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Abstract

We use molecular beams and ion imaging to determine quantum state resolved an-
gular distributions of NO radicals, after inelastic collision with Kr. We also determine
both the sense and the plane of rotation — the rotational orientation and alignment
respectively — of the scattered NO. By full selection and then detection of the quantum
parity of the NO molecule, our experiment is uniquely sensitive to quantum interfer-
ence. For forward scattered NO we report hitherto unseen changes in the plane and
sense of rotation with scattering angle, and show, remarkably, that the rotation of
the NO molecule after collision can be near-maximally oriented for certain transitions
and scattering angles. These effects are enhanced by the full parity selection in the

experiment, and result from the interplay between attractive and repulsive forces.
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Non-equilibrium gases relax most efficiently by transfer of rotational energy. A major
objective of the field of molecular collision dynamics is the understanding of how the forces
in play affect the distribution of the scattered products in space and among the allowed final
rotational states. As this field evolves, we need experiments that can separate the contri-
bution to inelastic scattering of both the long-range (attractive) and short-range (repulsive)
regions of intermolecular potentials. Also, a persistent intellectual challenge is uncloaking
quantum effects in inelastic molecular collisions.

Collisions of NO with noble gases have long been the paradigm for rotationally inelastic
scattering,! and have made possible a fertile give-and-take between increasingly sophisticated
experiments and theoretical modeling. Many previous studies have focussed on determining
the relative differential cross-section (DCS) of the scattered products,?” known to be a sensi-
tive probe of the underlying potential energy surface (PES).5¢ Despite their sophistication,
in most of these experiments the near-degeneracy (called A-doubling) of the selected NO
rotational level is not resolved, so that observed transitions are in reality the sum of two pro-
cesses, in which one conserves and the second reverses the overall parity of the NO rotational
wave function. Consequently, the dependence of the efficiency of rotational inelasticity on
the quantum parity of the NO levels is obscured.

In our laboratory, we first select and, then, detect a single A-doublet state of the scattered
NO.%58 We have seen novel structures in the DCSs which depended on the parity of the
initial and final NO(X) rotational levels. In the most sophisticated experiments,® we use
polarized lasers to determine the alignment®!° of the rotational angular momentum of the
scattered NO. This can provide more details about how the NO molecule is torqued during
the collision, #1512 thereby setting a more rigorous challenge to our understanding of the
dynamics.

These earlier experiments were done with Ar as a collision partner.® Exploiting the

stronger long-range attractive interaction of NO with Kr,'® which has a deeper well (D, ~



130 cm ') and a more extended attractive limb compared with Ar-NO(X)'" (D, = 110cm ™),
we report here a new experimental probe of the role of attractive forces in inelastic scat-
tering, namely the plane and sense of rotation of the NO in the forward scattered region.!?
Specifically, we detect a pronounced “rainbow” as a function of scattering angle. 672 This
type of rainbow phenomenon arises when collision trajectories are deflected by the attractive
part of the intermolecular interaction potential and are then amplified by constructive quan-
tum interference. The result is a build-up in scattering intensity at the so-called rainbow
angle. The name reflects similarities in the semiclassical description of atomic scattering and
the scattering of light by water droplets in the atmosphere. In addition, our new experi-
ments reveal how the interplay between attractive and repulsive forces leads to a remarkable
shift with scattering angle of the plane and sense of rotation — the rotational alignment and

910 — of the inelastically scattered NO in the region of the rainbow.

orientation, respectively

In the electronic ground state (X 2IT) the rotational levels of NO appear in two spin-orbit
manifolds, labelled by the magnitude of €2, the projection of the total electronic angular
momentum (exclusive of the nuclear spin) j onto the bond axis. We limit our focus here to
rotational transitions within the lower (€2 = 1/2) spin-orbit manifold. As observed above,
each rotational level is split further into two A-doublet sub-levels. These are the symmetric
(labelled e, with ¢ = +1) and antisymmetric (f, ¢ = —1) combinations of +£ and —
wavefunctions. These sub-levels differ in their parity (the symmetry with respect to space
fixed inversion), given by p = e(—1)’"%/2, and are nearly degenerate, separated by only
~0.01cm™? for j = 0.5.

The unpaired spin and the non-zero electronic orbital angular momentum of NO com-
plicates the scattering. Approach of a spherical collider splits the degenerate II state into
two states, of A and A” reflection symmetry. The corresponding NO-Kr PESs are degen-
erate asymptotically but differ in the interaction region. In a semiclassical picture of such

a system, collision trajectories can follow one or the other of these two PESs, and can also

hop between the two. Just like in the textbook two-slit experiment, quantum interference



can also occur. In general for such systems the resulting dynamics provides an example of
scattering on two coupled PESs.?!:%?

