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I. INTRODUCTION

Collisions of open shell species have been the subject of much investigation as a result
of their importance in a diverse range of fields, such as atmospheric, astrophysical, and
combustion chemistry. The nitric oxide (NO) molecule has an unpaired electron in its
ground electronic state, so exhibits the complex dynamics of open-shell molecules, yet it is
relatively unreactive, and is thus convenient to study experimentally. For these reasons it
has become a prototype for investigating the inelastic scattering of open shell molecules.

The unpaired electron in NO(X) resides in a 7* orbital, giving rise to two spin-orbit levels,
the 211 3 lying approximately 123 cm™! above the ground 2II 1 state. Within each spin-orbit
manifold, there is a ladder of rotational levels, each of which is split into two near degenerate
A-doublet levels, denoted f (¢ = —1) and e (¢ = 1), which for j = 0.5 are nearly degenerate
and differ only in total NO parity [p = e¢(—1)"~%/2].

During the course of a collision, either spin-orbit manifold can be populated, leading to
scattering taking place on two coupled potential energy surfaces. On non-linear approach
of a Kr atom to the NO(X) molecule, the degeneracy of the 2IT state is lifted, resulting
in two potential energy surfaces of A" and A” symmetry. For Hunds case (a) molecules,
Alexander!? has shown that the spin-orbit conserving transitions can be considered to take

place on a summed potential:

Van(R,7) = 5[Var(B,2) + Vin( R, )], )

whilst spin-orbit changing collisions are coupled by a difference potential:
1
V;iiﬁ“(R7 7) = 5 [VA’(R7 7) - VA//(R, 7)] (2)

Here, V4 and Vy» are the two lowest lying potential energy surfaces of the NO(X) + Kr
system. The V) surface is associated with the orbital containing the unpaired electron lying
in the triatomic plane, whereas V4 corresponds to the orbital being perpendicular to the
plane. R is the distance between the centre of mass of the NO molecule and the Kr atom
and ~y is the angle between R and the NO bond axis, 7.

Despite this complexity, it is still possible to perform full quantum mechanical scattering

calculations on NO(X) plus the rare gases. Furthermore, a number of accurate potential
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energy surface have been determined for these systems,” " and as such they have been the

focus of numerous experimental® 3 and theoretical®' 3* investigations.



On collision of NO(X) with a rare gas atom, the total NO parity can either be con-
served or changed, depending on the A-doublet level before and after the collision. In order
to fully elucidate the effect of parity on the scattering dynamics, it is necessary to select
only a single A-doublet level prior to the collision, and probe a single A-doublet level after
collision. Initial state selection can be achieved using an inhomogeneous hexapole electric
field, whereas final state selection is possible using (1+1’) resonantly enhanced multiphoton
ionization (REMPI), or other spectroscopic detection techniques. Using such methods, par-

120 and differential cross sections

ity dependent effects have been found in both the integra
(DCSs)?26:28 for several NO-rare gas systems. Parity dependent oscillations were observed
in the DCSs of the NO(X) + Ne?® and Ar?%27% systems, which were attributed to interfer-
ence between trajectories sampling different regions of the potential.?®2” Such oscillations
were not observed experimentally in the NO(X) + He system at 508 cm ™! 24 as the de Broglie
wavelength is much longer due to the smaller reduced mass. ‘Parity pairs’, in which adjacent
final states with the same parity (those with the same value of n = j' + €//2, for example,

j' = 8.5, f and 5/ = 7.5,e) exhibit similarly structured DCSs, were observed in all three

systems.

Further experimental and theoretical studies have investigated the collision-induced align-
ment (CIA) and orientation (CIO) of the product rotational angular momentum in the
NO(X) + He,?! Ne,?223 and Ar%10:12293637 gystems. This measurement represents a triple
vector correlation between the initial and final relative velocities, k and k', and the rotational
angular momentum of the scattered NO(X), j', and is characterized by the polarisation de-
pendent differential cross sections (PDDCSs), péi}(ﬁ) of rank k and component ¢. Such
high order vector correlations provide valuable insight into the dynamics of the collision.
The collision-induced alignment in all three systems was found to be well explained by the
simple kinematic apse model. The NO(X) + Kr system has received much less attention;
Marinakis et al.®® calculated the CC QM péQ}(G) PDDCSs for the NO(X) + Kr system and
observed parity pair behavior similar to that found for the DCSs, although this has yet to
be confirmed experimentally. Despite the many similarities between the NO(X) + Ar and
Kr systems, differences in the range, well depths, and anisotropy of the potential energy sur-
faces, together with a modest change in the de Broglie wavelength, arising from the different

reduced masses, make NO(X) + Kr an interesting system for study.

In this paper we present experimental DCSs and PDDCSs for spin-orbit conserving and



changing collisions of NO(X) + Kr at a collision energy of 514cm™! with full A-doublet
resolution of both the initial and final states. The outline of the paper is as follows; first
a summary of the experimental methods used in this work will be given in Section II.
This Section also briefly describes the method of data analysis by which the experimental
DCSs and PDDCSs are extracted from the experimental images, including a modification
to previous methods to account for the depolarisation of slow moving molecules. Section II
concludes with the details of the calculations presented in this work. In Section IIT A and
ITI B the spin-orbit conserving and changing experimental and theoretical images and DCSs
are presented and discussed. The experimental collision-induced alignment results are then
compared with theoretical calculations in IITC, again for both spin-orbit conserving and
changing collisions. A comparison with the NO(X) + Ar system in Section IIID highlights
the similarities and differences between the two systems and compares full close coupled
quantum mechanical calculations with quantum mechanical hard-shell and kinematic apse

model results to yield further insight into the dynamics of both systems.

