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ABSTRACT
In this paper, we focus on the determination of the rotational excitation rate coefficients of
the first observed molecule containing noble gas 36ArH+ isotope by He. Hence, we present
the first potential energy surface (PES) of ArH+ −He van der Waals system. The interaction
PES of the ArH+(X1�+)−He(1S) complex is calculated by the ab initio explicitly correlated
coupled cluster with single, double, and perturbative triple excitation (CCSD(T)-F12) method
in connection with the augmented correlation consistent triple zeta Gaussian basis (aug-
cc-pVTZ). The interaction potential presents two global minima of 708.00 and 172.98 cm−1

below the ArH+(X1�+)–He(1S) dissociation limit. Using the PES obtained, we have computed
integral inelastic cross-sections in the close-coupling approach among the first 11 rotational
levels of ArH+ for energies up to 2500 cm−1. Downward rate coefficients were determined
at low temperature (T ≤ 300 K). It is expected that the data worked out in this study may be
beneficial for further astrophysical investigations as well as laboratory experiments.

Key words: molecular data – molecular processes – ISM: abundances – ISM: molecules –
ISM: supernova remnants.

1 IN T RO D U C T I O N

The arrival of the Herschel Space Observatory in 2009 has offered
a wide expansion of the capabilities of early space missions. It pro-
vided a powerful probe of the far-infrared and submillimeter spectral
regions (Pilbratt 2010). Therefore, the first cationic hydrides H2Cl+

(Lis et al. 2010), H2O+ (Ossenkopf et al. 2010), and HCl+ (De
Luca et al. 2012) were detected in the interstellar medium (ISM)
with Herschel. These detections and molecular modelling are crucial
for investigating the physical and chemical conditions of interstellar
clouds. Therefore, accurate information on the collisional processes
occurring in the ISM are required. To satisfy this requirement, it is
recommended to treat the collisional dynamics with the best astro-
physical precision (Roueff & Lique 2013). An important amount of
theoretical as well as experimental efforts have been devoted in the
last four decades to study the collision-inducing rotational energy
transfer. The rate coefficients of interstellar molecules in collision
with the most abundant species, H2, H, and He, are of great astro-
physical importance (Dubernet et al. 2009; Lique et al. 2009, 2010;
Najar et al. 2009; Nkem et al. 2009; Sarrasin et al. 2010; Gotoum
et al. 2011, 2012; Ajili & Hammami 2013; Niane et al. 2014).

The most abundant species in the ISM, H2 (j = 0), is isoelectronic
to helium. It is common for astronomers to evaluate the rate coef-
ficients for the collisions with para-H2 (j = 0) from those worked
out using He (Schöier et al. 2005). For charged species, Monteiro

� E-mail: aacatbop@gmail.com (CTB); hammami283@gmail.com (KH)

(1985) has shown that it is desirable to use a scaled factor between
2 and 4 to approximate rate coefficients of collision with para-H2

using the data obtained from collision with He.
36ArH+ was detected for the first in the ISM towards the Crab

Nebula (Barlow et al. 2013), showing spatially extended emis-
sion in the 1 −→ 0 and 2 −→ 1 rotational lines. Argon-36 was
expected to be originated from explosive nucleosynthesis in mas-
sive stars during core-collapse supernova events until its detec-
tion in the Crab Nebula. The product of such a supernova event,
confirms this expectation. More recently, Schilke et al. (2014)
and Müller et al. (2015) reported on their early detections of the
ArH+ 1 −→ 0 transition in emission, respectively, towards six con-
tinuum sources [viz. SgrB2(M), SgrB2(N), G34.26+0.15, W31C
(G10.60−0.39), W49(N), and W51e] and PKS 1830−211. These
last observations, on one hand, let us expect that the isotopic ration
evolution depending on the redshift may be important to confine
nucleosynthetic scenarios that occurred in the early Universe. On
the other hand, argonium is demonstrated to be a suitable tracer
of gas with a very low fractional H2 abundance (10−4 to 10−3)
using a chemical model for diffuse molecular clouds. The abun-
dances in our planet of 36Ar, 38Ar, and 40Ar are about 0.33 per cent,
0.06 per cent, and 99.60 per cent (Nier 1950; Lee et al. 2006), re-
spectively. Indeed, many experimental and theoretical studies on
the argonium chemistry reported in the past concerned the 40ArH+

