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The hard ellipsoid potential model for understanding the mechanism of
the rotational energy transfer in a diatomic molecule due to collisions with
an atom was explored by performing quasi-classical trajectory calculations
on Ν2 —Ηe and Ν2 —Νe systems governed by a sum of pairwise  atom—atom
Morse interactions. It is found that the conversion of the orbital angular
momentum into the angular momentum of the molecule takes place when
the colliding atom is very close to the classical turning point ellipsoid. The
quantitative measures to define such closeness were introduced. Further, it
is observed that nearly 50% of the total angular momentum transfer takes
place when the colliding atom approaches the classical turning point ellipsoid
and the remaining 50% transfer takes place while the atom bounces back.

PACS numbers: 34.50.Εz

1. Introduction

The chemical reactions or vibrational transitions during the molecular colli-
sions are usually associated with rotational energy transfer. Even in the processes
involving the transfer of very low energy, such as molecular collisions in the inter-
stellar space, the rotational energy transfer plays an important role. In recent years
the determination of the rotationally inelastic cross-sections and rate constants by
theoretical as well as experimental methods have gained new dimensions [1-7].
However, the understanding of the mechanism of the rotational energy transfer is
still not well understood and remains a subject of current interest [1, 8-11].

The success of the scaling and fitting laws such as the power-gap law [12, 13]
and the exponential-gap law [14] that attempt to predict a large number of cross-
-sections in terms of a few fitting parameters is well known. However, the rela -

tionship of these fitting parameters with the medhanism and the intermolecular
potential parameters is not well understood.

Recently, Agrawal et al. [8] have attempted to correlate one fitting parameter
of the power-gap law with the intermolecular attraction by employing the hard
ellipsoid potential model. This model considers the mechanism of the conversion
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of the orbital angular momentum into the molecular angular momentum at the
hard ellipsoid potential surface [11,  15-18]. One of the predictions of this model,
the maximum limit of the rotational energy transfer, has been verified by these
authors for a large number of situations for  Ν2 —Ηe and Ν2 —Νe systems. However,
for understanding more about the mechanism of the rotational energy transfer an
important question that requires attention is to explore the region in which most
of the transfer of orbital angular momentum into molecular angular momentum
takes place and to see how close is this region with the hard ellipsoid potential
surface, i.e., classical turning point surface.

In this paper we intend to investigate this problem by employing the classical
trajectory methods for Ν2 —Ηe and Ν2 —Νe systems. The next section gives the
details of the computation and results are then presented and discussed in the
1naΙ section.

2. Computational method

2.1. ΡοteniaΙ energy surface

The potential energy of the system V is taken as a sum of the  pairwise
atom—atom interactions

where

and where R12, R13 and R23 are the Ν(1)—Ν(2), Ν(1)—Χ, and Ν(2)—Χ distances,
respectively, as shown in Fig. 1. The potential parameters Dij , αij, and Rο are
given in Table I.

Standard classical trajectory method described in the literature [20] was used.
Hamilton's equations of motion were integrated by using fourth-order Runge —Kutta
method. One time step equal to 0.25 time unit (1 time unit = 1.019 x 10-14 s)
was found to yield the desired accuracy in the energy conservation.

The molecule is initially considered in the rotational ground state. 1000 tra-
jectories were run at each energy for each system.

The angular momentum of the molecule is monitored as a function of the
location and orientation of the molecule and atom for each trajectory. The maxi-
mum amount of angular momentum gain,  Lmax , by the molecule is evaluated for
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each trajectory. The stored information for each trajectory is used to get the loca -

tion of the atom relative to the center of ma8s of the molecule and molecular axis
whenever the angular momentum of the molecule is  fLΨmax for a particular value
of f. This information is also used to obtain the distance of the atom from the
classical turning point surface. The classical turning point surface for each system
at each energy is found to be very close to an ellipsoid [8]. For different values of
f varying from 0.1 to 0.9 this analysis is repeated.