II. METHODS
A. Experimental Methods

The crossed molecular beam experiment, which combines hexapole state selection and a
(1 4+ 1) REMPI scheme coupled with velocity mapped®® ion imaging?® to allow complete

2629 50 only a brief summary

quantum state selection, has been described in detail elsewhere,
will be given here. The primary beam of NO molecules (16 % NO in Ar) is generated using
a General valve pulsed at 10 Hz, which is then doubly skimmed and state selected using
a hexapole electric field.?6 The hexapole state selector focusses only NO molecules in the
|2 =0.5,5" = 0.5, f), odd parity, low field seeking state. The focussed NO(X) molecules are
then intersected perpendicularly by the skimmed secondary beam consisting of neat Kr. In
order to have confidence that cluster formation was not significant in this beam, a series of
images were recorded whilst varying the backing pressure of Kr. No effect was found on the

observed DCS and a backing pressure of 3 bar was used, as in previous experiments.?%:28

The secondary beam is pulsed on for two shots, then off for two, to allow background

subtraction on a shot-by-shot basis, minimizing any systematic errors due to laser power



drift or such like. The output of a XeCl excimer laser (A = 308 nm) is split, with 90% used
to pump a tunable dye laser (Coumarin 450) which lases at 452 nm. The output is frequency
doubled to produce radiation at ~ 226 nm which can be tuned to the NO(A < X) rotational
transition of choice, with the remaining 10% of the 308 nm output used to ionize the NO(A)
molecules. The excitation laser is directed through a Rochon polarizer then a photoelastic
modulator (PEM), which allows the linear polarisation to be flipped from horizontal (H) to
vertical (V) (with respect to the plane defined by the molecular beams) on alternate shots.
On entering the scattering chamber the lasers intersect each other perpendicularly, and the

molecular beams at 45° in a coplanar fashion.

The resulting NO™ ions are extracted using velocity map® ion imaging® using a standard
three electrode arrangement and detected using a pair of matched MCPs and a P43 phosphor
screen. The flashes on the phosphor are recorded using a CCD camera and transferred to a
computer for processing. On average each image was acquired for 20,000 laser shots for the
DCSs and 200,000 laser shots for the CIA data. The latter are obtained from normalized
difference images, (Iv — In)/(Iyv + Iu), where Iy and Iy refer to images obtained with
horizontally and vertically polarized light, respectively. Because the CIA data are displayed
as the normalized difference signal, a much larger number of shots is required to converge

the image.

The NO(X) beam velocity was determined to be 625ms™" (as in previous experimental
studies? ) and the Kr beam 408 ms™!, leading to a centre of mass collision energy of
514 cm~! with a full-width-at-half-maximum of 50 cm~!, which was confirmed by analysing
the size of the ion images with varying j’. The collision energy calibration was achieved by
looking at the radius of the ion images as a function of j’, as described fully in Ref. 27. Note
that, at this collision energy, the maximum energetically accessible NO(X) rotational state
for spin-orbit conserving transitions is j* = 17.5, whilst for spin-orbit changing collisions the

maximum rotational state is 7/ = 14.5.

B. Data Analysis

The method of data analysis for both the DCS and CIA images has been discussed

26-29

in detail previously, so only the relevant details will be given here. The detection
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probability of a single scattering event, n, is given by the expression:?”

I($n, yn) = u<xn7 yn) Pscatt<9n) PV/H<9n7 F%/H% (3)

where u(x,,y,) is the apparatus function?® for a pixel of position (,,¥,) on the detector,
Pycart (0) is the angular scattering distribution (proportional to the DCS), and Py g is the
polarisation dependent transition probability. The Euler angles, I'{, /m> can be determined
from the relative orientation of the collision frame (defined by k and k') and the laser frame
(defined by the electric vector of the light, and the direction of probe laser propagation).?

The polarisation dependent transition probability is then expressed in terms of the renor-

malized PDDCSs:

n k k} rpn
Py (6n; FV/H) =1+ Z Pgi}(en)Fji}( V/H)‘ (4)
kq

The Fji}(F’\‘, ) functions are defined in Ref. 29 and contain the geometric information
needed to calculate the contribution of a particular PDDCS. Note that the first term in
Eq. (4), when substituted into Eq. (3), corresponds to the probability of detecting a single
scattering event without polarisation, and is that which is required to determine the DCS.

Previous studies that have looked at the collision-induced alignment for NO(X) + Ar
collisions have found that either the alignment is underestimated,'? or that there is a slight
asymmetry in the experimental normalized difference images, (Iy — Iyy)/(Iyv + Iu).?° In the
current work, a similar asymmetry can be seen in the experimental images, as shown in Fig.
1, and it appears that this effect is most evident at around j' = 13.5. Wade et al.'? suggested
that this discrepancy could be due to depolarisation of molecules that remain in the detection
volume for longer times. The Newton diagram for the collision is shown in the right panel
of Fig. 1 and superimposed onto the two experimental images for j/ = 6.5 and j' = 13.5. In
the case of j/ = 13.5, the Newton sphere almost intersects the lab frame zero velocity, so
the slowest molecules are travelling at only about 8 ms™! and so will remain in the detection
volume for hundreds of microseconds and thus experience significant depolarisation. At
j' = 6.5, the slowest molecules are still travelling at approximately 170 ms~! and therefore
leave the detection volume much faster and so are much less depolarized.