isotope (Song et al. 2003; Mitchel et al. 2005; Rey et al. 2006; Alek-
sey, Heinz & Buenker 2007; Kreckel et al. 2008; Méndez, Tanarro
& Herrero 2010; Liu, Liu & Zhang 2011; Mensah et al. 2012; Hu
et al. 2013; Sode, Swhwarz-Selinger & Jacob 2013a,b) and then few
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data are available for 36ArH+, and even less for 38ArH+. However,
in the Sun, 84.6 per cent of argon is 36Ar (Lodders 2008) and in
giant planets 36Ar/40Ar is 8600 (Cameron 1973). The recent dis-
coveries of 36ArH+ and 38ArH+ in different chemical environments
in the ISM have revived the interest in the mechanisms for the pro-
duction and destruction of these ions (Cueto et al. 2014; Redondon
et al. 2014; Roueff, Alekseyev & Le Bourlot 2014; Theis, Mor-
gan & Fortenberry 2015; Novak et al. 2016). These investigations
summarize interstellar argonium mechanisms into the following
reactions:

Ar + H+
2 → ArH+ + H, (1)

Ar+ + H2 → ArH+ + H, (2)

Ar + H+
3 � ArH+ + H2. (3)

The main excitation mechanism for the observed ArH+ emission
lines (Barlow et al. 2013) is likely to be collisions with either
electrons or H2 molecules. Loh et al. (2012) reported that the gas
abundance of hydrogen in any form in the molecular region of
the Crab Nebula is about 10 times greater than the electron one,
in addition an intensity ratio I(H2 2.12 μm)/I(H I Brγ ) of 10 was
observed. Thus, argonium is preferentially excited by molecular
hydrogen (see Section 3 for further discussions on ArH+ collisional
partner). In the paper of Barlow et al. (2013), SiH+ +He collisional
de-excitation rates are used in place of those of the title molecule in
collision with H2 to estimate corresponding H2 critical density. This
approximation and the ArH+ mechanism of destruction (equation 3)
point out the necessity to perform rate coefficients of the rotational
collision between 36ArH+ and He.

The rotational constants for the three argonium isotopes differ
by 0.01 cm−1 (Hamilton, Faure & Tennyson 2016). Thus, this work
takes an interest in studying the rotational (de-)excitation rate coeffi-
cients of 36ArH+ (the most abundant isotope in the ISM) in collision
with He via quantum mechanical treatment. The data worked out
are useful for both observed isotopes. Hence, we performed a new
accurate ab initio two-dimensional potential energy surface (PES)
to compute close-coupling (CC) cross-sections among the first 11
rotational levels for total energy up to 2500 cm−1. The collisional
rate coefficients are obtained by averaging these cross-sections over
a Maxwell–Boltzmann velocity distribution at low temperatures
ranging from 2 to 300 K.

This paper is organized as follows: Section 2 describes the ab
initio PES computational details. The results of dynamic calculation
are presented and discussed in Section 3. Concluding remarks are
detailed in Section 4.

2 POT E N T I A L E N E R G Y S U R FAC E

Due to the fact that we are interested in studying low-temperature
collisions, the vibrational excitation is expected to be negligible. To
perform our calculations, we describe in Fig. 1 the van der Waals
ArH+–He complex by Jacobi coordinates (r, R, θ ). The internuclear
distance of ArH+ is held fixed at its experimental equilibrium ge-
ometry r = re = 1.292 Å. The use of this value is justified because it
differs slightly (0.002 Å) to the averaged r-distance (1.290 Å) at the
fundamental vibrational level (ν = 0). The validity of such approxi-
mation has been proven by Murdachaew et al. (2004), showing that
the HCl–He PES depends weakly to the HCl bond length. Thus, we
have used the rigid rotor approximation, although Kalugina, Lique
& Marinakis (2014) have proposed that vibrationally averaged PES
should be used instead of pure two-dimensional PES for studying

Figure 1. Definition of the coordinate system of Jacobi for the AH+–He
complex.

the excitation of diatomic hydrides by He. R represents the distance
between the mass centre (m.c.) of ArH+ and He, and θ is the angle
that forms the two distance vectors. θ = 0◦ corresponds to the linear
geometry ArH+. . . He. We varied the distance R from 2.5 to 10 a0

by step of 0.25 a0 and then between 10 and 20 a0 by step of 1 a0.
θ was varied between 0◦ and 180◦ with a regular step of 10◦. All
these configurations generated 779 ab initio geometries that were
treated in the Cs symmetry group.