By means of hexapole electric field focussing, we select NO in just the 2 = 1/2, j = 0.5, f
A-doublet level. We cross this fully state-selected NO beam by a beam of Kr atoms.>%% We
use velocity-mapped? ion imaging,?* subsequent to (141") resonantly enhanced multiphoton
ionization (REMPI), to infer both the rotational quantum number j” and the final A-doublet
state of the scattered NO. Using a photoelastic modulator, on alternate laser shots we rotate
the direction of the electric field of the excitation laser from lying in the plane defined by the
molecular beams (horizontal, H) to perpendicular to this plane (vertical, V) . This allows
us to determine the alignment of j'. The orientation of j' is probed by directing alternately
left (L) and right (R) circularly polarized light perpendicular to the plane defined by the
molecular beams (see Supporting Information).?

Figure 1 presents the summed H+V ion images for three spin-orbit conserving, f — f
transitions, for which the Aj = even/odd transitions conserve/reverse the NO parity.*! For
the low Aj transitions considered here, the angular distributions of the scattered NO(X)
are strongly forward peaked. The images show a single peak in intensity for the parity-
conserving transitions (j' = 2.5, f and 4.5, f), but three peaks for the parity-changing tran-
sition (j/ = 3.5, f). Fits to the experimental ion images,®® done as described in the Sup-
porting Information, predict the angular distributions shown in the right panels of Figure 1.
Note that the distribution for Aj = 3 shows a strong secondary maximum at ~ 20°. This
peak in the angular distribution is responsible for the extra structure in the corresponding
ion image.

The pronounced peak is an “/-type” rainbow.!%16:1920.25 Here ¢ is the magnitude of the
orbital (end-over-end) angular momentum of the NO-Kr pair. Low-¢ collisions are head-
on, while high-¢ collisions are glancing encounters.'%1® The classical impact parameter, b,

is proportional to . Because the initial rotational angular momentum of NO(X) is only

j = 0.5, ¢ is approximately equal to .J, the total angular momentum of the system.
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Figure 1: A comparison of the experimental (first column), open-shell QM simulated (second
column) and closed-shell quasi-classical trajectory (QCT) simulated (third column) H+V
ion images for scattering of NO(X) with krypton from initial state j = 0.5, f to final states
j' =25, f (top row), j/ = 3.5, f (middle row) and j' = 4.5, f (bottom row). The direction of
the initial relative velocity is shown as a white arrow in the top left panel. The right column
shows the angular distributions of scattered NO(X') (normalized to unity in the angular range
shown) obtained experimentally (black solid line), and from QM (red dotted line) and QCT
scattering calculations (blue dashed line) averaged over the experimental collision energy
distribution. The position of the rainbow in the ion images and in the angular distributions
is labelled with an ‘r’ for j* = 3.5, f (middle row).

An /-type rainbow arises from attractive forces between the collision partners, and, ex-

16,17.20.25 can be attributed classically to the focussing of

actly as in atom-atom scattering,
trajectories at scattering angles close to the minimum in the deflection function (the maxi-
mum attractive deflection).'® This corresponds to the secondary maximum in the classical
scattering angle (the absolute value of the deflection function). This is plotted in the panels
in the third column of Figure 2. These scattering angles were predicted from quasi-classical

trajectory (QCT) calculations,?® in which the NO molecule was treated as a closed-shell sys-

tem, and the trajectories were run on the average of the A’ and A” PESs, designated Vum,
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Figure 2: Open-shell QM (dotted red lines) and closed-shell QCT (dashed blue lines) DCSs
(first column) and opacity functions (second column), and closed-shell QCT deflection func-
tions (blue dots, third column) for Aj = 2 (top row), Aj = 3 (middle row) and Aj = 4
(bottom row). The QM data are for the f — f A-doublet resolved transitions. The DCS
and opacity function data have been averaged over the experimental collision energy dis-
tribution. The cartoons in the forth column of the figure illustrate classical trajectories at
different impact parameters leading into different scattering angle regions, . The rainbow
angle, 6., is illustrated in the second figure down. The third cartoon illustrates scattering
at the so-called ‘glory’ impact parameter, b, ~ 4 A (equivalent to J ~ 100.5 at a collision
energy of 514cm™!). Glory scattering is mainly responsible for the strong forward scattered
peak observed in the Aj =2 and Aj =4 f — f transitions, while rainbow scattering is the
key feature of the Aj =3 f — f transition. The fourth (from the top) cartoon illustrates
small impact parameter scattering which is dominated by the repulsive part of the potential.

which is largely responsible in this case for spin-orbit conserving transitions.?! The scatter
in the points in these deflection function plots reflect the (small) variation of the predicted
scattering angle with the initial relative orientation of NO and Kr.