Molecules which are slow moving in the laboratory could be depolarised as a result of the
interaction of NO with the earth’s magnetic field, as suggested by Wade et al.'? However,

in the present experiments this seems unlikely because the interaction volume was screened



by p-metal shielding. Collisions of translationally cold NO molecules with Kr atoms or NO
molecules in the molecular beam gas pulses, or with other cold NO molecules in the low lab
velocity portion of the Newton sphere, might also cause collisional depolarization, and we
believe such processes are likely to be the dominant mechanism in the current experiments.
To account for this depolarisation, Eq. (4) can be modified according to:

n k k n _ .
Pyya(0n; T ) = 14 | D o8 (0, FE(T% ) | > e Ptaer, (5)
kq

where 4 is the time at which the scattered NO(X) is detected. The constant g will
dictate how easily the molecule is depolarized and will depend on many factors, such as the
depolarisation cross section, the lab frame velocity of the molecule, and the position within
the molecular beam. Whilst it is not possible to calculate this accurately, a typical value was
chosen such that after approximately 100 us in the detection volume, 50% of the molecules
were depolarized, which is broadly consistent with the known molecular beam properties,
and the known rotational energy transfer and elastic collisional depolarization cross sections
for NO(X) + Ar, and other related systems.*'** Some variation in 8 with final rotational
state was allowed for, reflecting the relatively modest dependence of elastic depolarization
cross sections on quantum state.!

Using the modified polarisation dependent detection probability, Eq. (3) can be summed
over many trajectories to build up a simulation of the experimental image, sampling the

initial starting conditions as described in Ref. 27. To fit the experimental images to obtain

the DCSs, the intensity of the experimental image was written as a sum of basis functions:*>"?8
() = Y2 20 B, y) )
!
where the basis functions are defined
Bi(z,y) = > ul(@n, yn) Pum(0n; T i) Pilcos ), (7)

n

i.e. the product of the instrument function and the polarisation dependent transition prob-
ability, weighted by the ['® Legendre polynomial [P(cosf,)] to account for the angular
distribution of the scattered product. The expansion coefficients of the DCS, a;, were

then optimized by fitting the experimental image in Fourier moment space using a genetic

algorithm.?6-2844 The fitted DCS is then be given by

20+ 1
Piear(0) = Z 5 a,Py(cosb) . (8)
!




Similar procedures were used to obtain the renormalized PDDCSs, ,032}(9) and p;ﬁ} (0), from
the normalized difference images, (Iv — Iu)/(Iv + Iu), as has been fully described in Ref. 29.
We have shown elsewhere that the experiment is insensitive to the pﬁ}(G) renormalized
PDDCS.?

Simulations of the experimental ion images were performed using the same basis func-
tions as for in the fitting of the experimental images, but employing the theoretical angular

distributions and polarization moments presented in the following Sections. Further details

about the simulation procedures are described elsewhere.?’

C. Calculation Details

The experimentally determined DCSs and PDDCSs will be compared with those obtained
from close-coupled quantum mechanical (CC QM) scattering calculations performed using
the HIBRIDON suite of codes®% on the Vgum and Vgg potential energy surfaces of Wen
et al.* These PESs were calculated at the restricted coupled cluster level including single,
double and perturbational triple excitations with the augmented, correlation consistent,
triple-zeta basis set quality with extra bond-functions placed in the mid-distance between
Kr and the center-of-mass of NO.* The dynamics calculations were run over a grid of collision
energies from 485cm™! to 545cm~! with a spacing of 15ecm™!, and the theoretical DCSs
were weighted over the experimental collision energy distribution. A propagation from 4.5
bohr to 60 bohr was used, with a rotational basis up to j = 20.5 and partial waves up to
J = 160 were needed to converge the calculations. Calculations for the NO(X) + Ar system
26,36

were performed as described previously at a collision energy of 530 cm™! and employed

the CCSDT potential energy surfaces of Alexander.347

The normalized polarization dependent differential cross sections (PDDCSs), Pq(k)(O),
characterize the polarization of the angular momentum of the scattered particles as a func-

tion of scattering angle. Quantum mechanically, these can be calculated via: 484

20 1 1
(k) _
FEO) = e

Z fij,eﬁj’m’IQ/e’ (0>f;m§25—>j’m’27§2’e’ (6) <j,m,17 kQ|j,ml2> (9)

/ !
m,mj,msy

q

where k is the modulus of the relative wavenumber vector, o is the integral cross section for
the specific jQe — 5/, Q'¢ transition, (j'm}, kq|j’m,) is a Clebsch Gordan coefficient, and

fim@.e—jmrave (0) is the scattering amplitude for the transition with the indicated quantum
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number. The renormalized PDDCSs, p') (9), are calculated according to:*8

PO0) =~ (10)

where PO(O)(G) = (27 /0)do /dw is the product angular distribution. Finally, the (real) renor-
malized PDDCSs, péi} (), are obtained from the (complex) Pt () PDDCSs using the Hertel-
Stoll normalization.*’

Calculations were also performed using a QM hard-shell model, in which the potential is
infinite within a boundary Rg and zero outside. These QM calculations treat the NO(X)
molecule as a closed shell species and were performed using the method of Bosanac and
Petrovic.?®%! The hard-shell potential contours were obtained by intersecting the unmodified
Veum (R, ) potential at 514cm~!.5! For the mass and collision energy of the system, rotational

states up to j = 23 and partial waves up to J = 100 were included in order to converge the

calculations.

