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This paper reports that an exact quantum close coupling calculation is carried out for rotational excitation in

Ne–HF collisions on the available anisotropic potential. Partial cross sections are obtained separately at the incident

energies of 48.35, 75, 120 and 150meV. The reliability of the results is demonstrated by comparison with previously

published theoretical findings. Based on the calculations, the effect of the potential energy surface on the excitation

partial cross sections is discussed in detail.
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1. Introduction

Inelastic vibrational–rotational excitation in
atom–diatomic molecule systems can provide a great
deal of information for reference in practical pro-
cesses, such as intramolecular vibrational predissoci-
ation, gas phase relaxation and predicting the laser
action.[1−5] Rare-gas-hydrogen-halide complexes have
served as prototypes for studying both weakly inter-
molecular interaction and collision dynamics. Consid-
erable attention has been paid, both by theory and
experiment, to the interactions and scattering of the
complexes.[6−13] In particular High-resolution infrared
spectra of Ne–HF were first reported by Nesbitt et
al.[14] The complex shows interesting dynamical fea-
tures such as J-dependent predissociation rates, which
allowed the determination of a rigorous upper limit to
the binding energy. Microwave spectra of Ne–HF have
also been observed.[15] In subsequent studies, the spec-
troscopy of the deuterated counterpart Ne-DF was
investigated.[16] In parallel with the experimental ef-
forts, O’Neil et al [17] constructed an ab initio poten-
tial energy surface (PES) using the correlated electron
pair approximation (CEPA) and used it in rovibra-
tional calculations. The agreement between the ex-
perimental results on Ne–HF and the theoretical pre-
dictions was reasonable. Lovejoy and Nesbitt[16] sub-
sequently adjusted the CEPA potential to reproduce

their observed spectra for Ne-DF, and the resulting
potential also gave a good account of the spectra of
Ne–HF. However, little of the collision dynamics of
Ne–HF system has been reported.[18] The aim of this
paper is to obtain the effect of the PES for the Ne–HF
complex on the inelastic partial cross sections (PCSs).
The paper is organized as follows. In next section,
we briefly review the close coupling approach used in
our calculation, a parametrized functional form of the
CEPA potential for the Ne–HF complex in its ground
electronic state is then presented. Subsequently, we
report the calculated results for the rotational excita-
tion PCSs on the above PES and the comparison with
previous theoretical findings. Conclusions constitute
the closing section.

2. Theoretical calculations

2.1.The close-coupling approach

The Hamiltonian of the scattering system be-
tween an atom and a diatomic molecule can be ex-
pressed as[19]

H = − ~2

2µA,BC
∇2

R −
~2

2µBC
∇2

r + V (R̂, r̂, cos θ), (1)

where µA,BC and µBC are the total reduced mass of
the scattering system and the reduced mass of the di-
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atomic molecule respectively, and cos θ =R̂ · r̂, The
total wave-function of the system has the following
form

ψα (R, r) =
1

Knαjα
R

∑

nγjγ lrJ

gJ
nrjrlr,najaMa

(R)

× φnrjr (r)Y
lrjr

JMα
(R̂, r̂). (2)

Where g(R) is the radial wavefunction of the relative
motion between the atom and diatom, φ (r) is the ra-
dial part of the ro-vibrational wave function for the
diatomic molecule, α is the incident channel and γ is
the other possible channel, n is the vibrational quan-
tum number, J is the quantum number of total angu-
lar momentum of the system, and lγ and jγ are the
orbital quantum number of the incident atom and the
rotational quantum number of the molecule in γ chan-
nel, respectively. The total wavefunction ψα(R, r) is
given by the solution of the Schrödinger equation

(H − E)ψα(R, r) = 0. (3)

Substituting Eqs.(1) and (2) into Eq.(3), we have
(

d2

dR2
− lβ (lβ + 1)

R2
+ k2

n
β

j
β

)
gJ

n
β

j
β

l
β

,najaMa
(R)

=
2µA,BC

~2

∑

nrjrlr

V J
n

β
j
β

l
β

,nγjγ lγ (R)

×gJ
n

β
j
β

l
β

,najaMa
(R) . (4)

Equation (4) is the close coupling equation in atom-
diatomic collisions.

