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Introduction

The importance of reagent orientation in the dynamics of chemical reactions
is widely appreciated [1] and has been the subject of extensive theoretical and
experimental study [2]. For an atom+diatom reaction, the stereodynamics is
revealed through the dependence of the cross sections on the initial and final
helicity quantum numbers of the diatom, k and k′. While the k-dependence
of the S-matrix is generally obtained automatically from a full theoretical sim-
ulation, the experimental measurements require the use of oriented molecular
beams. Such crossed molecular beam studies have been carried out using a
variety of techniques. While much has been accomplished, these experiments
are difficult and many important reactions have so far resisted treatment.

Recent crossed beam measurements of the differential cross section (DCS)
for the reaction D+H2 → H+HD showed a remarkable distinction between
para-H2(j=0) and ortho-H2(j=1) in the backward scattering direction [3].
The rotational product distribution (see Fig. 1) expressed a bimodal behav-
ior as the collision energy was increased and further theoretical investigation
revealed that the barrier height is k-dependent.
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Fig. 1: Experimental [3] and quantum dynamical DCSs vs. HD rotation
(j′) at two different collision energies Ec and v′=0. The laboratory scat-
tering angle θlab=95◦ corresponds to θCM=175◦ in the center of mass
frame.
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Fig. 2: Adiabatic potentials illustrating how reagent helicity corre-
lates with the vibrational angular momentum of the quantum bottleneck
states.

At the transition state the reaction coordinate can be approximated by the
asymmetric stretch motion. The quantized transition states, or quantum bot-
tleneck states, are assigned with the remaining vibrational degrees of freedom,
vsv

Λ
b
, i.e. the quantum numbers representing the symmetric stretch, bend, and

vibrational angular momentum, respectively, and the bottleneck levels shown
in Fig. 2 are assigned that way. The influence of those states on reactivity
has been demonstrated previously [4] and the description of a reaction as their
formation and decay has been verified [3].
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Fig. 3: Threshold behavior of the reagent helicity states (labeled by k)
computed using quantum dynamics. The backward scattered DCSs are
plotted versus total energy for all initial states with k≤j≤3 and k=0, 1,
2, 3. Each curve has been a multiplied by an energy independent scaling
factor to facilitate comparison. It is seen that the reaction threshold is
completely governed by the value of k, and is nearly independent of j.
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Fig. 4: Rotational product distribution in the backward direction of the
reagent alignment states (labeled by k) for D+H2 computed using con-
verged quantum scattering theory. The DCS for all initial states with
k≤j≤k+1, k=0, 1, and 2 are plotted at three total energies. Each dis-
tribution is multiplied by a j′-independent scaling factor. It is seen that
states with the same initial k-quantum number yield distributions that
are nearly proportional for low energy.

Theory

In our approach [5, 6] some information about the stereodynamics of a
reaction can be probed using conventional unpolarized molecular beams. By
numerically combining measurements of the backward differential cross sec-
tions for different initial rotational states, the contribution from the individual
helicity states can be obtained. The equations for the predicted, backward
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are based on the following. First, it is known that conservation of angular mo-
mentum implies that the diatomic helicity for A+BC → AB+C is conserved
for backward scattering [7]. Second, the rotational product distribution is gov-
erned by the helicity as is demonstrated in Fig. 4. Note also the helicity states
correlate strongly with bend excitations of the quantized transition state. This
is why a shift of 0.1 eV with each progressive value of k is seen in Fig. 3.
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Fig. 5: The backward scattered DCS for D+H2(j=1, k) → H+HD(j′,
k′=all). The experimental results, shown with symbols, are obtained
from unpolarized molecular beam experiments using Eqs. (1) to infer the
helicity selected DCS. The expected results, based on quantum scattering
calculations, are shown for reference.

Results

In Fig. 5 we show the prediction of Eqs. (1) applied to experimental data
collected at Ec=0.484 eV [5] in comparison to the essentially exact coupled
scattering result. One may also derive formulas like Eqs. (1) for higher reagent
rotations. Since there is little experimental data for those states we have sim-
ulated an experiment in order to investigate the accuracy of the model. The
comparison is shown in Fig. 6.
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Fig. 6: The backward scattering DCS for D+H2(j=2, k=1) → HD(j′,
k′=k)+H versus product rotation, j′, and total energy, E. The exact
quantum scattering result is shown in the upper diagram and the predic-
tion using an extension of Eqs. (1) for j=2 in the lower diagram.

The quantum dynamics calculations were carried out with the ABC com-
puter code [8] and the BKMP2 [9] potential energy surface.
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