III. RESULTS AND DISCUSSION
A. Spin-orbit conserving DCSs

The ion-images for a range (j' = 4.5 — j = 15.5) of spin-orbit conserving f — f (top
panel) and f — e (bottom panel) transitions are shown in Fig. 2. The top row in each
displays the experimental ion images and the fitted images are shown below. The direction
of the initial relative velocity (in this case v, = vno — Vk;) is indicated by the white arrow,
such that intensity in the top left of the image corresponds to forwards scattered NO(X)
products and intensity in the bottom right to backwards scattering. The Ry, spectroscopic
branch or the overlapping Q11 + Ps; branches were used to record the f — f images, while
the f — e images were recorded using either the Py or R1; + Q1 branches. The branch used
depended on a several factors, including signal levels for the state and the congestion of the
spectrum around the wavelength. The images displayed were all recorded with horizontally
polarized light. The corresponding images obtained with vertical polarisation were also
recorded and analysed, but are not displayed here.

There are a number of qualitative trends with j' that can be seen in the images. Firstly,

the size of the ion image decreases with increasing final rotational level. This is due to a
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larger proportion of the collision energy being transferred into rotational energy, resulting
in a smaller outgoing translational energy with increasing Aj. It can also be seen that as
the rotational state increases the scattering shifts from predominantly forwards scattering
(at low j') to sideways and backwards scattering for higher (j'). This observation can be
rationalized by considering that collisions that result in little rotational excitation are due
to glancing collisions, in which the NO molecule is minimally deflected, whereas head on
collisions that result in sideways and backwards scattering are required for large amounts of

rotational excitation.

The data were fit using the method outlined in Section II B, and the fitted images are
displayed below the corresponding experimental image. The agreement between the experi-
mental and fitted images is good, lending confidence to the parameters chosen for the basis
sets. The DCSs derived from the experimental images are displayed for spin-orbit conserv-
ing f — f and f — e transitions in Figs. 3 and 4, respectively. Because the experiment
yields only the angular distribution of the scattered products, rather than the differential
cross section, the experimental data were separately scaled to the QM results by normal-
izing the experimental DCSs to the area under the theoretical DCSs. Agreement between
the experimental (red line) and theoretical (black line) DCSs is, in general, very good. The
very rapid oscillations present in the forward scattered direction of the quantum mechanical
calculations cannot be resolved in the experimental data. The velocity distributions in the
molecular beams, as well as other factors such as the size of the detection volume, cause
these to be blurred out. Recent experiments have used Stark deceleration techniques to
select a very narrow velocity distribution of the NO(X) molecular beam,® allowing these

oscillations to be resolved in the NO(X) + He, Ne and Ar systems.

As noted in Section I, the parity of the NO(X) wavefunction is given by p = e(—1)72,

where € = +1 for the e and ¢ = —1 for the f A-doublet levels. A number of parity
dependent effects can be seen in the DCSs. Starting from j = 0.5 and ¢ = —1, parity
conserving (changing) transitions are those for which €/(—1)2/ = —1(+1). The magnitude

of the DCS is much larger for parity conserving transitions (such as parity conserving j' =
5.5, e compared to parity changing j* = 5.5, f), as a consequence of the near homonuclear
nature of the NO(X) molecule. Parity conserving transitions also exhibit multiple peaks in
the DCSs, for example j° = 10.5, f, which are not observed in the parity changing DCSs,

such as j/ = 10.5,e. As noted in Section I, these effects have been shown to be due to



quantum interference between trajectories scattering from different regions of the molecule
for the NO(X) + Ar system,?%2735 and have also been observed for NO(X) + Ne.?® Previous
experiments on NO(X) + He did not see such parity dependent oscillations at the collision
energy of the experiment,?*?® although they were predicted for higher collision energies.??:53

The similarity of the DCSs for the ‘parity pairs’ of states with a common value of n =
j' — €€’ /2 has already been noted.?$26-2835> Compared to NO(X) scattering by He, Ne, and
Ar, the parity pair behavior is somewhat less apparent in the case of Kr. For example, the
parity pairs connected by n = 10 (j/ = 10.5, f and 7/ = 9.5,e) and N = 12 (j' = 12.5, f
and j° = 11.5,¢) show noticeably different DCSs for NO(X) + Kr, differences which are
generally less apparent in the lighter collision systems. The parity pair behavior arises
because states with the same n are directly coupled by the same terms in the interaction
potential %53 However, as the scattering becomes less direct, and the scattering takes place

5253 more terms in the interaction potential are involved in

through tiers of virtual states,
coupling each initial and final state. The similarity of the DCSs within a given parity pair

therefore becomes less apparent.

B. Spin-orbit changing DCSs

Experimental and fitted images are shown in the top panels of Figs. 5 and 6 for spin-orbit
changing f — f and f — e transitions. f — f transitions were recorded using the Rgs or
Q12 + Pos branches, and the f — e transitions were recorded using the overlapping Qg +
Ri2 branches. Similar trends to those observed in spin-orbit conserving transitions can be
seen, and the discussion will not be repeated here. The spin-orbit changing images have
a signal-to-noise ratio that is slightly worse than for the spin-orbit conserving transitions
due to the lower integral cross sections. Again, agreement between the experimental and
fitted images is good and the extracted DCSs are compared to the corresponding quantum
calculations in the bottom panels. As discussed in Section I, spin-orbit changing collisions
can be considered to take place on the Vgg (R, y) potential. This is calculated using Eq. (2),
so is much more sensitive to inaccuracies in the V4 and Vy» surfaces than the Vi, (R, )
surface. As such, the good agreement between experiment and theory for the spin-orbit
changing transitions confirms the high degree of accuracy of the potential energy surface for

these calculations.

10



Overall, the DCSs for the spin-orbit changing transitions show similar parity pair behavior

as the spin-orbit conserving transitions.

