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The cross-sections for rotational transitions in a diatomic molecule due
to collision with an atom were computed. An empirical relation is obtained
that gives the dependence of cross-sections on the energy of the colliding
system and the parameters of the interaction potential energy surface. The
results are interpreted to investigate the mechanism of the rotational en-
ergy transfer process. The cross-sections are found to depend linearly on the
torque, range of the potential, and the collision time. Depending on the vari-
ation in the location of classical turning point with change in energy, the
cross-sections may increase or decrease with energy or cross-section versus
energy curve may exhibit maxima or minima.

PACS numbers: 35.20.-i

1. Introduction

The study of collision-induced rotational energy transfer (RET) processes
in molecular systems is of fundamental importance for several areas [1-4] such as •
lasers, astrophysics, molecular beam experiments, spin—lattice relaxation of NMR
signals, ultrasonic absorption ass dispersion, thermal conductivity, shock wave
propagation, microwave broadening ass intermolecular interaction. In the study

• of molecular scattering data, it is in fact well known by now that the most detailed
information on the relaxation time, anisotropy of the interaction, ass other such
physical aspects, is provided by state-tostate inelastic cross-sections.

We must, therefore, have a powerful tool of estimating cross-sections. Some-
times it is very useful to have an estimate of a set of cross-sections from a few
parameters which can be obtained from some known cross-sections. Scaling and
fitting laws such as the power-gap law [5] and the exponential-gap law [6] serve
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such purpose. Further, it would also be worthwhile to arrive at some semi-empirical
expressions which give the dependence of cross-sections on the parameters of the
intermolecular potential [4, 7]. In our previous work [4] we have investigated the
linear dependence of cross-sections on the torque at the classical turning point and
the collision time. In this paper we present one empirical relationship, obtained
by analysing a few sets of computed cross-sections on a model system. We also
discuss the physical explanation in the last section.

2. Computation of cross-sections

The computations of cross-sections were performed by using the modified
infinite order sudden approximation (IOSAM) given by Agrawal ass Raff [8]. The
IOSAM is the modification of the well-known infinite order sudden approxima-
tion [9] (IOSA) to the solution of the Schrodinger equation. According to this
modification [8] σIOSAM = σIOSA(Tf/71) 1 / 2 , where Tf and T, are final and initial
translational kinetic energies, respectively.

A system of a homonuclear diatomic molecule and an atom was considered,
and the following form of the intermolecular potential was used

where P denotes the Legendre polynomial. Due to symmetry of the homonuclear
molecule odd terms in the summation in Eq. (1) would be equal to zero. The
masses of the molecule and atom are taken as 28.0 and 4.0 amu respectively. The
bond length of the molecule is chosen as 1.0 Å.

The computations were performed by using the IOSAM. The phase shifts
were computed by using a 10-point Gauss-Mehler quadrature of the WKB phase
shift equation [10]. 50 phase shifts were computed for each angle θ. It is noted
for a few sets of calculations that the computed cross-sections do not change if 60
phase shifts are calculated.

3. Results and discussion

Table I gives four sets of cross-sections σ(0 --> l), corresponding to four
different values of C at total energy E = 0.1 eV and α = 3.5 Å -1 . In this table
and in all the calculations presented in this paper, α 2 = α4 = α 6 = α8 = α10 = 0.1
were taken.

As the magnitude of the torque (-0V/0θ), acting on the molecule is propor-
tional to C, one may expect a strong dependence of cross-sections on C. However,
only about 60% increase in the cross-sections corresponding to the 700% increase
in the value of C is observed.

Table I also lists the corresponding values of r20/σ, where r0 is the distance
of the classical turning point of the atom from the centre of mass of the molecule.
r0 can be estimated [11] by the relation



Potential Parameters and Energy Dependence ... 	 249

which leads to

The values of r20/σ reported in the table show that a 60% variation in the
cross-sections reduces to less than 7% variation in r20/σ. One may thus infer that
r20/σ• almost remains unchanged with the increase in the potential parameter C.
Results with α = 3.0 Å- 1 also show similar behaviour N.

The calculations were also performed at E = 0.075 and 0.05 eV. The r20/σ
and σ values are given in Tables II and III. Here also we note that r20/σ values do
not change with C.