Here, the rainbow arises from scattering at impact parameters ranging from 4 to 5 A. This
distance corresponds to the outer attractive wing of the NO-Kr PES.!? The plots shown in
Figure 2 highlight the classical origin of the peaked structure, and suggest that a rainbow
should be observed in the DCSs for all the transitions under consideration. In striking

contrast, the rainbow peak is seen experimentally only for the Aj = 3, f — f (parity-



changing) transition. For the Aj = 2 and Aj =4, f — f (parity-conserving) transitions the
rainbow peaks are masked by the forward scattering process known as glory scattering, 6
in which the effects of the attractive and repulsive parts of the potential cancel each other
resulting in nearly zero deflection angles. This is illustrated by the third cartoon (from the
top) on the right side (forth column) of Figure 2. Clearly, to observe these parity-dependent
effects necessitates a parity-resolved experiment, as performed here.

We also carried out full quantum (QM) scattering calculations, retaining the open-shell
character of the NO molecule and including both the A’ and A” PESs.?! We used the PESs
of Wen et al.'3 and the HIBRIDON?® suite of codes. From both the QM and QCT DCSs,

8 making use of the methods outlined in the

we simulated the experimental ion images,®
Supporting Information. While classical mechanics can explain qualitatively the origin of
the observed rainbow, Figure 1 reveals that the QM images are clearly in better agreement
with experiment. The remaining discrepancies between experiment and QM theory, most
notably the small difference in the observed (~20°) and QM predicted (~23°) location of the
rainbow, reflect the combined uncertainties in the experiments and in PESs employed in the

" seen in the calculations

dynamical calculations. Note that the rapid diffraction oscillations
cannot be observed in the current experiments due to the limitations in angular resolution,
and the spread in collision energy.® This is confirmed by the QM simulations of the ion
images, which also do not show evidence of rapid diffraction oscillations in the forward
direction.

For a given impact parameter, rotational inelasticity can result from trajectories which
hit either on the N side or the O side of the NO center of mass. In a quantum treatment, these
two trajectories will interfere. For a homonuclear molecule, N, for example, the interference
will be complete, so that collision-induced parity changing collisions will not occur. In a
nearly-homonuclear molecule, such as NO, the quantum interference will be substantial,

leading, for example, to significant oscillations in the integral cross sections.?’



A QCT simulation treats the two trajectories incoherently, so that similar interference
will not occur.%?5% The QCT simulations predict rainbows for both the parity-conserving
and parity-changing transitions, while in the QM simulations, which include quantum in-
terference, the rainbow appears only in the parity-changing transition. In earlier experi-
ments? 1512 both parity components of the j = 0.5 level of NO were present in the initial
beam. Here, the hexapole prepares a single NO parity state, which allows a cleaner, more
resolved look at the difference between parity-conserving and parity-changing transitions.

Figure 2 (second column) also compares the QCT and QM opacity functions (the prob-
ability of inelastic scattering as a function of the impact parameter). We observe that the
QCT simulations (a) overestimate the degree of inelasticity and (b) incorrectly weight the
glory and rainbow contributions as a function of b. Although the QCT method can describe
nearly quantitatively many aspects of rotationally-inelastic scattering, our work here reveals
its limits — as we might have anticipated — in the prediction of phenomena which are sensitive
to quantum interference. We have found a key factor to be the absence of the concept of
parity in classical mechanics. As noted above, parity dependent effects have been observed
previously for collisions of NO + Ar, in which the dominant effects can be understood in
terms of the different contributions from largely repulsive terms in the PES.® Similar be-
haviour is also observed for higher Aj transitions in NO + Kr, to be reported elsewhere.?
However, the present parity dependent results at low Aj are most striking, because they are
exquisitely sensitive to the balance of attractive and repulsive terms in the PES.