The interaction energy of the ArH+–He system is calculated us-
ing the explicitly correlated coupled cluster with single, double,
and perturbative triple excitation (CCSD(T)-F12) method (Knizia,
Adler & Werner 2009) as implemented in the MOLPRO package
(Werner et al. 2010). Because the weight of the dominant configura-
tion (1a

′22a
′23a

′24a
′21a

′′25a
′26a

′27a
′28a

′22a
′′2) of the fundamental

state is greater than 99.0 per cent for all geometries, the use of the
monoconfigurational standard coupled cluster approach is suitable.
Within the above standard computations, the atoms are described
using aug-cc-pVTZ basis set (Dunning 1989; Kendall, Dunning
& Harrison 1992). For explicitly correlated computations, we fol-
lowed the tactics of Nasri et al. (2015) using the above basis set
and also the corresponding auxiliary ones and density fitting func-
tions (Klopper 2001; Weigend, Kohn & Hattig 2002; i.e. the default
CABS (OptRI) of Peterson, Adler & Werner 2008 as implemented
in MOLPRO).

To the basis sets is added a set of bond functions (3s3p2d2f1g) de-
fined by Cybulski & Toczylowski (1999) and placed at mid-distance
between the mass centre of the ArH+ molecule and He atom. These
bond functions have proven to be very efficient for the correct de-
scription of the intersystem correlation (Miller et al. 1988; Niane
et al. 2012). The basis set superposition errors were corrected in all
geometries using the counterpoise procedure of Boys & Bernardi
(1970).

The total energies obtained using both approximations
(CCSD(T)-F12a and CCSD(T)-F12b) are very close. Hereafter, we
will consider the CCSD(T)-F12a results (denoted as CCSD(T)-
F12). To force the potential calculated with this method to decay
to zero, it was uniformly shifted by the corresponding asymptotic
value (R = 100 a0). Table 1 presents a comparison of the interaction
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Rotational excitation of ArH+ by He 1139

Table 1. PES (in units of cm−1) of the ArH+–He system for the linear arrangement (θ = 0◦) computed at different
levels of theory as a function of the distance R (a0).

CCSD(T)/ CCSD(T)/ CCSD(T)/ CCSD(T)-F12/ CCSD(T)-F12/ CCSD(T)-F12/ CCSD(T)-F12/
R aVQZ aV5Z CBS VTZ VQZ aVTZ aVQZ

5.15 −694.309 −699.513 −707.659 −700.108 −699.174 −700.904 −701.819
5.20 −700.528 −705.084 −712.918 −705.485 −704.611 −706.765 −707.260
5.25 −702.051 −706.039 −713.523 −706.255 −705.440 −708.001 −708.053
5.30 −699.590 −703.089 −710.186 −703.127 −702.371 −705.350 −704.938
5.35 −693.775 −696.857 −703.569 −696.694 −696.007 −699.454 −698.542

Figure 2. Cuts of the PES as a function of the distance R for three values
of θ : 0◦, 90◦, and 180◦.

potential computed at different levels of theory as a function of the
distance R around the well depth. The first point is that the position
of the global minimum has not changed depending on the level of
theory. The values calculated with the CCSD(T)-F12 method us-
ing the augmented basis sets (aVTZ and aVQZ) are slightly deeper
than those obtained with VTZ and VQZ, respectively. For each
type of basis set (VXZ and aVXZ, X = T, Q), the CCSD(T)-F12
provides similar values of potential (i.e. the potential varies slowly
with the expansion of the basis from TZ to QZ). Moreover refer-
ring to the standard CCSD(T) with the complete basis set (CBS),
CCSD(T)-F12/aVTZ level of theory is more close to the reference
than CCDS(T)/aV5Z one. For R = 5.25 a0, the relative errors cal-
culated with these methods are 0.78 and 1.06 per cent, respectively.
In addition to the analysis of Table 1, Nasri et al. (2015) proved
that the CCSD(T)-F12/aVTZ level of theory is accurate enough to
describe correctly the regions of the van der Waals intermolecular
interactions, which are sensitive to electron correlation.