C. Collision induced alignment

The experimental images for collision-induced alignment are shown in Fig. 7 for a range
of spin-orbit conserving f — f states. The collision-induced alignment images are obtained
by recording individual DCS images with horizontally and vertically polarized light and
taking the normalized difference, (Iyv — In)/(Iyv + In), of the images. This minimizes the
effect of the DCS weighting and flux density correction on the alignment information.'?2°
The overall agreement between the experimental, simulated and fitted images is very good,
with the depolarisation correction often accounting for the asymmetry in the images. In
areas of the image where the DCS is small, for example at scattering angle greater than
80° for j' = 7.5, the experimental intensity is low and so no alignment information can be
obtained.

In these normalized difference images, areas of black indicate no alignment of j’, red
or green indicates Iy > Iy and blue or purple corresponds to Iy > Iy. Low and medium
rotational states (7/ < 12.5) were recorded using the Ro; spectroscopic branch. For an R
branch transition the transition dipole moment, u, is perpendicular to the molecular axis,
r and 7’ in the high j limit. Since the probability of absorbing a photon is maximum when
the electric vector of the light, €, is parallel to p, and a minimum when the two vectors
are perpendicular, it follows that when Iy > [y, j’ will lie in the plane defined by the
molecular beams, corresponding to ‘propeller’ like rotation. Likewise when Iy > Iy, 7’ will
lie out of the molecular beam plane, so the molecule is rotating like a ‘frisbee’. For all states
recorded using R branch excitation, the positive intensity that can be seen in the forward
scattered direction corresponds to propeller like rotation. As the scattering angle increases,
the intensity becomes less positive and then negative indicating the transition to ‘frisbee’
like rotation in the very backward scattered direction. The extent of the ‘propeller’ like
rotation decreases with increasing rotational excitation.

For high rotational states (j° > 13.5) the overlapping Q11+P2; branch was used, due
to the small cross sections. In the case of Q branch transitions, u lies parallel to 3 and

perpendicular to the molecular axis, therefore Iy > Iy will correspond to the molecule

11



rotating like a ‘frisbee’ and when Iy > Iy the rotation of the molecule will resemble that
of a propeller. For P branch transitions, p is, as in the case of R branch transitions,
perpendicular to j’. Since the intensity of the Q branch is approximately twice as sensitive
to alignment than the P branch, the contribution from the ) branch will dominate. Note
that the intensity of the images is inverted compared with the experimental images recorded
with only R branch excitation. The extent of ‘propeller’ like rotation is very small for
j' = 13.5, and for the highest j" states, only ‘frisbee’ like rotation is observed.

The above observations can be explained qualitatively by considering the classical kine-

1,4 which has previously been used to explain collision-induced alignment

matic apse mode
for collisions of NO(X) + Ar.'?% The kinematic apse lies in the scattering plane and is
defined as:
kK —k
0= —— 11
am (1)

where k and k' are the initial and final relative velocities. For a classical collision between
hard-shell particles, the projection quantum number of 5’ onto the apse, m,, is conserved
before and after collision. Since the NO(X) is prepared in its lowest rotational state, j = 0.5,
the projection onto the apse will be m, = 4+0.5, and therefore the rotational angular mo-
mentum after the collision must be near-perpendicular to the apse direction. Fig. 8 shows
experimental and apse model simulations for ;' = 6.5 and j* = 15.5. The apse model predicts
the ‘propeller’ like rotation for forward scattering at low rotational excitation, and ‘frisbee’
like rotation in the backwards scattered direction and at high j’. To rationalize this obser-
vation it is helpful to consider where the apse lies in each case, as shown schematically the
right panel of Fig. 8. For forward scattering at low 5’ (panel a), a lies almost perpendicular
to k, which after averaging over the azimuthal angle (k’ can point to anywhere on the green

dotted circle) results in a polarisation of 5’

in the plane defined by the molecular beams,
corresponding to the radical rotating like a propeller. In the backward scattered direction
(panel b) the apse has a greater component parallel to k, resulting in a polarisation of
7" more perpendicular to the molecular beam plane, corresponding to frisbee like rotation
of the molecule. As rotational excitation increases, the extent of propeller like rotation de-
creases until at high j', only frisbee like rotation is observed. Due to the increased rotational
excitation of the molecule, the outgoing velocity, k’ decrease, resulting in a smaller Newton

sphere as shown in panel c. In this case, a now has a significant component parallel to k,

resulting in frisbee like rotation even at small scattering angles.
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Qualitative inspection of the normalized difference images in Figs. 7 and 8 suggests that
even for the relatively attractive NO(X) + Kr system, the propensity to conserve the pro-
jection of 3’ along the kinematic apse is dominant feature of the rotation alignment data.

The renormalized PDDCSs derived from fits to the experimental images are shown in
Figs. 9 and 10 for spin-orbit conserving f — f transitions, where they are compared with
CC QM calculations. The experimental and CC QM DCSs are also shown in the left hand
column. Agreement between the experimental and theoretical PDDCSs is very good across
the entire range of transitions.

The péQ}(G) moment quantifies the alignment of j' with respect to k, with positive values
indicating j’ is parallel to k, and negative values indicating alignment of 5’ perpendicular to
the scattering plane.?*5® Features such as the change in sign of the p({)Q}(G) at small scattering
angles for j° = 5.5 is captured in the experimental data, however, some sharper features,
such as the oscillation in the péQ}(Q) at approximately 70° in 5/ = 6.5 cannot be resolved due
to the number of moments used in the fit. At high 5’ (5* > 14.5), the experimental p({f}(e)
seems to indicate stronger alignment than the QM calculations predict. These transitions
were recorded using a mixed QQ and P branch, so the sensitivity of the intensity on alignment
will vary slightly depending on the part of the line used to probe the transition. For this
reason it is preferable to use non-overlapping branches where possible.

