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The anisotropic potential developed in our previous research and the close-coupling method are applied to the

HBr–3He (4He, 5He, 6He, 7He) system, and the partial cross sections (PCSs) at the incident energy of 60meV are

calculated. Based on the calculations, the influences of the isotope helium atom on PCSs are discussed in detail. The

results show that the excitation PCSs converge faster than the elastic PCSs for the collision energy and the systems

considered here. Also the excitation PCSs converge more rapidly for the high-excited states. The tail effect is present

only in elastic scattering and low-excited states but not in high-excited states. With the increase of reduced mass of

the collision system, the converging speed of the elastic and excitation PCSs slows down, and the tail effect goes up.
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1. Introduction

The inelastic scattering of an atom by a diatomic

molecule has been the subject of numerous experimen-

tal and theoretical studies. It plays a significant role

in such practical processes as gas phase relaxation,

gas phase reaction, energy transfer in chemical laser,

resonance fluorescence, thermal scattering in mixture

gases, and cooling process in planetary space.[1−5] The

van der Waals rare gas complexes Rg–HX (X = F,

Cl)[6−8] have often been considered as model systems

for investigating both weakly neutral non-covalent in-

teractions and collision dynamics. Recently, interest

has been focused both theoretically and experimen-

tally on the structure and molecular dynamics of the

third and fourth row hydrogen halides, HBr and HI,

and their interactions with the rare gas atoms Rg =

He, Ne, Ar. Held et al
[9] presented the exponential-

spline–Morse-spline–van der Waals (ESMSV) interac-

tion potential for He–HBr system. Sun et al [10] found

that the ESMSV potential is a discontinuous func-

tion because of having two interrupted regions, and a

Morse function is added in order to describe the inter-

action potential in the interrupted regions. However,

the ESMSV potential cannot be applied to inelastic

scattering because of its spherical symmetry. In 2002,

Zhang et al [11] calculated the interaction energies for

a series of linear and nonlinear geometries in the rigid

He–HBr system (the distance between Br and H is

fixed at its equilibrium value) using the augmented

correlation-consistent polarized quadruple zeta basis

set aug-cc-pVQZ at the theoretical level of the cou-

pled cluster singles and doubles including connected

triple excitations [CCSD (T)]; and the counterpoise

method of Boys and Bernardi[12] was used to elimi-

nate the basis set superposition error (BSSE). Based

on the Zhang’s data, we have obtained an anisotropic

potential[13] for the He–HBr system. So far as we

know, little of the isotope effect in collision between

helium atom and hydrogen bromide molecule has been

reported.

The aim of this paper is to obtain the effects of

the isotope helium atoms on the partial cross sections

(PCSs). This paper is organized as follows. In the

next section, we briefly review the close-coupling ap-

proach used in our calculation, the anisotropic poten-

tial established in our previous research for the He–

HBr system is then presented. Subsequently, the cal-

culated results for the elastic and inelastic PCSs and

the comparison with previous theoretical findings are

reported. Conclusions are given in the last section.
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2. Theoretical calculations

2.1. The close-coupling method

The Hamiltonian of the scattering system be-

tween an atom and a diatomic molecule can be ex-

pressed as[14]

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-

atomic molecule respectively, and cosθ = R̂·r̂. The to-

tal wavefunction 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

radial part of the ro-vibrational wavefunction 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 the corresponding

parts of Eq.(3), we have
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Equation (4) is the close-coupling equation in atom–

diatomic collisions.

2.2. The anisotropic potential for He–

HBr

Ab initio calculation of the interaction energy be-

tween 4He and HBr has been performed by Zhang et

al
[11] for intermolecular distance in the interval from

0.36nm to 0.46nm, and 11 angles in the range from

0◦ to 180◦. The conventional Jacobi coordinate sys-

tem (R, r, θ) is used in all calculations, where r is

the bond length of HBr (fixed at 0.1421nm, accord-

ing to the calculation at the CCSD(T)/aug-cc-pVQZ

theory level), R is the separation from the centre of

mass of HBr molecule to the He atom, and θ is the

angle describing the orientation of the He atom with

respect to the HBr bond axis, and 0◦ corresponds to

the collinear He–H–Br geometry. The variation of the

potential energy surface (PES) as a function of the

He–HBr separation for several relative orientations is

shown in Fig.1.

