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Abstract. A quantum mechanical investigation of vibrational and rotational energy transfer in cold and
ultra cold collisions of CH+ with 3He and 4He atoms is presented. Ab initio potential energy calculations
are carried out at the BCCD(T) level and a global 3D potential energy surface is obtained using the Repro-
ducing Kernel Hilbert Space (RKHS) method. Close coupling scattering calculations using this surface are
performed at collision energy ranging from 10−6 to 2000 cm−1. In the very low collision energy limit, the
vibrational and rotational quenching cross sections of CH+ in collisions with He are found to be of the same
order of magnitude. This unusual result is attributed to the large angular anisotropy of the intermolecular
potential and to the unusually small equilibrium value of the Jacobi R coordinate of the He–CH+ complex.
As for the He–N+

2 collision, we also find a strong isotope effect in the very low collision energy range which
is analyzed in terms of scattering length and the differences between these two collisions are also discussed.

PACS. 34.20.Mq Potential energy surfaces for collisions – 34.50.-s Scattering of atoms and molecules –
34.50.Ez Rotational and vibrational energy transfer – 34.50.Pi State-to-state scattering analyses

1 Introduction

Many theoretical studies in the field of the production
of ultra cold molecules are devoted to the understand-
ing of collisional energy transfer [1] as it is now pos-
sible to experimentally study atom molecule interaction
in this novel low temperature conditions. Such theoreti-
cal studies are also required to optimise the experimental
cooling and trapping techniques of neutral [2–4] or ionic
species [5,6]. Sympathetic cooling is currently used to cool
charged diatomic molecules to tens of mK by coulomb in-
teraction with laser cooled atomic ions in radio frequency
ion traps. Photoassociative ionisation of heteronuclear di-
atomic molecules [7] is also used to produce ultra cold
diatomic ions in magneto optical traps. However, cooling
molecular ions both translationally and internally still re-
mains a formidable task. Also, the understanding of the
internal energy transfer of translationally cold diatomic
ions in collisions with cold buffer gas such as 3He and 4He
is both of theoretical and experimental interest.

For many of these atom diatom collisions, the proba-
bility of collisional energy transfer is very large at tem-
peratures near zero Kelvin and small perturbations of the
potential or variations of the relative mass in this range of
temperature may suppress or create new resonance pat-
terns. In a recent work we compared the vibrational [8]
and rotational [9] quenching of N+

2 in collisions with 3He
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and 4He and found that they exhibit a strong isotope ef-
fect in the ultra cold regime. As this effect is not obtained
for collisions involving the neutral form of N2, it is then
expected to be a consequence of both the attractive ion-
induced dipole interaction and the deeper well associated
with ionic species. One motivation of the present work is
to check if such an effect is a general trend of collisions
involving ionic molecules.

The thermalisation of the rotational levels of the
molecules occurs at rate which is usually comparable to
the rate for cooling the translational motion and the
vast majority of the trapped molecules are in their ro-
tational ground state. The thermalisation of the vibra-
tional levels is instead much slower. It was however real-
ized long ago that for ionic systems, the presence of the
long range potential alters the threshold behavior of the
elastic and inelastic cross sections. The probability of vi-
brational quenching was experimentally found [10] in this
case to increase when the collision energy decreases which
is in contrast with the energy dependence due to short
range forces which control vibrational quenching of neu-
tral systems.

In the present study we consider the collisions of CH+

with both 3He and 4He. We choose this system because
of its simplicity which allows computing the potential en-
ergy surface at a high level of accuracy and because of the
possibility of comparing with the neutral He–CH system
which was studied theoretically [11] by other teams. The
methylidyne cation is on the other hand a key species
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of the carbon chemistry in diffuse interstellar molecular
clouds [12] and the knowledge of the rotational energy
transfer rate coefficients is needed to evaluate the molec-
ular abundance of CH+. In the present work we then first
build a three-dimensional potential energy surface (PES)
which is then used to study both vibrational and rota-
tional energy transfer for this system.

The plan of this paper is as follows. Section 2 contains
a description of our ab initio calculations. The details of
the construction of an analytical potential energy surface
for this system are also given in Section 2. In Section 3,
the method and the parameters used to make the scatter-
ing calculations are briefly discussed. The results of the
Close Coupling calculations are eventually presented and
analysed in Section 4.