In the QM data, as the scattering angle goes to 0°, the p({]Z}(Q) moments tends to its

limiting value of around —0.5, and the pgi}(ﬁ) to 0, corresponding to j’ lying perpendicular
to the molecular beam plane or frisbee like rotation.”® At 0°, k' lies completely parallel to
k, so the apse will be antiparallel to k and 5’ will be required to be perpendicular to the
plane defined by the molecular beams, so péQ}(G) will tend to its limiting value. Oscillations
in the QM data can be seen at the same scattering angle in both PDDCSs and the DCS, for
example at approximately 95° in the j° = 8.5 transition. The oscillations in the DCS have
previously been shown to be due to interference from trajectories sampling different regions
of the potential. A weak parity dependence is seen in these oscillations, with the features
being more prominent in transitions in which the total parity of the NO wavefunction is
conserved throughout the collision.

{2}

The p5)(0) moment describes the preference for alignment of j° about the scattering

frame x or y axes.?®® The péi}(e) moment is generally found to be negative, consistent

with alignment of j’ out of the scattering frame, along the scattering frame y-axis. Similar
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behavior has been found to NO(X) + Ar.? In previous work on NO(X) + Ar, it was found
that the pgi}(ﬁ) was systematically slightly underestimated.?® This was attributed to the
distorting effect of the slight asymmetry in the images. In the present work, there seems to
be no such systematic underestimation of the ,033(9), as the asymmetry in the image has
been accounted for during the fitting procedure as described in Section II B.

Experimental alignment images for spin-orbit changing collisions j' = 5.5, e and 7' = 9.5, e
are shown in Fig. 11 along with QM simulations, fits and V+H DCS images. Both images
were recorded using the Qao+R15 overlapping spectroscopic branch. As discussed previously,
areas of negative intensity indicate propeller like rotation of the radical and positive intensity
corresponds to frisbee like rotation. The extent of propeller like rotation in j* = 9.5 is much
less than for the corresponding spin-orbit conserving transition, due to the smaller value

of k' (the upper spin-orbit level lies approximately 123 cm™!

above the lower), resulting
in a greater alignment of the kinematic apse parallel to k similar to the case with high j’
shown in Fig. 8. It should also be noted that the DCSs for the spin-orbit changing collisions
show significantly more sideways and backward scattering than the corresponding spin-orbit
conserving transitions. This reflects the fact that partial waves with lower J (or lower
impact parameters) contribute to the DCSs for spin-orbit changing collisions compared with
the spin-orbit conserving transitions.”> The experimental DCSs and pi* (8) and pi? (9)
moments are compared to the CC QM calculations in the bottom panel of Fig. 11. Agreement
between experiment and theory again is very good. Undulations in the three sets of data

can be seen at the same scattering angle (approximately 70° for 5/ = 9.5), however, they

appear much less prominent than in the spin-orbit conserving data.

D. Comparison with NO(X) + argon and with model calculations

As discussed previously, collision-induced alignment in the NO(X) + Ar system has been
extensively studied.®1229:36:37 Qwitching the colliding partner from Ar to Kr results in a
number of changes to the system. Firstly, the NO(X) + Kr potential energy surface is more
attractive than that for NO(X) + Ar, with well depths of 147 cm ™! (A’ surface) and 143 cm™!
(A" surface)? compared to well depths of 116 cm™! (A’ surface) and 111cm™! (A” surface)
in the case of NO(X) + Ar.? Furthermore, there are also subtle differences in the range and

anisotropy of the potentials for the two systems, most notable in the attractive regions of
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the surfaces.®* It should also be noted that, whilst the experimental collision energy of the
system remains largely unchanged (530 cm™! for NO(X) + Ar and 514cm™! for NO(X) +
Kr), the increase in reduced mass results in a ~12% smaller de Broglie wavelength in the
NO(X) + Kr system. In this Section we will explore the similarity and differences between
the two systems, and the effect these have on the ability of the apse model to correctly

account for the collision-induced alignment.

Fig. 12 shows a comparison of CC QM (black continuous line) and QM hard-shell (red
dashed line) DCSs for both the NO(X) + Ar (left) and NO(X) + Kr (right) systems. The
open shell CC QM data obtained using the full potential are for the f — f transitions, which
are parity conserving for even Aj and parity changing for odd Aj. The QM data obtained
using the hard-shell potential involve the same parity changing collisions as the open shell
f — f transitions, but note that these calculations treat NO as a closed shell species.”® The
CC QM DCSs for NO(X) + Ar and NO(X) + Kr share many similar features, such as the
overall magnitudes and position and number of peaks. The main difference can be seen in
the forward scattered region, where the DCS for NO(X) + Kr is larger than that for the
corresponding NO(X) + Ar transition. Trajectories that sample the attractive region of the
potential are more likely to be forward scattered, so an enhancement in the DCS in the

forwards scattered region is seen for the more attractive NO(X) + Kr system.