Fig. 2 presents three cuts of the PES : V (re, RHe...ArH+ , θ =
180◦), V (re, RArH+⊥He, θ = 90◦) and V(re, RArH+...He, θ = 0◦).
RArH+...He represents R for a linear approach of He towards H,
RArH+⊥He is the value of R in the T-shape geometry and RHe...ArH+

represents R for an approach of He towards Ar. For θ = 0◦ (θ =
180◦), the minimum is located at RArH+ ...He = 5.25 a0 (RHe...ArH+ =
5.40 a0) with a well depth of 708.00 cm−1 (172.98 cm−1) and for
the T-shape geometry the minimum occurs at 118.95 cm−1 at the

Figure 3. Contour plot of the PES (in cm−1) of ArH+(X1�+)−He(1S) as
a function of R and θ (re = 1.929 a0). The zero of energy corresponds to the
ArH+–He asymptote.

coordinates RArH+⊥He = 5.75 a0. These values are obtained after
refinement using the cubic splines interpolation. Fig. 3 displays the
contours plot of the ArH+–He PES as a function of R and θ . It is
clear from figure that the interaction potential presents two global
minima corresponding to the linear He orientations. The deepest,
which occurs towards the H side at the coordinates mentioned above,
is the one of 708.00 cm−1.

The two protonated atoms SiH+ and ArH+ were identified into
the diffuse interstellar clouds and the collisional de-excitation
rate coefficients of SiH+ + He were used in place of those of
ArH+ + H2 (Barlow et al. 2013) to estimate the critical density
of H2. As rate coefficients are derived from PESs, it is relevant to
compare the PESs of the SiH+-He and ArH+-He systems to verify
the validity of the above estimation.

Table 2 compares the global minima of the complexes men-
tioned above. The SiH+–He system owns a global minimum of
308.21 cm−1 at the coordinates R = 5.0 a0 and θ = 78◦ (close to
the T-shape geometry; Nkem et al. 2009), while for the ArH+–
He complex we have two global minima which occur at the linear
He orientations. The potential well of 708.00 cm−1 (almost twice
deeper than the SiH+–He one) occurs at 5.25 a0 and 0◦. As one can
see these two PESs hardly defer by shape and well depth. Moreover,
the charge distribution into atoms of both molecular ions calculated
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Table 2. Global minima of the ArH+–He and SiH+–He PESs (in units
of cm−1).

Coordinates This work Nkem et al. (2009)

R (a0) θ (◦) ArH+–He SiH+–He
5.25 0 708.00 –
5.40 180 172.98 –
5.00 78 – 308.21

Figure 4. Radial coefficients (Vλ in cm−1) expansions of the interaction
PES (λ = 0, 1, 2, 3) as a function of the distance R.

at the CCSD(T)-F12/aug-cc-pVTZ level of theory reveals that for
ArH+ the positive charge is almost allocated in equal proportions
into atoms (+0.48 and +0.52 for Ar and H, respectively) while it
is completely shifted to the silicon one for SiH+ (+1.12 and −0.12
for Si and H, respectively). The differences into the electronic be-
haviour of these systems let us expect that the use of the SiH+ rate
coefficients instead of the ArH+ ones is not accurate.

To enable the basic input required by the MOLSCAT package
(Huston & Green 1994) used in dynamic calculations, we have
fitted the ab initio points on the basis of Legendre polynomial func-
tions, described in detail by Hammami et al. (2008) obtained in the
most convenient analytical form:

V (R, θ ) =
λmax∑
λ=0

Vλ(R)Pλ(cos θ ). (4)

From the PES containing 19 ab initio values of λ, we are able to
include terms up to λmax = 18. Fig. 4 displays the dependence on
R of the first Vλ(R) components. We observe that the largest (in
magnitude) of the anisotropic terms (λ > 0) corresponds to λ = 1.
From all the forgoing results, we deduced that our scattering calcu-
lations may be carried out faithfully for R starting from 2.5 a0. This
value gives sufficiently repulsive potential (for magnitude ranking
between 104 and 106) for all geometries. During the scattering cal-
culations, an extrapolation was performed to obtain Vλ(R) at the
values of R less (and greater) than 2.5 a0 (20 a0) with the POTENL

routine as it is implemented in the MOLSCAT code. For R > 20 a0, the

Table 3. MOLSCAT parameters used in this work.

Be = 10.27267 cm−1 a Jmax = 13, 15, 17 STEPS = 20, 10
De = 6.189765× 10−4 cm−1 a Rmin = 2 a0 DTOL = 0.01Å2

μ = 3.61164 au Rmax = 40 a0 OTOL = 0.001Å2

Note. aBrown et al. (1988).

Vλ(R) parameters are extrapolated by inverse exponent expansion
as follows:

Vλ(R) = Cλ

Rηλ
. (5)

The routine considers the latest Vλ(R) values to calculate the ηλ and
Cλ coefficients for each value of λ. For example, it gives η(λ = 0) =
4.251, η(λ = 1) = 5.058, and η(λ = 2) = 6.041. These values are in
good agreement with the expressions of the long-range interaction
potential between positively charged molecule and structureless
atom (Buckingham 1967).

