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ABSTRACT
Building on our previous work on NO+Ar, this paper presents a complete set of orientation mea-
surements and quantum mechanical calculations for the NO+Kr collision system, including both
spin-orbit conserving and changing collisions, and both side-on (x-axis) and end-on (z-axis) ori-
entations. While many of the trends observed in the oriented differential and integral scattering
distributions, as well as in the spin-orbit branching fractions, are similar to the ones seen previously
for NO+Ar, a direct comparison with the Ar data reveals subtle differences in the scattering dynam-
ics, which we rationalise with the more extended attractive regions on the NO+Kr potential energy
surfaces. High-impact parameter collisions that lead to low scattering angles in the spin-orbit con-
serving manifold are particularly sensitive to the topology in the attractive parts of the potential,
whereasmore impulsive, low-impact parameter trajectories, which sample the repulsive parts of the
potential, produce very similar features in the oriented differential cross sections for the Ar and Kr
systems, especially for spin-orbit changing collisions.
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1. Introduction

The stereodynamics of molecular processes provide
valuable information on what conformation or relative
geometry promotes a certain chemical change within a
system, or, conversely, most efficiently prevents an unde-
sired reaction fromhappening. These processes are deter-
mined by the electronic structure of themolecular system
under study, which can be described theoretically by
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a single or multiple coupled potential energy surfaces
(PESs) [1–3]. Because of its importance in nature, stere-
odynamics is a broad field of research, ranging from
gas-phases studies of atoms and small molecules [4–7]
to investigations of binding mechanisms in proteins in
solution [8–10]. As broad as the research field itself are
the methods with which orientational effects are stud-
ied. Semi-classical and quantum mechanical approaches
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are used in calculations of the product distributions [2,
3, 11–13], while optical [14–17], magnetic [18, 19], and
electric [4, 5, 7, 20, 21] fieldmethods are applied to exper-
imentally align or orient molecules and atoms prior to
reaction.

Electric field orientation has been used in a variety
of gas phase experiments since the 1970s. Brooks and
Jones, as well as Beuhler, Bernstein, and Kramer, first
showed that symmetric [4, 5, 22] and asymmetric [23]
top molecules could be oriented in a static electric field
after transmission through the inhomogeneous field of
a hexapole. Since then, different groups have used vari-
ations of this methodology to orient linear, symmetric,
and asymmetric tops such as CD3I [6], OH [7], SO [18],
and NO [21]. Following on from work by Stolte and
coworkers [21, 24–26], our group has combined hexapole
state selection with electric field orientation to study
the stereodynamics of Ar atoms colliding with end-on
[27–30] and,more recently, side-on [31–33] orientedNO
molecules. In the current work, we extend these studies
to collisions of oriented NO molecules with Kr atoms to
investigate the effect the increased mass and the higher
polarisability of the rare gas atom (compared to Ar) has
on the orientation dependence of the scattering dynam-
ics. We present an exhaustive set of velocity-map ion
images and compare the extracted differential cross sec-
tions (DCSs), integral steric asymmetries (ISAs), and
spin-orbit branching fractions with quantum mechani-
cal (QM) calculations. The QM calculations make use of
our recently developed treatment which enables evalua-
tion of the relevant quantities at any arbitrary orientation
[31, 32].

Orientation in a static electric field requires the
diatomic molecule of interest to possess a permanent
electric dipole moment and to be open-shell (assuming
only first-order Stark effects are important) [34]. In its
ground electronic state, the NO molecule has a small
dipole moment of 0.1574D [35] and an unpaired elec-
tron in its π∗ orbital, making it a 2� system with two
distinct spin-orbit manifolds. The two spin-orbit mani-
folds are defined by the spin-orbit quantum number, |�|,
the absolute value of the sum of the projections of the
spin (|�| = 1/2) and electronic orbital angular (|�| = 1)
momenta onto the internuclear axis. The ground and
excited spin-orbit manifolds corresponds to |�| = 1/2
and |�| = 3/2, respectively.Within each spin-orbitman-
ifold, the rotational states are further split into two �-
doublet levels, which are the symmetric and antisym-
metric combinations of the |j,m,+|�|〉 and |j,m,−|�|〉
wavefunctions (where m is the projection of j, the total
rotational angular momentum excluding nuclear spin,
onto the relative velocity vector, k) [36]. These symmet-
ric and antisymmetric states are distinguished by their

respective symmetry indices ε = 1 (e state) and ε = −1
(f state) [37].