The QM hard-shell calculations remove the effect of the attractive part of the potential,
and also the finite range of the repulsive wall. The QM hard-shell data correctly predicts
the number of peaks in the DCSs. However, the peaks are shifted to larger scattering angles
than in the CC QM calculations due to the absence of attractive forces, and the model QM
calculations also over-estimate the integral cross sections for the high Aj transitions. The
QM hard-shell model predicts two prominent peaks for NO(X) + Ar 5/ = 10.5, but three
prominent peaks for NO(X) + Kr. As noted above, these oscillations have previously been
shown to be dependent on interference from trajectories sampling different regions of the
potential, and the frequency of the oscillations is dependent on the de Broglie wavelength
(A = h/p) of the system, and on the range and anisotropy of the interaction between
NO(X) and the rare gas.?%2"3% In particular, for parity conserving transitions, such as the
ones shown, at fixed de Broglie wavelength, the frequency of the oscillations depends to
a good approximation on the difference in the major and minor rigid ellipse parameters,

(Ax — B) and (Ao — B).252735 Although the range of the PES sampled at the collision of
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the experiment is somewhat larger for Kr than for Ar, the potential for Kr is slightly more
spherical, and this effect alone would result in fewer oscillations being observed in the DCSs
in the case of Kr. Counteracting the effect of the anisotropy in the PES, the decrease in the
de Broglie wavelength of the NO(X) + Kr collision pair compared with NO(X) + Ar leads
to an increase in the number of oscillations. Thus, overall, the change in the de Broglie
wavelength is the dominant effect responsible for the increase in the number of oscillations
in the Kr system relative to scattering with Ar.

CC QM and QM hard-shell péz} (0) alignment moments are shown in the second and fourth
columns of Fig. 12, along with the results of the kinematic apse model. The agreement be-
tween the ,032}(6) alignment moments determined from all three calculations is generally
quite good. Apart from the lowest rotation state shown (j' = 5.5, f, see below), the CC
QM and QM hard-shell ,032}(9) moments are in excellent agreement for both the Ar and Kr
collision systems. Slight undulations can be seen in both the QM hard-shell and CC QM
calculations at sideways scattering angles, such as at approximately 100° for j* = 8.5 in the
CC QM calculations. The undulations in the CC QM data are not reproduced quantita-
tively by the QM hard-shell, and, unsurprisingly, are not observed at all in the apse model
calculations. At low j', very rapid oscillations are found in the extreme forward scattered
region of the QM hard-shell and CC QM calculations, both in the DCSs and the align-
ment moments, which again are not observed in the apse model calculations. These rapid
oscillations can be described well by the Fraunhofer diffraction model.’”*® Such quantum
mechanical interference structure is not allowed for in the classical kinematic apse model,
but are seen in the QM hard-shell calculations.

The kinematic apse model describes a purely classical impulsive collision, taking place at
a specific point on the surface of the hard-shell, so it may be expected that the QM hard-
shell calculations, in which the interaction potential is purely repulsive, and the apse model
should agree very well. The agreement between the QM hard-shell and apse model péQ}(G)
alignment moments is good, particularly for large scattering angles, although deviations are
seen in the forwards scattered region. This disagreement increases with increasing j’, in
spite of the fact that collisions that result in large amounts of rotational excitation might
be expected to be more impulsive.

To understand the disagreement between the classical apse model and the QM hard-shell

calculations, one has to consider the QM encounter in more detail. The condition of the apse
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model, that the projection of 7 on the apse is conserved throughout the course of collision,

t,4 in which the molecule rotates slowly enough to

will be true only in the energy sudden limi
be considered nearly stationary during the interaction time. For low final rotational states,
the NO(X) molecule will be rotating slowly, and the atom will depart almost as quickly from
the encounter region as it did on approach. As more rotational energy is transferred to the
molecule, the NO(X) will be rotating faster and less kinetic energy will be available to the
atom. This results in an increase in the interaction time, and so the quantum mechanical
encounter will sample a larger range of bond axis orientations, and the collision can no
longer be assumed to have occurred at a specific point on the molecule.”® In the case of a
forward scattered collision, the atom will stay close to the molecule for a longer time period
than in a backward scattered collision, because the former collisions are dominated by large
impact parameters, which cause the radial kinetic energy to be small. The projection of j
onto the kinematic apse in the QM encounter is less well conserved for such collisions, and

the deviations from the apse model are thus more pronounced for low scattering angles and

at high j'.%°

For NO(X) 4 Kr collisions leading to j* = 5.5, f it can be seen that the apse model and
QM hard-shell calculations both agree in predicting positive p({)2}(9) values between 0 and
45°, whereas the full CC QM calculations show a change in sign. This feature is a signature
of the attractive forces in the system.®® The change of sign in the CC QM p({)z}(ﬁ) data is not
present in the calculations for the NO(X) + Ar system, reflecting the more constrained range
of attractive forces in the Ar case. Recent work on the NO(A) + Ne system,%! which has
considerably weaker attractive forces than NO(X) 4+ Ar or Kr, attributed deviations between
quantum mechanical and apse model PDDCSs to the finite range of the repulsive potential.
Although the range of repulsive potential might play some role for NO(X) + Kr, it does not
appear to be the dominant mechanism for the breakdown in the apse model in this system.
The hard-shell QM calculations, in which the finite range of the potential is removed, show
good agreement with the full CC QM calculations for moderate to high Aj transitions, for
which the repulsive part of the potential is mainly sampled. In the present case, deviations
between the apse, hard-shell QM, and full CC QM calculations are more noticeable at low

Ay, in the forward scattered region, which is more dominated by the attractive part of the

potential, precisely where one might expect the apse and QM hard-shell models to fail.
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IV. SUMMARY