Fig.1. Section of the He–HBr potential energy surface as-

sociated with the selected Jacobian angles.

From the PES we can see that the global mini-

mum has an energy of –3.981meV at R = 0.347nm

in the He–Br–H linear configuration (θ = 180◦),

a secondary minimum has an energy of –3.351meV

at R = 0.410nm in the He–H–Br linear configura-

tion (θ = 0◦), and an intervening saddle point of –

1.803meV at R = 0.403nm in the T-shaped configu-

ration (θ = 90◦).

The anisotropic potential is the same for the HBr–
3He (4He, 5He, 6He, 7He) systems although the masses

of the isotope helium atoms are different. In prepara-

tion for a scattering dynamics calculation, the discrete

ab initio potential energy points are usually fitted into

an analytic expression. We expand the Zhang’s PES

in Legendre polynomials as

V (R, θ) =
∑

λ

Vλ (R)Pλ (cos θ), (5)

where each radial potential Vλ(R) (λ = 0, 1, 2, 3, 4)

can be expressed by employing the Barker potential
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function form[15]

Vλ (R) = ε

[

exp (α (1 − x))

3
∑

n=0

An (x− 1)
n

− C6

x6 + δ
− C8

x8 + δ

]

. (6)

Here, x = R/Rm, Rm is the position of potential well,

ε is the depth of potential well, α, A0, A1, A2, A3,

C6, C8 and δ are the fitted parameters, which are de-

scribed in Ref.[13].

Figure 2 shows a comparison between the spheri-

cal symmetry terms V0 resulting from our anisotropic

potential and the isotropic ESMSV potential.[9] The

well depth of our V0 is 2.19meV, which is deeper than

that of the ESMSV potential, the latter is 1.90meV.

The well position of our V0 is located at 0.396nm,

which is smaller than that of the ESMSV potential,

the latter is 0.399nm. Our anisotropic potential is

closer to the real interaction of the He–HBr system

from a comparison of the differential cross sections

(DCSs) calculated based on the two theoretical poten-

tials with the experimental result in the next section.

Fig.2. Comparison of our potential with the ESMSV po-

tential.

3. Results and discussion

By solving the close–coupling differential equa-

tion, the PCSs for collisions of HBr molecule with
3He (4He, 5He, 6He, 7He) atom at the incident energy

of 60meV are calculated. The rotational basis sets

include all the energetically open rotational channels

and at least two energetically closed channels. The

calculated partial wave number is 110 for each of ex-

citations. We assume that the partial wave is conver-

gent when the PCS reaches 10−4a2
0, where a0 is Born

radius.

In order to verify the reliability of our anisotropic

potential and close-coupling calculations at lower en-

ergy scattering, using our anisotropic potential and

the ESMSV, we calculate the total DCSs for collisions

of HBr with 4He at the incident energy of 75meV. The

results are compared with the experimental data[9] as

shown in Fig.3. It can be seen from Fig.3 that the

oscillating positions and amplitudes of the DCSs for

our anisotropic potential are in agreement with the

experimental data, whereas the DCSs of the ESMSV

potential are obviously smaller than the experimental

data at the second minimum position and the larger

scattering angles. According to the scattering cross

section data, our anisotropic potential and the close-

coupling calculations of scattering cross sections are

reliable.

Fig.3. Comparison of the total DCSs of the theoretical

potentials with the experimental data.

Figures 4 and 5 show the variations of the elas-

tic and total inelastic PCSs for collisions between HBr

molecules and isotope 3He (4He, 5He, 6He, 7He) atoms

with the increase of total angular quantum number J

at the incident energy of 60meV. From Fig.4, it can

be seen easily that the tendencies of the elastic PCSs

varying with J for the different isotope He atoms are

similar, which is described as follows: the PCSs keep

oscillatory with the increase of quantum number J ,

at the given incident energy, the oscillating amplitude

increases until it finally reaches a maximum, and then

tends toward zero rapidly. We can also learn from

Fig.4 that there exists an obvious tail effect when the

elastic PCSs converge because of quantum effect. Ta-

ble 1 lists the peak value of the elastic PCS, corre-

sponding partial wave number J , tail maximum value,

corresponding partial wave number J ′, and convergent

partial number Jmax.
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Fig.4. The elastic PCSs for scatterings of isotope He

atoms with HBr molecules.