3. Results and discussion

Figure 2 shows molecular axis, classical turning point surface and location
of atoms corresponding to f — 0.70 and energy = 0.05 eV. Each dot in the figure
corresponds to the location of Ne in a trajectory in the body-frame of the Ν2
molecule when its angular momentum is Ο.7ΟLmaΧ, where Lmax is the maximum
amount of angular momentum gain by the molecule for that trajectory. Table II
shows that 80% of these dots are at a distance smaller or equal to 0.432  Α from
the classical turning point surface. For further reference we denote this distance
Rmax (f 0.7, Ρ 80%). The average distance of Ne atom from the classical
turning point surface for this case, f = 0.7, Ε = 0.05 eV, averaged over all
trajectories is 0.288 Α.

Fig. 1. Coordinates for  Ν2 —Χ system.
Fig. 2. Classical turning point surface, the molecular axis and the location of  Ne atoms
represented by dots corresponding to f = 0.7 and Ε = 0.05 eV for Ν2—Νe system.

The variation of Rmax with f for this value of Ρ = 80% is shown in
Table II. For Ρ = 90% the same is shown in Fig. 3. The values of Rmax listed
in Table II for Ε = 0.05 eV reveal that for f = 0.10, Rmax = 0.576 Α. As f
increases, i.e. the amount of angular momentum transfer increases,  Rmax first de-
creases, i.e. Ne atoms come closer to the classical turning point surface, up to f
nearly equal to 0.50, and then it starts increasing. This behavior as exhibited by
the data of this Table and Fig. 3 suggests that nearly 50% angular momentum
transfer takes place when the atom approaches the classical turning point surface
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and the next 50% angular momentum transfer takes place when the atom bounces
back from the molecule. The magnitude of this distance shows that the transfer
of angular momentum from 0.iLmax to Ο.8ΟLmaχ takes place within a distance
0.576 Α from the classical turning point surface.

Fig. 3. Rmax(f, Ρ = 90%) in Å as a function of f for Ν2 —Νe system at Ε = 0.05 eV.
Fig. 4. Χ' versus Υ' in A2 for Ν2 —Νe corresponding to Ε = 0.05 eV, and f = 0.7. The
straight line shows the least squares fit.

Another quantitative measure to see the location and spread of the dots
shown in Fig. 2 is to evaluate the variation in length of the  semimajor and semimi

-nor axes of the ellipse on which all these points are supposed to lie.
Let the equation of the ellipse on which a point (a dot of  Fi. 2) lies be
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if we define

then Eq. (3) becomes

i.e., an equation of a straight line in X'—Y' space. The X'—Y' plot of all the
points shown by dots in Fig. 2 is shown in Fig. 4. The least squares fit of these
points shown in Fig. 4 corresponds to A' = 3.6043 and B' = 3.0467 with the
fluctuation ΔΑ' = 0.032 and ΔΒ' = 0.009. This shows that the locus of all points
corresponding to the transfer of angular momentum equal to fLmax is an ellipse
for the collision in a plane.

For different values of f these results are shown in Table ΙΙ. Here again we
see that the departure of A' and B' from the respective lengths of the semimajor
and semiminor axes, A and B, corresponding to classical turning point surface is
small (smaller than 0.37 Å). It shows that the angular momentum transfer takes
place in the region very close to the classical turning point surface.

These conclusions are also confirmed by the data listed in Table ΙΙ for Ε =
0.10 eV for Ν2 —Νe and those shown in Table  ΙΙΙ for Ν2 —Ηe at Ε = 0.20 eV.

All these results further widen the applicability of the hard ellipsoid potential
model. It also leads to the requirement of focusing our attention for the interaction
potential near the classical turning point surface for the purpose of studying the
rotational energy transfer.

Further studies are in progress to determine the dependence of Rmax on
Lmax, potential parameters, collision energy, rotational constant of the molecule
and other dynamical parameters. Such a study is expected to lead to the better
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understanding of the mechanism of the rotational energy transfer and the explana-
tion of the rotational inelasticity in terms of the knowledge of the classical turning
point ellipsoid and Rmax. This may eventually also lead to the understanding of the
success of the scaling and fitting laws [12-14, 21, 22] that describe the rotationally
inelastic state-to-state cross-sections in terms of a few fitting parameters.
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