Inelastic collisions of fully A-doublet quantum state selected and resolved NO(X) with
krypton have been investigated. Experimental DCSs for both spin-orbit conserving and
changing collisions have been compared with CC QM calculations and have been found to
be in good agreement. Collision-induced alignment has also been studied, and the péQ}(G)
and pi}(e) alignment moments have been compared with theoretical calculations for a range
of spin-orbit and parity conserving and changing states. The alignment moments were shown
to be in good agreement with the CC QM calculations across all transitions. A comparison
with the NO(X) + Ar system revealed that the attractive nature of the NO(X) + Kr PES
results in an enhancement in the forward scattered region of the DCS. Comparison of the
alignment moments highlighted differences at low j’, where the kinematic apse results and
QM hard-shell calculations are less reliable for NO(X) + Kr. However, for higher j’, despite
the difference in the two systems, the apse model predicts the rotational alignment in both
systems almost as equally well, with discrepancies between the classical apse model and CC

QM calculations likely due to the finite interaction region of the QM encounter.
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FIG. 1. Experimental (Iy — Iy)/(Iv + Iug) ion images for spin-orbit conserving transitions to
j' = 6.5, f and j/ = 13.5, f superimposed with the appropriate Newton triangle for the collision.
A schematic of the Newton triangle for the collision is shown in the right hand panel. vno and
vk, are the lab frame velocities of the NO and Kr molecular beams respectively, and the relativee
velocity is defined here as vy = vno — vkr. The dashed circles show the Newton spheres for
j' = 6.5 (green) and j' = 13.5 (purple) and wvgoy, indicates the lab frame velocities of the slowest

moving molecules for each state.

FIG. 2. Experimental (top row) and fitted (bottom row) ion images for transitions between |2=0.5,
j=0.5, fy — |¥=0.5, j', f/e), as indicated. The initial direction of the centre-of-mass frame
velocity of the NO(X) is shown as a white arrow in the top left image. The data were obtained

with horizontally polarized probe laser radiation.

FIG. 3. Experimentally determined DCSs (red lines) and QM DCSs (black lines) for the transitions
between |[Q2=0.5, j=0.5, f) — [Q'=0.5, j/, f). The error bars associated with the experimental

data represent 95 % confidence limits. Transitions for which j — 0.5 is even are parity conserving.

FIG. 4. Experimentally determined DCSs (red lines) and QM DCSs (black lines) for the transitions
between |2=0.5, j=0.5, f) — |'=0.5, j/, €). The error bars associated with the experimental
data represent 95 % confidence limits. In this case, transitions for which j' — 0.5 is odd are parity

conserving.

FIG. 5. Top panel: Experimental (top row) and fitted (bottom row) ion images for transitions
between |Q2=0.5, j=0.5, f) — |Q2'=1.5, j/, f). Bottom panel: Experimentally determined DCSs
(red lines) and QM DCSs (black lines) for the transitions shown above. The error bars associated

with the experimental data represent 95 % confidence limits.
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FIG. 6. Top panel: Experimental (top row) and fitted (bottom row) ion images for transitions
between |Q2=0.5, j=0.5, f) — |Q2'=1.5, j/, €). Bottom panel: Experimentally determined DCSs
(red lines) and QM DCSs (black lines) for the transitions shown above. The error bars associated

with the experimental data represent 95 % confidence limits.

FIG. 7. Experimental (left column), simulated (second column) and fitted (third column) normal-
ized difference imagines, (Iv — I'y)/(Iy + Iy), for transitions between |Q2=0.5, j=0.5, f) — |©'=0.5,
j', f). The experimental (Iy + Iyy) images are shown in the right column.

FIG. 8. Comparison of experimental (Iy — Iy)/(Iv + In) ion images (left column) and simulations
using the apse model, i.e. assuming that j’ is almost perpendicular to the kinematic apse (middle
column), for transitions between |Q2=0.5, j=0.5, f) — |'=0.5, j' = 6.5,15.5, f). The right hand
panel shows schematically the direction of @ and j’ for a) forward scattering at low j', b) backward

scattering at low j’ and c) scattering at high j’.
g J

FIG. 9. Comparison of the experimental (red line) and QM (black line) péz}(é?) (middle column)
and pgi}(ﬁ) (right column) renormalized PDDCSs for transitions between |Q2=0.5, j=0.5, f) —
|Q'=0.5, j/, f), for states from j' = 5.5, f up to j/ = 10.5, f. The left column shows the experi-
mentally determined DCS (red line) and QM DCS (black line). The error bars associated with the

experimental data represent 95 % confidence limits.
FIG. 10. As for Fig. 9, but showing data for final states from j' = 11.5, f to 5/ = 16.5, f.

FIG. 11. Top panel: Experimental (left column), simulated (second column) and fitted (third col-
umn) (Iyv — Iyy)/(Iyv + Iy) images for transitions between [Q2=0.5, j=0.5, f) — |Q2'=1.5, j', e). The
experimental (Iy 4 Iy) images are shown in the right column. Bottom panel: Comparison of the
experimental (red line) and QM (black line) pé2} () (middle column) and pgi}(ﬁ) (right column)
renormalized PDDCSs for the transitions shown above. The left column shows the experimen-
tally determined DCS (red line) and QM DCS (black line). The error bars associated with the

experimental data represent 95 % confidence limits.
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FIG. 12. DCSs and péQ}(G) renormalized PDDCSs for the NO(X) 4+ Ar (left) and NO(X) +
Kr (right) systems. The collision energies for Ar and Kr systems are 530cm~! and 514cm™!,
respectively. CC QM calculations (black continuous lines) are compared with calculations using
the QM hard-shell (red dashed line). The apse model p({)Q} (#) renormalized PDDCSs are also
shown as blue dotted lines. The open shell CC QM data are for the f — f spin-orbit conserving

transitions.
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