2.2. Interaction potential for Ne–HF

Using the CEPA wavefunction and counterpoise
correction, O’Neil et al [17] performed the Ne–HF in-
teraction energies at a series of linear and nonlinear
geometries. The HF internuclear distance is fixed at
the experimental value of 0.0917 nm in all calculations.
Figure 1 displays how the calculated interaction en-
ergy varies as neon recedes from the HF centre of mass
in different configurations. The characteristic param-
eters of the PES are shown in Table 1. Here, θ is
the Jacobian angle (0◦ corresponds to a linear Ne-H-
F geometry), Rm is the equilibrium distance between
Ne and HF centre of mass, Vm is the interaction en-
ergy at R = Rm, R0 denotes the position where the
interaction energy is zero.

Fig.1. Section of the Ne–HF potential energy surface as-

sociated with different Jacobian angles.

Table 1. The characteristic parameters of the PES for Ne–HF complex at selected directions.

θ/(◦) 0 45 90 135 180

Vm/cm−1 –65.103 –41.081 –27.865 –32.113 –39.155

Rm/nm 0.3308 0.3305 0.3336 0.3257 0.3155

R0/nm 0.2967 0.2950 0.2973 0.2904 0.2813

From the PES we can see that the global mini-
mum has an energy of –65.103 cm−1 at R=0.3308 nm
in the Ne-H-F linear configuration (θ=0◦), a sec-
ondary minimum has an energy of –39.155 cm−1

at R=0.3155 nm in the Ne-F-H linear configura-
tion (θ=180◦), and an intervening saddle point of
−27.865 cm−1 at R = 0.3336 nm in the T-shaped con-
figuration (θ=90◦).

In preparation for a quantum dynamical calcula-
tion, we expand the PES of Ne–HF complex in Leg-
endre polynomials as

V (R, r, θ) =
∑

λ

Vλ (R, r)Pλ (cos θ) , (5)

where R, r and θ are the conventional Jacobian co-

ordinates of the Ne position vector R with the origin
at the HF centre of mass, R represents the length of
vector R, and θ the angle this vector makes with the
HF molecule, taking as θ=0◦ the linear Ne-H-F con-
figuration, r is the bond length of HF (fixed at its
equilibrium value of 0.0917 nm). Each radial coeffi-
cient Vλ(R) of the Legendre expansion Eq.(5) can be
expressed employing the Maitland–Smith potential[20]

Vλ(R) = Vm[6/(n− 6)x−n − n/(n− 6)x−6], (6)

where x = R/Rm, n=β+ γ (R/Rm − 1) and Vm = V

(Rm). The parameters of the Maitland–Smith poten-
tial for λ=0–4 are shown in Table 2.
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Table 2. The fitted parameters of the Maitland–Smith potential for Ne–HF system.

Coefficient V0 V1 V2 V3 V4

Vm/cm−1 –33.9508 –8.4269 –15.6267 –6.4274 –2.6228

Rm/nm 0.3301 0.3399 0.3148 0.3388 0.3347

β 13.2402 17.1332 15.2049 18.2473 20.0821

γ 9.3170 22.320 18.3614 23.2438 32.8652

In order to demonstrate the reliability of the re-
sults, we make a comparison with the coefficients of
a Legendre expansion of V (R, θ) at R=0.3174 nm[14]

in Table 3. The largest two terms are V0 and V2, cor-
responding to a mostly isotropic well modulated by a
double angular minimum, with λ =1, 3, 4 etc., contri-

butions at the –5 cm−1 level or less. Compared with
the results of the literature Ref.[14], the relative errors
of the V0 and V2 are 0.30% and 0.61%, respectively.
The agreement confirms the rationality of above re-
sults.

Table 3. Comparison of the coefficients of a Legendre expansion of V (R, θ) at R=0.3174 nm

for the Maitland–Smith potential of the Ne–HF system.