3 DY NA M I C A L C A L C U L AT I O N S

3.1 Cross-sections

This work focuses on the study of the rotational (de-)excitation
of 36ArH+ in collision with He and use the results as a template
for collisions with H2. Therefore, as helium is a closed shell atom
with two electrons, it can be used as a model for para-H2 (Schöier
et al. 2005; Lique et al. 2008; Gómez-Carrasco et al. 2014). De-
spite the similar results on ionic hydrides (HCO+) excitations with
He (Monteiro 1985) and para-H2 (Flower 1999), the use of He as
template of H2 is questionable for the excitation of molecular hy-
drides (Lanza et al. 2014). Nevertheless, the data worked out in this
paper will enable rough approximate of the magnitude rank of the
interstellar ArH+ collisional processes, which are of extreme im-
portance for modelling the excitation and abundance of argonium
in the ISM.

The collision rates were calculated at low temperature (T ≤
300 K) for J up to 10 and the cross-sections were performed for
total energies ranging from 10.3 to 2500 cm−1. J is the rotational
momentum of ArH+ molecule. We calculated the rotational levels
of the argonium using the usual expansion with the constants of
rotation Be and centrifugal distortion De represented in Table 3. The
cross-sections are computed using the quantum mechanical CC ap-
proach of Arthur & Dalgarno (1960) implemented in the MOLSCAT

code: for E < 100 cm−1 the energy step was set to 0.1 cm−1; for
100 ≤ E < 150 cm−1 to 0.2 cm−1; for 150 ≤ E < 200 cm−1

to 0.5 cm−1; for 200 ≤ E < 500 cm−1 to 1 cm−1; for 500 ≤
E < 1000 cm−1 to 5 cm−1, and for 1000 ≤ E < 2500 cm−1 to
20 cm−1. The STEPS parameter that determines the integration
step was set to 20 for E < 100 cm−1 and 10 for the other energy
values. In addition we set Jmax = 13 for E < 100 cm−1, Jmax = 16 for
100 ≤ E < 500 cm−1, and Jmax = 17 for 500 ≤ E ≤ 2500 cm−1. The
above values were selected with convergence tests. The limit value
of total angular momentum Jtot was fixed large enough for accu-
rate convergence of the cross-sections. The diagonal tolerance (for
elastic transitions) was set to 0.01 Å 2 and the off-diagonal one (for
inelastic transitions) to 0.001 Å2. Typically, the maximum value of
Jtot was 143 at 100 cm−1, 211 at 500 cm−1, and 305 at 2500 cm−1.
We have used the propagator of Manolopoulos (1986) to solve the
coupled equations.

Fig. 5 presents the collisional excitation cross-sections of 36ArH+

by He as a function of the kinetic energy for transitions involving
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Rotational excitation of ArH+ by He 1141

Figure 5. Collisional excitation cross-sections of 36ArH+ by He as a func-
tion of the kinetic energy for 0 −→ J ′ (upper panel) and 	J = 1 (lower
panel) transitions.

0 → J (upper panel) and 	J = 1 (lower panel). These curves present
several resonances that occur particularly at low energies. A simi-
lar behaviour was observed early in different studies (Smith, Malik
& Secres 1979; Christoffel & Bowman 1983; Lique & Spielfiedel
2007). These resonances disappear at high energies. The fine grid
used at low energies was necessary for the best description of these
resonances. Regarding the propensity rules, we notice that, in the
upper panel, the 0 −→ 1 transition is dominant for all energies and
an inversion occurs between the 0 −→ 2 and 0 −→ 3 ones from
300 to 1500 cm−1. A global analysis remarks that the odd 	J tran-
sitions predominate the even ones. Therefore, this propensity rule is
owed to the dominance of an odd term V1 of the radial coefficients

Figure 6. Collisional de-excitation cross-sections of 36ArH+ by He as a
function of the kinetic energy for J −→ 0 and J −→ 1 transitions.

(see Fig. 4). The lower panel shows that the 0 −→ 1 transition
outweighs for high energies (E > 700 cm−1).