Fig.5. The total inelastic PCSs for scatterings of isotope

He atoms with HBr molecules.

Table 1. The peak value of the elastic PCS, corresponding partial wave number J , tail

maximum value, corresponding partial wave number J
′, and convergent partial wave number

Jmax for collisions of isotope He atoms with HBr molecules.

collision system peak value/a2
0 J tail max. value/a2

0 J ′ Jmax

3He–HBr 20.5 24 8.82 35 62

4He–HBr 17.2 28 9.95 40 71

5He–HBr 15.6 32 10.9 45 78

6He–HBr 13.8 35 11.5 48 85

7He–HBr 12.7 38 12.1 52 90

From Fig.4 and Table 1, it can be seen clearly that

the tail effect becomes stronger and stronger with the

increase of the isotope He atom mass. For instance,

when the incident particle is 3He atom, the tail max-

imum value is 8.82 a2
0 at J = 35. When the incident

particle is 7He atom, the tail maximum value is 12.1

a2
0 at J = 52. This phenomenon results from a quan-

tum effect. When the angular quantum of the incident

particle is large enough, the particle cannot interact

with the scattering potential field from the viewpoint

of classical scattering, but the particle can still be scat-

tered by the potential field because of quantum effect.

At the same collision energy, the larger the mass of the

incident helium atom, the more prominent the quan-

tum effect, which results in the stronger tail effect.

From Fig.4 and Table 1, it also can be seen that

the variation of elastic PCSs and their converging

speed slow down with the increase of the isotope he-

lium atom mass. For example, when the incident atom

is 3He, the elastic PCSs reach a peak value of 20.5

a2
0 at J = 24, the converging partial wave number

is 62 if the tail effect is considered. When the inci-

dent atom is 7He, the elastic PCSs reach a peak value

of 12.7 a2
0 at J = 38, the converging partial wave

number is 90. This is understandable because, semi-

classically, the condition that an incident particle can

be elastically scattered in a centre potential field is

l ≤ a
√

2µE/~,[16] where a is the effective interaction

radius of the centre potential field, µ denotes the re-

duced mass, E denotes the collision energy. Here, the

molecule is initially in a ground rotational state jα =

0, the total angular momentum J equals the orbital

angular momentum l of the incident channel. There-

fore, the number Jmax corresponding to the converging

elastic PCS can be described as

Jmax = a
√

2µE/~. (7)

Obviously, for the given incident energy and the

identical scattering potential field (the same effective

interaction radius of the field), Jmax is in proportion

to the square root of µ. With the increase of the re-

duced mass, the Jmax corresponding to the converging

elastic PCS gradually shifts towards large value of J .

We can see from Fig.5, with the increase of the

isotope helium atom mass, the total inelastic PCS and

its converging speed decrease, and yet its tail effect in-

creases. Combining Fig.5 with Fig.4, we can also see

that the total inelastic PCS converges faster than that

of the elastic PCS. For example, for 3He–HBr system,

the converging partial wave of the total inelastic PCS

is less than that of the elastic PCS, the former is 59,

while the latter is 62 when the tail effect is consid-
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ered. For the 7He–HBr system, the converging partial

wave of the total inelastic PCS is less than that of the

elastic PCS: the former is 89, and the latter is 90.

Figures 6–11 show the variations of the state-

to-state excitation PCSs for collisions between HBr

molecule and isotope 3He (4He, 5He, 6He, 7He) atom

with J at the incident energy of 60meV. We can

see the quantitative variations from the cross sections

in Fig.5–11, of the five collision systems, the total

inelastic PCSs come mainly from the transitions of

nj >= 00 → nj′ >= 01, 02. And there exists a tail

effect for the transitions of 00→01, 00→02, but no tail

effect for the higher rotational transitions of 00→03,

00→04 and so on. Therefore, it is indicated that the

tail effect is present only in lower excited states but

not in higher excited states.

Fig.6. The state-to-state excitation PCS versus J for col-

lisions of isotope He atoms with HBr molecules for excita-

tion 00 → 01.

Fig.7. The state-to-state excitation PCS versus J for col-

lisions of isotope He atoms with HBr molecules for excita-

tion 00 → 02.

Fig.8. The state-to-state excitation PCS versus J for col-

lisions of isotope He atoms with HBr molecules for excita-

tion 00 → 03.