2 Potential energy surface for He–CH+

system

2.1 Ab initio calculations

The ab initio potential energy points for the three-
dimensional potential energy surface of the He–CH+ elec-
tronic ground state were calculated using the coupled clus-
ter method [BCCD(T)] with Brueckner orbitals [13], in the
supermolecular approach. The augmented-cc-pVQZ basis
set of Dunning [14] was employed and supplemented by
a set of bond functions as defined by Tao and Pan [15].
The interaction energy was obtained as the difference be-
tween the energy of the He–CH+ complex and the sum
of the monomers energies of the He and CH+. The coun-
terpoise procedure [16] was used to correct the basis set
superposition error (BSSE) for each molecular configura-
tions. The ab initio energy points were computed for 733
geometries expressed in Jacobi coordinates (r, R, θ). The
calculations were carried out for five CH+ bond distances
(r = 1.80, 2.0, 2.13728, 2.40 and 2.70 a0). The grid of in-
termolecular distances R is ranging (in a0) from 2 to 10
in steps of 0.5; from 10 to 15 in steps of 1 and is com-
plemented by the two values 18.0 and 20.0 a0. The grid
of Jacobi angle θ is ranging from 0 to 180◦ in steps of
30◦. These geometries cover the region around the mini-
mum, the long-range and repulsive parts of the potential
energy surface. All the calculations were performed using
the MOLPRO packadge [17].

2.2 Fitting procedure

As in our previous studies dedicated to the He–N2, He–F2,
He–HF, H–N2 and He–N+

2 collisions, an analytical form of
the potential energy surface was obtained using a fitting
procedure based on the RKHS approach [18]. Since the
details of this method were already described in our pre-
vious works [19], only a brief description is outlined below.
Within the framework of the RKHS method, the interac-
tion energy is written as follows

V (R, r, θ) =
NR∑

i=1

Nr∑

j=1

Nθ∑

k=1

aijkq2,3(Ri, R)q2,3(rj , r)q1(zk, z)

(1)

Fig. 1. Contour plot of the He–CH+ potential energy sur-
face in Jacobi coordinates. The contours are drawn by steps of
10 cm−1 starting from –520 cm−1. The CH+ bond distance is
fixed to 2.13728 Bohr.

where z = (1−cosθ)/2, NR, Nr, Nθ denote the number of
data points calculated along R, r and θ Jacobi coordinates,
and the aijk are linear coefficients. The expressions of the
one-dimensional reproducing kernel functions q2,3(Ri, R)
which varies asymptotically in 1/R4 for large values of R
and of q1(z, z′) are given in our previous works [8,19]. In
order to check the quality of the long range part of our
potential we compared its value E = −4.41 × 10−6 a.u.
obtained for R = 20 a0, and θ = 90.0◦ with the value
V = −4.31 × 10−6 a.u. obtained from the expression of
the charge-induced dipole potential V = −α/2R4 using
the experimental value of the polarisability of the He atom
(α = 1.38 a.u.). The close agreement between these two
values suggests that this level of calculation provides a
good description of the long-range potential. The diatomic
potential was obtained using a thin grid of ab initio points
computed at the aug-cc-pV5Z level and a one-dimensional
RKHS model. The well depth De = 4.25 eV and the equi-
librium distance re = 2.13728 a0 of the CH+ diatomic
potential are in good agreement with existing experimen-
tal data [20].

Figure 1 shows the contour plot of our RKHS po-
tential energy surface for the He atom moving around
the CH+ molecule, the diatomic distance being set to its
equilibrium value r = 2.13728 a0. The minimum of this
figure is very close to the bent geometry (R = 4.1 a0,
r = 2.13128 a0 and θ = 86.0◦) of the minimum of the po-
tential (E = −513.573 cm−1). This is by far the deepest
well among all the systems we treated previously as can
be seen in Table 1 where we reported the geometry and
the energy of several Van der Waals complexes. As can
be seen in this table, the most striking difference with the
geometries of all the other Van der Waals complexes are
the large angular anisotropy and the equilibrium value of
the Jacobi R coordinate (R = 4.1 a0) instead of an aver-
age value around 6 a0 for the other complexes. This is also
very different from the geometry (R = 5.5 a0, r = 1.95 a0

and θ = 75.0◦) and the energy (−30 cm−1) calculated by
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Table 1. Comparison of the well depths and geometries of
the He–N2, He–N+

2 , He–CH+ and He–HF van der Waals com-
plexes.