Fig. 6 displays the collisional de-excitation cross-sections for
transitions from J′ = 1–3 to 0 and from J′ = 2–4 to J = 1. These
curves show that the 2 −→ 1 transition strongly predominates de-
excitations for all energies and the 1 −→ 0 one outweighs the
de-excitations to J′ = 1 for kinetic energies greater than 10 cm−1.
This propensity rule, in favour of transitions with odd 	j, agrees
with the reported observed rotational emission lines (1 −→ 0 and
2 −→ 1) and will persist in the rate coefficients.

The largest magnitudes of ArH+–He and SiH+–He (Nkem
et al. 2009) excitations differ slightly and are very similar to the
data reported in the past for other collisional systems. Nevertheless,
the de-excitations computed in this work are very large (�103 Å2) at
low energies but decrease quickly (example the values are ≤30 Å2

from 100 to 2500 cm−1). Hence, we think these large magnitudes
will not influence the rate coefficients.

3.2 Collision rate coefficients

The collision rate coefficients are computed by averaging the cal-
culated cross-sections over the distribution of velocity of Maxwell–
Boltzmann:

τJ−→J ′ (T ) =
(

8

πμβ

)1/2

β2
∫ ∞

0
Ecσ (Ec)e−βEc dEc (6)

β = 1/kBT, where T represents the kinetic temperature, kB the
constant of Boltzmann, Ec the kinetic energy [it is the difference
between the total energy (E) and the rotational one (EJ), and μ the
reduced mass (see Table 3)].

The downward rate coefficients of ArH+ in collision with He be-
tween the first 11 rotational levels will be reported at the LAMDA1

1 http://home.strw.leidenuniv.nl/moldata
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Figure 7. Collisional rate coefficients of 36ArH+ by He as a function of ki-
netic temperature for transitions J −→ 0 (upper panel) and J −→ 1 (lower
panel).

(Schöier et al. 2005) and BASECOL2 (Dubernet et al. 2013) data
bases.

We displayed in Fig. 7 the collision rates of ArH+–He as a
function of the temperature, the upper panel (and the lower one)
represents rotational transitions J −→ 0 (J −→ 1). In this figure,
all curves vary slowly with increasing the kinetic temperature. The
rate coefficients vary significantly at low temperatures. As it is men-
tioned above, the transitions involving odd 	J values predominate
such as 1 −→ 0 and the 2 −→ 1 ones, which are already observed in
the ISM. Similar propensity rule is observed with the calculations

2 http://basecol.obspm.fr

of Hamilton et al. (2016) on electron-impact excitation of argo-
nium. Then it is relevant to note that the calculations of Nkem et al.
(2009) for SiH+–He system, the transition between even 	J values
predominate. Despite the difference of parities between dominant
transitions of the above systems, as we expected, the rate coeffi-
cients magnitudes stay the same (10−10). However, the SiH+ data
are not suitable in order to derive the ArH+ abundance in the ISM
because the observed rotational transitions of argonium are approx-
imately three to eight times greater than the corresponding ones of
SiH+. Furthermore, the averaged ratio (2 −→ 1)/(1 −→ 0) over the
temperature grid (up to 300 K) of the collisional rates of ArH+ with
helium (�2.4) is about 1.8 times greater than the one obtained with
electron (�1.3; Hamilton et al. 2016). These results could be very
useful in order to derive which of these species He, H2, and electron
is responsible for the rotational emission lines of ArH+ observed in
the Crab Nebula (Barlow et al. 2013).

4 C O N C L U S I O N S

In this work, a new ab initio PES of the ArH+–He complex com-
puted at the CCSD(T)-F12/aug-cc-pVTZ level of theory is pre-
sented. This PES is compared to that of Nkem et al. (2009) and we
note that their shapes are very different. We have reported CC inte-
gral cross-sections involving the lowest rotational levels of 36ArH+

owed by collision with He.
Downward rate coefficients up to T = 300 K, were computed

by averaging the calculated cross-sections over the distribution of
velocity of Maxwell–Boltzmann. A strong propensity towards ob-
served rotational transitions in the ISM is noted for cross-sections
and rate coefficients (i.e. transitions with odd 	j). In order to derive
argonium abundance in the ISM, the use of the rate coefficients
computed in this work instead of SiH+ ones is more accurate. In
fact, the ratios of the averaged rate coefficients ArH+/SiH+ for the
1 −→ 0 and 2 −→ 1 transitions are ∼3.7 and ∼7.5, respectively.
These results are very useful for astrophysical observations as well
as for experiments. The use of our rates for 36ArH+ to interpret
observations on all argonium isotopes could have important conse-
quences on the understanding of noble gas molecules chemistry in
the ISM.
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