Significant further insight into the scattering dynamics is provided here by the measure-
ment of the rotational polarization? of the scattered NO in the region of the /-type rainbow
(for further experimental details see the Supporting Information). Rotational alignment in-
formation is derived from, specifically, the (V-H) difference images, shown for example in
Figure 3. Classically, the intensity of the absorption leading to ionization is proportional
to the square of the cosine between the transition dipole moment, d, and the linear electric

field of the photon. This is maximized when both are parallel. Thus a positive difference



image (V more intense than H) implies that the transition moment of the scattered NO lies

preferentially perpendicular to the scattering plane.
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Figure 3: Comparison of the experimental (first column), open-shell QM simulated (second
column), and closed-shell QCT simulated (third column) (V-H) difference alignment ion
images for scattering of NO(X) with krypton from the initial state j = 0.5, f to final states
j' =25, f (top row), j/ = 3.5, f (middle row) and j' = 4.5, f (bottom row). The direction of
the relative velocity is shown as a white arrow in the top left panel. The panel at the bottom
of the figure illustrates a cartoon of the angular momentum alignment after the collision for

Aj = 3.

To record the ion images we used Rg; excitation, for which d is perpendicular to j' at
high 5.2 Consequently, a positive difference image implies that j' lies in the scattering plane.
Qualitatively, since j’ is nearly perpendicular to the molecular axis », this indicates that a
positive difference image corresponds to the scattered NO(X) rotating like a propeller, with
motion perpendicular to the scattering plane as depicted in the bottom panel of Figure 3. In

contrast, a negative difference image is consistent with d and r lying in, and j' perpendicular

10



to, the scattering plane. This corresponds to frisbee-like motion.

The experimental difference image goes from positive (red or yellow) to negative (blue)
as the scattering angle increases. This corresponds to a slewing of the plane of rotation of
the scattered NO rotates from out-of to in the scattering plane. Despite the long interest
in polarization in molecular scattering,'%3%32 this is the first observation of a pronounced
variation in the polarization of an inelastically-scattered molecule in the region of a rainbow.
In our case this is particularly apparent because we scatter out of a single parity state. For
the parity-conserving transitions (Aj = even, f — f), the largest difference images, and
hence the strongest product rotational alignment, occurs in the forward (glory) scattered
region. In contrast, for the parity-changing collisions (Aj = odd, f — f), the largest
difference images, and hence the strongest rotational alignment, occurs in the region of the
(-type rainbow.

We also used the QCT and QM calculations to predict difference images, shown in Fig-
ure 3. Once again, it is the QM simulated images that most accurately reproduce experiment.
However, compared with the angular distributions shown in Figure 1, the alignment of the
final rotational angular momentum is quite well accounted for by the classical simulations
(see Supporting Information).

Measurements of the rotational angular momentum orientation of the scattered NO, using
the methods detailed in the Supporting Information, serve to reinforce these conclusions.
Here we use circularly polarized light to probe the sense of rotation of the NO molecule
after the collision.? This information is derived from the L—R difference images shown in
Figure 4. Negative intensity indicates that right hand circularly polarized light has a higher
detection probability than left handed circularly polarized light, which corresponds to a
molecule rotating anticlockwise in the plane defined by the molecular beams, as shown in
the bottom panel of Figure 4. Likewise, positive intensity indicates clockwise rotation of the

NO in the plane of the molecular beams.
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Figure 4: Collision-induced orientation of the NO rotational angular momentum over the
rainbow, as reflected in the (L—R) difference orientation ion images, for scattering of NO(X)
with krypton. The panel at the bottom of the figure illustrates a cartoon of the angular
momentum orientation after the collision for Aj = 3.

Although parity conserving and changing transitions show similar orientation behavior,
the most intense difference image, and hence the strongest orientation, is seen in the region of
the “l-type” rainbow of the parity changing transition to j' = 3.5, f. In fact, rotation of the
scattered NO is near maximally oriented at angles close to the rainbow, corresponding to near
complete selectivity in the sense of rotation for this transition (see Supporting Information).
In contrast, for parity conserving transitions to j* = 2.5, f and j' = 4.5, f the orientation is
more pronounced in the forward, glory scattering region. Whilst the QCT data again suggest
that the collision-induced orientation of the scattered NO can be understood qualitatively

using a classical attractive mechanism,3? the QM simulations are required for a quantitative
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modelling of the experiment (see Supporting Information).

To conclude, we have measured the angular distributions and rotational polarization -
both alignment and orientation - for collisions of fully quantum state resolved NO with
Kr. Resolution of the NO initial A-doublet level has allowed observation of an “/-type”
rainbow in the parity changing collision. We show that the rotational angular momentum of
the scattered NO in the region of the rainbow can be near-maximally oriented. The sense
and plane of rotation of the scattered NO can be understood qualitatively using classical
mechanics, and are signatures of the balance between attractive and repulsive forces at play
during collision. However, the quantum parity plays a crucial role in influencing the observed
angular distributions, and full QM calculations are required for a quantitative description of

the experiment.
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