Systems R(a0) r(a0) De(cm
−1) Method

N2 (θ = 0◦) 7.50 2.0743 −16.197
N2 (θ = 90◦) 6.45 2.0743 −21.711 BCCD(T)

N+
2 (θ = 0◦) 6.80 2.11 −71.08

N+
2 (θ = 90◦) 6.08 2.11 −84.459 CCSD(T)

CH+ (θ = 0◦) 6.09 2.13728 −174.8
CH+ (θ = 86◦) 4.10 2.13128 −513.573 BCCD(T)
CH+(θ = 180◦) 6.25 2.13728 −66.2
HF (θ = 0◦) 5.95 1.7328 −43.70
HF (θ = 95◦) 6.10 1.7328 −16.7532 BCCD(T)
HF (θ = 180◦) 5.65 1.7328 −25.88

Wagner et al. [21] for the He–CH complex. As a result of
this unusual geometry of the complex, we will see that the
vibrational quenching cross section is surprisingly large.

3 Scattering calculations

The Close Coupling scattering equations were propagated
in the spaced fixed coordinates using our code Newmat
described in previous publications [22]. This program uses
the Magnus propagator introduced by Light and coworkers
as described in reference [23]. The T matrix elements ob-
tained were used to calculate the cross section for a given
transition from an initial vibrational-rotational level la-
beled by the quantum numbers νj to a final level labeled
by the quantum numbers ν′j′:

σνj→ν′j′ (Eνj) =
π

(2j + 1) k2
νj

×
∞∑

J=0

(2J + 1)
|J+j|∑

l=|J−j|

|J+j′|∑

l′=|J−j′|

∣∣T J
νj,ν′j′

∣∣2 (2)

where J and l are respectively the total and the orbital
angular momentum quantum numbers. The wave vector is
defined by k2

νj = 2µ
�2 [E − ενj ], ενj being the eigen energy

of the initial rovibrational state νj, E the total energy, µ

the relative mass of the system and Eνj = �
2k2

νj

2µ .
As the rotational constant of CH+ (B ∼= 14 cm−1)

is quite large, we needed to include only 10 rotational
states in the basis set for each of the two vibrational lev-
els ν = 0 and ν = 1 considered in the calculations. The
maximum propagation distance was 1000 Bohr and con-
vergence was checked as a function of the propagator step
size. At each point of the propagation grid the matrix el-
ements of the potential were obtained by expanding the
potential in Legendre polynomials retaining terms up to
l = 6 on a grid of 10 points used to calculate the Gauss
Hermite quadrature of the vibrational part of the integral.
We calculated the diatomic wave function using the same
numerical procedure as in any of our previous works.

Fig. 2. (Color online) Comparison between the quenching
cross sections (in Å2) of CH+ (ν = 1, j = 0) by collision
with 3He and 4He as a function of the kinetic energy in cm−1.

We now turn to the limit of zero kinetic energy. The
effective range is infinite in the case of a charge induced
dipole potential. It is however still possible to define the
scattering length [24]

aνj = ανj − iβνj = − lim
kνj→0

[
Sνj,νj − 1

2ikνj

]
(3)

where Sνj,νj is an element of the S matrix. This expression
is used in the next section to obtain both its real and
imaginary parts.

4 Results and discussion

Cross sections for elastic scattering and rotationally and
vibrationally inelastic scattering were computed for ki-
netic energy in the range [10−6; 2000] in cm−1. For each
value of the kinetic energy the convergence of the cross
section was checked as a function of the total angular mo-
mentum. The maximum value of total angular momentum
J used in the calculations was J = 80. Figure 2 shows
the comparison of the quenching cross sections of CH+

(ν = 1, j = 0) by collision with 3He and 4He as a func-
tion of the kinetic energy. As noticed in previous studies
dedicated to ionic systems [25], the long range potential
shifts the Wigner regime to lower energies. The width of
the intermediate region where the cross section exhibits
oscillations here is quite large as it extends up to the Van
der Waals well depth (520 cm−1). These oscillations are
the signature of the resonances supported by the interac-
tion potential. The nature of these oscillations has been
the subject of many recent studies. Here, we find both
shape and Feshbach resonances. As can be seen on this
figure we obtain a strong isotope effect in the very low
kinetic energy regime as the quenching cross sections in-
volving 3He are two orders of magnitude larger than their
4He counterparts. The same effect and in the same order
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Table 2. Real and imaginary parts of the scattering lengths
associated with the quenching of CH+ (ν = 1, j = 0) and N+

2

(ν = 1, j = 0) in collisions with the two isotopes of the helium
atom.