Coefficient (R=0.3174 nm) V0/cm−1 V1/cm−1 V2/cm−1 V3/cm−1 V4/cm−1

The value in the literature[14] –31.418 –5.823 –15.485 –3.429 –1.934

The calculated value in this paper –31.324 –5.647 –15.580 –4.178 –2.023

The relative error/% 0.30 3.00 0.61 21.80 4.60

3. Results and discussion

By solving the close-coupling differential equa-
tion, we have obtained the PCSs for the rotational ex-
citation on the above Maitland–Smith potential. The
calculations are performed separately at the incident
energies of 48.35, 75, 120 and 150 meV. 175 coupled
channels for 7 rational states are included for the com-
puted partial waves. The convergence is demonstrated
with up to 200 coupled channels test calculations for
selected partial waves. We assume that the partial
wave is convergent when the value of PCS reaches
10−4a2

0, where a0 is the Born radius.

In order to understand better the collision energy
transfer process, we inspect the contribution of each
inelastic partial wave to the total inelastic PCS. In
Figs.2 and 3 we show respectively the variations of the
total inelastic PCS and state-to-state excitation PCS
with the increase of the quantum number J of total
angular momentum at the collision energy of 150meV.
The typical character of the curves is that there are
two peaks for the total inelastic PCS and the lower
rotational transitions of j=0→ j′=1, 2, but only one
peak for the higher rotational transitions of j=0→ j′=
3, 4, 5, 6. Similar character is seen for He–HF, He–
HCl and He–HBr scattering.[9,10,12] They result from
the interference of quantum mechanical waves, which
are associated with different classical trajectories that

lead to the same angular momentum transfer. Since
the molecule is initially in ground rotational state j=0,
the quantum number J of total angular momentum
equals the quantum number l of orbital angular mo-
mentum of the incident channel, and these plots also
represent PCSs as functions of the quantum number l

of initial orbital angular momentum. Classically, im-
pact parameter can be associated with a given l using
the relation[21]

bl ∼ ~l/P = ~l/
√

2µE, (7)

where µ is the reduced mass of the Ne–HF system, E

is the collision energy.

Fig.2. The total inelastic and state-to-state PCSs from

the initial j=0 to final state j′ as functions of total angular

momentum J at the incident energy of 150meV.
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Fig.3. The state-to-state PCSs from the initial j=0 to

final state j′ as functions of total angular momentum J at

the incident energy of 150meV.

In terms of Eq.(7), the calculated impact param-
eters corresponding to the characteristic value J of
the total inelastic PCS are as follows: b51=0.1903 nm,
b77=0.2874 nm, b89=0.3322 nm.

From Table 4 we notice that b77 and b89 corre-
sponding to the minimum and tail maximum in the
total inelastic PCS are almost the locations of the
short-range repulsive and long-range attractive well of
the PES, respectively. And b51 corresponding to the
main peak is less than b77. These mean that orbital
angular momenta from 0 to 77 correspond to the scat-
terings in the hard repulsive parts of the potential,
those from 77 to 89 correspond to the collisions in
the region where both the short-range attractive and
short-range repulsive parts of the potential contribute
to the PCSs, For l > 89, the scattering is determined
by the long-range attractive part of the potential.

Based on the above argument, we suggest a rea-
sonable interpretation for the behaviour of the colli-
sion dynamics shown in Figs.2 and 3 as follows. First
of all, the total inelastic PCS comes mainly from the
transitions of j = 0 → j′=1, 2, and the contribution of

the former to the tail maximum at high J is predomi-
nant over that of the latter; yet the contribution of the
two transitions to the main peak is almost the same.
It is understandable that the PCS coming from the
transition of j = 0 → j′=1 is determined by the long-
range attractive and anisotropic short-range parts of
the PES. However, for the transition of j = 0 → j′=2,
the contribution of the long-range attractive part of
the PES to the PCS is extremely small. The PCSs
coming from the transitions of j = 0 → j′ ≥ 3 are de-
termined almost by the anisotropic short-range part
of the PES. Secondly, the main peaks of the state-to-
state excitation PCS lie between J=0 and J=77, and
the contribution of the lower excitation transitions of
j = 0 → j′=1, 2 to the main peak of the total inelastic
PCS is much larger than the higher the state-to-state
excitation transitions, which correspond to the hard
repulsive part of the potential. This demonstrates
that J=0 through 77 is very efficient in exciting HF
molecule from j=0 to j′=1, 2. As for the J values
of 77 to 89, the short-range attractive well on the F
side of the potential also contributes a considerable
quantity of PCSs, except for the contributions from
repulsive part. When J arrives at 77, the net contri-
bution reaches its minimum.