Fig.9. The state-to-state excitation PCS versus J for col-

lisions of isotope He atoms with HBr molecules for excita-

tion 00 → 04.

Fig.10. The state-to-state excitation PCS versus J for

collisions of isotope He atoms with HBr molecules for ex-

citation 00 → 05.

Fig.11. The state-to-state excitation PCS versus J for

collisions of isotope He atoms with HBr molecules for ex-

citation 00 → 06.
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Table 2 displays the peak value of each state-

to-state excitation PCS, corresponding partial wave

number J , and the converged partial wave number

Jmax for the five collision systems. From these fig-

ures and tables above, it can be seen that the tenden-

cies of the state-to-state excitation PCS varying with

J for the different isotope He atoms are similar, i.e.

the higher the excitation state, the more rapidly the

excitation PCS converges, and the less the converg-

ing partial wave number. For each excitation, with

the increase of mass of the isotope helium atom, the

converging speed of the state-to-state excitation PCS

slows down, and needs more partial waves to converge.

For example, corresponding to the excitation of 00 →
01 for the HBr-3He (4He, 5He, 6He, 7He), the converg-

ing partial waves are 59 (68, 75, 82 and 88) respec-

tively. For the excitation of 00 → 06, the converging

partial waves are 22 (25, 28, 30 and 32) respectively.

From Figs.6–11 and Table 2, it can be seen also

that the peak values of the excitation PCSs for the

five collision systems are present in the excitation of

00 → 02. Take the 3He–HBr system as an example,

the PCSs of 00 → 02 excitation reach the peak value

of 1.84 a2
0 at J = 16, and the peak value of 1.91a2

0 at

J = 30 for the 7He–HBr. In addition, with the in-

crease of the mass of isotope He atom, the maximum

of the PCSs for each excitation of 00 → 01, 03, 04, 05

decreases, whereas for the 00 → 02, 06 excitations, it

first increases and then decreases.

Table 2. The peak value of the state-to-state excitation PCS, corresponding partial wave number J , and

convergent partial wave number Jmax for collisions of isotope He atoms with HBr molecules.

collision system 3He–HBr 4He–HBr 5He–HBr 6He–HBr 7He–HBr

transition PCS/a
2
0 J Jmax PCS/a

2
0 J Jmax PCS/a

2
0 J Jmax PCS/a

2
0 J Jmax PCS/a

2
0 J Jmax

00→01 1.48 23 59 1.44 27 68 1.42 31 75 1.40 34 82 1.38 37 88

00→02 1.84 16 49 1.94 20 57 1.96 24 63 1.94 27 69 1.91 30 74

00→03 0.342 24 35 0.290 30 40 0.256 34 45 0.228 38 50 0.206 41 54

00→04 0.297 19 33 0.269 23 39 0.238 27 43 0.208 31 46 0.179 34 49

00→05 0.289 12 30 0.287 14 34 0.262 17 37 0.230 20 40 0.197 22 42

00→06 0.0346 9 22 0.0417 10 25 0.0449 11 28 0.0451 12 30 0.0435 13 32

4. Conclusions

Based on the above discussion for HBr–3He (4He,
5He, 6He, 7He) collision systems, the effects of the iso-

tope helium atoms on PCSs at the collision energy of

60meV have been obtained. We can summarize the

results as follows:

(1) For the collision energy and systems consid-

ered here, the excitation PCSs converge faster than

the elastic PCSs, and the excitation PCSs converge

more rapidly for the high-excited states. With increas-

ing reduced mass of the collision system, the converg-

ing speeds for the elastic, total inelastic and state-to-

state excitation PCSs slow down.

(2) The tail effect exists only in elastic scattering

and low-excited states but not in high-excited states;

and the larger the reduced mass of the collision sys-

tem, the stronger the tail effect.

(3) With the increase of reduced mass of the colli-

sion system, the elastic and total inelastic PCSs, which

come mainly from the transitions of 00 → 01 and 02,

decrease.

(4) As far as the collision energy and systems are

concerned here, the peak value of the excitation PCS

is present in the excitation of 00 → 02. In addition, for

each excitation, the maximum of the excitation PCS

undergoes a regular change with increasing reduced

mass of the collision system.

These results can serve as reference in fur-

ther scattering experiments and theoretical studies of

weakly interacting molecules.
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