3He +N+
2

4He+ N+
2

3He + CH+ 4He+ CH+

αν=1j=0 (Å) −96.7 40.5 188.31 −63.46
βν=1j=0 (Å) 1.22×10−3 1.4×10−4 16.11 1.77

Fig. 3. (Color online) Variation of the real part of the scat-
tering length associated with the (ν = 1, j = 0) state of CH+

in collisions with a fictitious He atom of variable mass. The
vertical bars show the limits corresponding to the two isotopes
of He.

was obtained in a previous study dedicated to the He–N+
2

collision (see Fig. 2 of Ref. [8]). We put in Table 2 the
real and the imaginary parts of the scattering lengths as-
sociated with the quenching of CH+(ν = 1, j = 0) and
N+

2 (ν = 1, j = 0) in collisions with the two isotopes of
the helium atom. The real part of the scattering length
which was found to be large and negative for the 3He–N+

2
because of the proximity of a virtual state is large and
positive for the 3He–CH+ collision showing the existence
of a quasi bound state. In the same way, it is large and
negative for the 4He–CH+ whereas it was found to be large
and positive for the 4He–N+

2 . As noticed in our previous
work, this is in contrast with the collision involving N2.
In this case the scattering length is small and does not
change sign when one move from 3He to 4He. This simple
analysis confirms that the strong isotope effect obtained
at very low kinetic energy for the He–N+

2 and He–CH+

collision is a general feature for collisions involving ionic
molecules and is a consequence of the strongly attractive
long range potential. In order to further analyse these re-
sults we drew in Figure 6 of the same previous paper the
variation of the real part of the scattering length associ-
ated with the (ν = 1, j = 0) state of N+

2 in collisions
with a fictitious He atom of variable mass. We showed
that two zero energy resonances are crossed when one
moves from 3He to 4He for this system. In the case of
the He–CH+ collision, only one zero energy resonance is

Fig. 4. (Color online) Variation of the l = 0 to 5 components
of the elastic cross sections (in Å2) of CH+ (ν = 1, j = 0) in
collision with 4He as a function of the kinetic energy in cm−1.

Fig. 5. (Color online) Variation of the l = 0–5 components of
the inelastic cross section (in Å2) for the CH+ (ν = 1, j = 0 ⇒
ν = 0, j = 0) transition in collisions with 3He and 4He as a
function of the kinetic energy in cm−1.
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Fig. 6. (Color online) Comparison between the cross sections
for the elastic and all the deactivation channels (in Å2) of CH+

(ν = 1, j = 0) in collisions with 3He and 4He as a function of
the kinetic energy in cm−1.

crossed as can be seen in Figure 3 of the present paper.
The presence of the virtual state in the case of the 4He
+ CH+ collision which is associated with the long range
charge induced dipole potential is also apparent in Fig-
ure 4 where the s-wave contribution to the elastic cross
section for this collision vanishes around 10−2 cm−1 giv-
ing birth to a Ramsauer-Townsend minimum. In Figure 5
the variations of the l = 0–5 components of the inelastic
cross section for the CH+ (ν = 1, j = 0 ⇒ ν = 0, j = 0)
transition in collisions with 3He and 4He are shown as
a function of the kinetic energy. The change of relative
mass when the collision involves 3He instead of 4He is big
enough to change completely the attribution of the par-
tial waves associated with the lowest resonances. This is
in contrast with the neutral systems which we analysed
previously and is again a consequence of the strength of
the long range charge induced dipole potential.

In Figure 6 we compared the cross sections for the
elastic and all the deactivation channels of the (ν = 1,
j = 0) state of CH+ in collisions with the two helium iso-
topes. The Ramsauer Townsend minimum at 10−2 cm−1

is clearly absent of the elastic channel for the 3He–CH+

Fig. 7. (Color online) Comparison between the vibrational
quenching cross sections (in Å2) of CH+ (ν = 1, j) for j = 0, 1
and 2 by collision with 3He and 4He as a function of the kinetic
energy in cm−1.