Figure 4 shows the PCSs for the same rotational
transitions as in Figs.2 and 3 but at the collision en-
ergy of 48.35 meV. It is very obvious that the be-
haviour of the PCSs as a function of the total angular
momentum number J is similar to that in the case
of E=150meV as shown in Figs.2 and 3. For exam-
ple, although the positions of the two peaks and of
the minimum in the inelastic transition j = 0 → j′=1
are different in the two cases, but they correspond to
almost the same impact parameters,

b28=0.1841 nm, b44=0.2892 nm, b51=0.3352 nm for E=48.35meV;
b59=0.2202 nm, b77=0.2874 nm, b89=0.3322 nm for E=150meV.

This means that the collision parameters sample
the same portions of the PES. As the collision en-
ergy increases, the Ne atom penetrates easily into the
potential, so the values of impact parameters related
to the main peaks increase slightly. In addition, we
see again that the long-range attractive well makes a

significant contribution to the tail maximum for the
lower ∆j inelastic transitions, whereas it does not ex-
ist for the higher inelastic transitions, as seen from
Figs.2 and 3. Thus, we consider the interpretation for
the collision dynamics of E=48.35meV in Fig.4 to be
similar to that at E=150meV in Figs.2 and 3.
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Fig.4. The total inelastic and state-to-state PCSs from

the initial j=0 to final state j′ as functions of total angular

momentum J at the incident energy of 48.35meV.

Fig.5. The total inelastic PCSs as functions of total an-

gular momentum J at the collision energies: 48.35, 75, 120

and 150 meV. The HF molecule is initially in the state of

j=0.

Figure 5 displays the variation of the total inelas-
tic PCS for Ne–HF collision with the increase of total
angular quantum number J at different collision ener-
gies. The characteristic value J and impact parame-
ters corresponding to the two peaks and the minimum
of each inelastic PCS are shown in Table 4. From Fig.5

and Table 4, once again we can see that although the
positions of the two peaks and the minimum in the
inelastic PCS are different in the four cases, they cor-
respond to almost the same impact parameters. For
instance, for the tail maxima of the inelastic PCSs,

B51=0.3352 nm for E=48.35meV, b63=0.3325 nm for E=75meV,
B79=0.3296 nm for E=120meV, b89=0.3322 nm for E=150meV.

Table 4. The characteristic value J and impact parameters corresponding to the two peaks

and the minimum of each inelastic PCS at different collision energies for Ne–HF complex.

48.35meV main peak minimum tail max 75meV main peak minimum tail max

l(J) 24 44 51 l(J) 33 54 63

bl/nm 0.1578 0.2892 0.3352 bl/nm 0.1742 0.2850 0.3325

120meV main peak minimum tail max 150meV main peak minimum tail max

l(J) 45 69 79 l(J) 51 77 89

bl/nm 0.1878 0.2879 0.3296 bl/nm 0.1903 0.2874 0.3322

4. Conclusions

According to the discussion above, the following
conclusions can be drawn:

(1) The long-range attractive well of the PES
makes the significant contribution to the PCSs, espe-
cially the tail maximum for j = 0 → j′=1 transitions,
whereas no contribution is for the j′ ≥ 3 inelastic tran-
sitions.

(2) The short-range (the repulsive and attrac-
tive) interaction makes the significant contribution to

PCSs, especially the main peak for j = 0 → j′=1,
2. As for the transitions of j′ ≥ 3, the short-range
interaction plays a key role in the inelastic excitation.

(3) Although the positions of the maxima and
minima of the inelastic PCSs are different at different
collision energies considered here, they correspond to
almost the same impact parameters.

We believe that this work can provide some in-
formation for further scattering experiments and the-
oretical study[22−27] of weakly interacting molecules.
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