This variation, σ proportional to r20, may be used to interpret the mechanism
of rotational energy transfer process. It can be seen that the torque acting on
the molecule at r0 is proportional to υ(r 0 ). Further, the collision time may be
considered as 2r0/υreb where vrel is the average relative speed. The variation
in the effective range of the potential may be considered proportional to r0. From
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these. we see that corresponding to a fixed value of E and α the increase in C
does not alter the torque acting at r0 (see Eq. (3)) but increases r0. It would be
reasonable to assume that the cross-sections would be proportional to the average
torque and the average torque would be proportional to the torque at r 0 . With
these considerations the observed variation, σ proportional to r20, thus suggests that
the cross-sections depend linearly on the range of the potential ass the collision
time.

The cross-sections correspossing to α = 3.0 A -1 , E = 0.1 eV and C = 200,
400 and 800 eV, are given in Ref. [4]. These data give r20/σ(0 →l)values as 6.89,
12.82, 18.33, 26.53, and 46.89 for 1 = 2, 4, 6, 8 and 10 respectively, for C = 400.
If we compared these r20/σ values with those given in Table I, we would have α
dependence. We see that with the increase in α the r20/σ values increase by about a
factor equal to the ratio of two values of α. The physical explanation of this fact is
a matter of further investigation and may be traced by performing quasi-classical
trajectory calculations [12] and analysing different dynamical parameters for at
least two values of α. However, one of the reasons may be such that the average
torque is not proportional to the torque at r0, i.e., the average torque may depend
on α.

A comparison of the results reported in Tables II and III, and those given in
Ref. [4] at E = 0.1 eV gives the effect of variation of E. We see that cross-sections
increase with the increase in E. Qualitatively, with the increase in E the value of r0
as well as collision time decreases, and the value of torque at r0 increases. Quanti-
tatively, if we assume the linear dependence of cross-sections on the torque at r 0, on
the range, and on the collision time, then with the variation in E the cross-sections
would vary as r20Ex. The value of x would be 0.5 if the average relative speed varies
as E0 • 5 . The present results, however, reveal that the cross-sections vary as r20E x'
where x' .^s 0.75. The difference in x' and x may be due to the fact that the average
relative speed may not be proportional to E0 5 , or the average torque may not be
proportional to the torque at r0.
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Combining the effects of variation of all these three parameters, C, α, and
E, one sees that in the range of present studies

where A is a constant that does not depend on C, α, or E. The values of 1/A
for 13 sets of cross-sections are given in Table IV. This table shows that except

for the fair agreement seen among numbers in the last row of the table, Eq. (5)
is found to be in good to excellent agreement for all other rows of the table. The
calculations were also attempted for many other values of al in the range 0.01 to
0.1. The validity of Eq. (5) was noted for all the cases.

Equation (5) can be used as a scaling law to compute the cross-sections at
some values of E, α, and C from the known cross-sections at some other values of
E, α, and C. As an example, the cross-sections at E = 0.091 eV, C = 500 eV ass

α = 3.23 Å -1 were computed by using IOSAM and are compared in Table V with
those given by Eq. (5) and the cross-sections at E = 0.05 eV and α = 3.0 Å -1

(Table III). An excellent agreement between the two sets of cross-sections shows
the usefulness of Eq. (5).
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Equation (5) shows that with the change in E the cross-sections vary as the
product of two factors, r20 ass E0. 75 . The former factor decreases and the latter
increases with the increase in E. Thus according to the relative variation of these
two factors the cross-sections may increase or decrease with the increase in energy,
or may exhibit maxima or minima in σ vs. E curve. It may be mentioned that the
experimental data given by Barnes et al. [13], for HF-Ne, Ar, and Kr systems show
all such possible variations of a. with E. Theoretical results on different systems
also show different behaviour as regards the variation in σ with E. The close
coupling calculations by Allison and Dalgarno [14] on H 2 -He show increase in σ
with the increase in E, whereas the computations by Agrawal and Raff [15] on
CO2-He system show reverse trend. All such different patterns of variations of σ
with E are, at least qualitatively, consistent with Eq. (5). A detailed quantitative
study to explain the observed variation of σ with E and other parameters is under
progress.
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