(ν = 1, j = 0) collision. Furthermore, the deactivation to-
wards the (ν = 0, j = 0) state is increased by three orders
of magnitude when one moves from collision involving 4He
to those including 3He whereas the other channels are only
increased by two orders of magnitude. In Figure 7, the vi-
brational deactivation of the v = 1, j = 0, 1, and 2 states
of CH+ in collisions with 3He and 4He are compared. We
can first notice that above 1 cm−1 the vibrational deacti-
vation of the ν = 1 state is almost independent of the ini-
tial rotational state. The resonant character of the vibra-
tional deactivation of the (ν = 1, j = 0) state of CH+ in
collisions with 3He at very low energy is clearly apparent
on this figure as the cross section for the vibrational deac-
tivation of the (ν = 1, j = 1) and (ν = 1, j = 2) states are
smaller whereas they are larger for the collisions involving
4He. In Figure 8 the rotational quenching of the j = 1
to 5 rotational levels of the fundamental vibrational state
of CH+ in collisions with 3He and 4He are compared. For
the higher energies the vibrational quenching is as usual
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Fig. 8. (Color online) Rotational quenching cross sections (in
Å2) of CH+ (ν = 0, j) by collision with 3He and 4He as a
function of the kinetic energy in cm−1.

between one and two orders of magnitude smaller than the
rotational quenching whereas, in the very low energy limit
the rotational quenching appears to be of the same order
of magnitude than the vibrational deactivation for this
system. The long range charge induced dipole potential is
known to increase the vibrational deactivation which re-
mains however usually smaller than the rotational quench-
ing. The unusual geometry of the He–CH+ complex dis-
cussed above (see Tab. 1) is a possible explanation of this
specificity of the He–CH+ collision. A complementary ex-
planation is also possibly the large value of the rotational
constant of CH+ which decreases the difference between
vibrational and rotational quenching. In general as the ro-
tational level of the molecule increases the energy gap for
pure rotational transition also increases and the efficiency
of rotational quenching decreases. This is indeed what can
be seen in Figure 8 where the rotational quenching does
not vary strongly as a function of the rotational level for j
greater than 2. On the other hand, the very low collision
energy isotope effect already described for the vibrational
quenching is here apparent for the rotational quenching
of the (ν = 0, j = 1) state of CH+. The cross section

Fig. 9. (Color online) Comparison of the elastic cross sections
(in Å2) of CH+ (ν = 0, j) by collisions with 3He and 4He as a
function of the kinetic energy in cm−1. The inset of the panel
dedicated to 4He shows an enlargement of the j = 0 elastic
cross section in the region of the opening of the j = 1 channel.

for the collisions involving 4He is larger by two orders of
magnitude than the one with 3He. This is the reverse of
the results obtained for the vibrational quenching. We also
represented in Figure 9 the elastic cross sections for the
rotational states j = 0 to 5 of the fundamental vibrational
state ν = 0 of CH+. The j = 0 elastic cross sections shown
for 3He and 4He are almost identical at very low collision
energy. This is in contrast to what happened for the first
vibrationally excited state of CH+. Conversely, there is
three orders of magnitude between the very low kinetic
energy limits of the j = 1 elastic cross sections of CH+ in
collisions with 3He and 4He. The inset of the panel of this
figure dedicated to 4He shows a Feshbach resonance in the
vicinity of the opening of the ν = 0, j = 1 level which ex-
plains this difference. The change of relative mass when
4He is replaced by 3He annihilates this effect.
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5 Conclusion

We presented a detailed study of the vibrational and ro-
tational energy transfer for the He–CH+ collision. A new
global 3D potential energy surface was obtained using the
RKHS method, by fitting a large grid of ab initio points
calculated at the [BCCD(T)] level. The energy of the bent
complex is found to be quite large E = −513.573 cm−1.
The large angular anisotropy and the unusually small
equilibrium value of the Jacobi R coordinate (R = 4.1 a0)
are two singular features of this system. As a result of these
two unusual features, the vibrational quenching cross sec-
tion is found to be surprisingly large. As for the He–N+

2
collision, we also find a strong isotope effect in the very
low collision energy range which was analysed in terms of
scattering length. The real part of the scattering length
which was found to be large and negative for the 3He–N+

2
because of the proximity of a virtual state is large and pos-
itive for the 3He–CH+ collision showing the existence of a
quasi bound state. In the same way, it is large and nega-
tive for the 4He–CH+ whereas it was found to be large and
positive for the 4He–N+

2 . This effect is due to the strength
of the long range charge induced dipole potential and is
expected to be a general trend of the collisions involving
ionic molecules but may also be encountered for neutral
systems with large reduced mass.
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