6.05×10−1 1.83×10−1 1.85×10−1 9.45×10−1 9.82×10−1 1.74×10−1 1.69×10−1 6.22×10−2 6.44×10−2

7 5 5.73 5.48 8.14×10−1 7.55×10−1 2.09×10−1 1.67×10−1 1.08 1.19 2.23×10−1 2.26×10−1 5.52×10−2 5.54×10−2

9 7 1.11×101 1.12×101 9.55×10−1 9.52×10−1 2.27×10−1 2.34×10−1 1.16 1.29 1.83×10−1 1.97×10−1 4.48×10−2 4.75×10−2

III. RESULTS

We display in Fig. 2 bi-dimensional cuts of the 4D PES
of the NS+–H2 complex through the global minimum (see
below). The potential exhibits a strong anisotropy except in
panel (c) where it depends weakly on φ . The global minimum

corresponds to a planar structure where the axes of the H2 and
NS+ molecules form an acute angle. Typically, we obtained
θNS+ = 124.3◦, θH2 = 81.8◦, φ = 180.0◦ and R= 5.77 a0 with
∆E = -849.88 cm−1.

The potential well depth is thus similar to that of Bop6

which is located at -848.24 cm−1 below the dissociation limit
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FIG. 3. The dependence of the potential energy with respect to θH2

at various radial distances. The angles θNS+ and φ are fixed at 124.3◦

and 180◦, respectively.

of the complex. With respect to the interaction potentials
where helium was used as projectile,4,5 the new global mini-
mum is about 5 times deeper.

We plot in Fig. 3 the variation of the potential as a function
of θH2 at various radial distances. As one can see, the PES
remains sensitive to the H2 orientations at long-range. For
example at R = 45 a0, the potential varies by nearly 2 cm−1.
In fact the long-range is led by charge-quadrupole interactions
which slowly decay as R−3 and sensitive to the orientation of
the quadrupole, i.e. H2. In contrast, we notice very slight
variations of the PES relative to θNS+ for R > 20 a0. This
comes from the fact that, charge-quadrupole interactions do
not depend on θNS+ at long-range and the other higher-order
interactions (dipole-quadrupole and quadrupole-quadrupole)
remain weak relative to charge-quadrupole.

We show in Fig. 4 the variation of the rotational cross sec-
tions of NS+ in collision with both o- and p-H2 as a func-
tion of the kinetic energy. The amplitude quickly drops with
increasing kinetic energy-logarithm, exhibiting the so-called
Langevin behaviour which is known for ion-molecule colli-
sional cross sections. In fact, for ion-molecule collisional
systems, the cross sections are inversely proportional to the
square root of the collision energy. Moreover, both projec-
tiles lead to very close cross sections with slight deviations
below 10 cm−1. This behavior is a typical feature of molecu-
lar ions.22 Compared to the previous calculations of Bop,6 the
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FIG. 4. Variation of the rotational cross sections of NS+ induced by
collision with o- and p-H2( j2 = 0) as a function of the kinetic energy
for selected transitions.

shape of the cross sections does not change significantly.
For a better assessment of the improvements we carried on

the potential, we show in Fig. 5 a systematic comparison of
the NS+ rotational cross sections induced by p-H2 computed
in this work and those reported by Bop6 at 100 cm−1, 250
cm−1 and 500 cm−1. The cross sections derived from the full
4D PES agree mostly within a factor of 2 with the data men-
tioned above. A comparison using a full energy range would
show even more discrepancies than the few points seen in the
top panel of Fig. 5. Indeed, the use of two different PESs will
lead to a shift of the locations of the resonances, i.e. at low
kinetic energy, where the cross sections are very sensitive to
the PES. However, it is worth noting that the differences ob-
tained are surprising since reasonable agreement are usually
found between full and reduced dimensional approaches for
collisions involving ions.23,24

To figure out the origin of these discrepancies, we averaged
the new potential over the H2 rotation (i.e. (θH2 , φ ) = (0, 0),
(90, 0) and (90, 90) as previously done by Bop.6 The bottom
panel of Fig. 5 shows a perfect agreement clearing out any
suspicion on the different coordinate systems used in the con-
struction of the PESs. From this comparison, we show the
need for PESs describing all the orientations of H2 in the case
of strongly anisotropic interactions.

To settle upon the ambiguity highlighted in the introduc-
tion, i.e. whether CS is a good template for NS+ or not, we
compare in Fig. 6 our new collisional data obtained for the
p-H2 collider to the CS-He rate coefficients.25 Despite being
scaled up by a factor of 5, the CS-He rate coefficients25 under-
estimates the NS+− p-H2 ones by nearly an order of magni-
tude for most transitions. The discrepancy is even greater at 10
K, i.e. the typical temperature of cold media where NS+ was
observed.2 These strong deviations are not surprising since
scaling up rate coefficients of the neutral CS molecule can-
not efficiently incorporate the ionic nature of the NS+ cation,
i.e. the Langevin behavior seen in the cross sections. Be-
sides the different shapes, Fig. 6 shows that a factor of at least
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FIG. 5. Systematic comparison of rotational cross sections of NS+

induced by collision with p-H2( j2 = 0) for selected total energies.
The data represented in the y-axis are computed using the full 4D
PES (top panel) and average 2D PES based on 3 orientations of H2
(bottom panel). The dashed lines delimit the region where the two
sets of data differ by less than a factor of 2.

10 would have been needed to describe reasonably the domi-
nant rate coefficients (k > 10−11 cm3 s−1). The need of such
a high multiplier is directly related to the interaction poten-
tials. In fact, the CS-He potential25 has a well depth of ∼ 22
cm−1 which is very small compared to that of NS+-H2 (∼ 850
cm−1).

IV. CONCLUSION

The first 4D PES of the NS+−H2 van der Waals complex
was calculated using the CCSD(T)-F12/aug-cc-pVTZ level of
theory. The long-range interaction was explicitly described
using analytical multipolar expansion. Rotational cross sec-
tions of NS+ induced by collision with ortho-H2 ( j2 = 1) and
para-H2 ( j2 = 0) were derived, for total energies up to at least
500 cm−1, using the close-coupling approach. We considered
transitions between the 15 low-lying rotational energy levels
and we retrieved downward rate coefficients, for temperatures

10 13 10 12 10 11 10 10

5 × kCS He, Lique et al. (2006)
10 13

10 12

10 11

10 10

k N
S+

H 2
, t

hi
s w

or
k

T = 10 K
T = 40 K

FIG. 6. Systematic comparison of rotational rate coefficients (in cm3

s−1) for selected temperatures. The x-axis shows the CS-He colli-
sional rate coefficients scaled by a factor of 5 and the y-axis repre-
sents the NS+−p-H2 data. The dashed lines delimit the region where
the agreement is better than a factor of 2.

up to 50 K, by thermally averaging the cross sections.
The collision data obtained using ortho-H2 ( j2 = 1) and

para-H2 ( j2 = 0) as projectiles are very similar suggesting
the possibility of using only p-H2 collisional data in radia-
tive transfer calculations. The explicit description of the
anisotropy of the PES with respect to the orientations of H2
led to deviations of a factor of 2 in the cross sections. Con-
cerning the use of CS as template for NS+, we showed that a
scaling factor cannot incorporate the ionic nature.

The data presented in this work, supplemented by the NS-
He rate coefficients briefly described in the recent paper of
Hily-Blant et al.,26 will be of great importance to better con-
strain the evolution of the NS+/NS abundance ratio in cold
dense clouds.
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