The small dipolemoment of NOnecessitates relatively
high experimental field strengths to properly orient the
molecules. However, even at a hypothetical field strength
of infinity, the degree of orientation is limited by a broad
cosine probability distribution [27]. In our experiments,
we select the low-field seeking f �-doublet of the |j =
1/2, |�| = 1/2〉 ground rotational state, which will ori-
ent antiparallel to the direction of the electric field, as the
molecular dipole moment, µ, points from the N-end to
the O-end [38]. Within the electric field, the selected f
state will evolve into a superposition state with contribu-
tions from both �-doublet levels [21, 24, 39]:

∣∣jmE|�|E〉 = 1√
2

[
α

∣∣jmE|�|e〉 + β
∣∣jmE|�|f 〉] , (1)

where mE is the projection of j onto the electric field
vector E, and α and β are the field-dependent mixing
parameters defined elsewhere [21, 24]. At the experimen-
tal field strength used in the presentwork, |α| and |β| take
on values of 0.64 and 1.26, respectively [27].

Since the electric field vector defines the orientation
of the molecules, it is convenient to specify the different
orientations by the polar (θE) and azimuthal (φE) angles
of the associated field vector in the scattering frame. This
is illustrated in Figure 1(a). In the scattering frame, the
z-axis is parallel to k, which we define as vKr − vNO. The
xz-plane coincides with the kk′ plane (where k′ = v′

Kr −
v′

NO is the outgoing relative velocity vector), and the y-
axis is chosen such that the frame is right-handed. The
angle between k and k′ is the scattering angle θ .

Figure 1(b,c) show two example velocity-map ion
images recorded for the final |j′ = 9.5e, |�| = 1/2〉 state
in the N-side and the N-end orientations. The Newton
diagram, showing the initial velocity vectors of the NO
(green) and Kr (brown) beams, respectively, as well as
k, which is overlaid with the scattering frame’s z-axis, is
depicted in the side-on image in panel (b). An example
outgoing relative velocity vector (brown arrow) and the
corresponding velocity vector of the scattered NO (−k′,
green dotted arrow) are indicated in the N-end image in
panel (c). For the end-on orientation, scattering is sym-
metric around k, making the φE angle redundant. The
electric field vector, E, in the N-end image points along
the −z direction (θE = 180◦, with µ (N→O) antiparal-
lel to it). When the polarity is switched, the orientation
will become O-end, with E pointing along the +z-axis
(θE = 0◦). For the side-on orientation, in which E is
directed perpendicular to the z-axis (and along the x-
axis), scattering is no longer symmetric around k and
the orientations are opposite in the two halves to the
left and right of k (indicated by the grey dotted line).
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Figure 1. Definition of the electric field vector in the scattering frame (a) and example velocity-map ion images for the |j′ = 9.5e, |�| =
1/2〉 final rotation state in the N-side (b) and N-end (c) orientations. The scattering frame’s z-axis is defined parallel to the initial relative
velocity vector, k, and the x-axis is defined by the kk′ plane, where k′ is the final relative velocity vector after collision and indicates the
direction of the outgoing Kr atom. The angle between k and k′ is the scattering angle θ , and vNO (green arrow) and vKr (brown arrow) are
the initial velocities of theNO and Kr beams in the laboratory frame. Note that theNOmolecules (green dotted arrow in (b) and (c)) scatter
in the direction opposite to k′. The electric field,E, is created by a set of positively and negatively charged rods, which preferentially orient
the NO molecules with their dipole moment (N→O) antiparallel to E. For side-on orientation (b), the rods are oriented parallel to k, for
end-on orientation (c), the rods are oriented perpendicular to k.

NO scattering towards the upper right side of the image
(the ‘fast’ side in the laboratory frame) corresponds to
−x orientation (O-side, θE = 90◦,φE = 180◦, indicated
by the grey −x label in the figure), while scattering
towards the lower left side (the ‘slow’ side in the labora-
tory frame) corresponds to +x (N-side, θE = 90◦,φE =
0◦, indicated by the grey +x label in the figure) orien-
tation of the electric field vector. When switching the
polarity of the field, the orientations in the two halves
of the image will be inverted. Note that the correspon-
dence between +x(−x) and the N-side(O-side) orienta-
tion implies near-side scattering, which is strictly the case
for medium and high rotational excitations. For far-side
scattering, +x(−x) corresponds to the O-side(N-side)
orientation.

2. Methods

2.1. Experimental methods

The crossed-molecular beam apparatus used to record
velocity-map ion images of the rotationally excited NO
molecules following collision with Kr atoms has been
described in detail previously [27, 32]. Briefly, a mix-
ture of about 15% NO and 85% Ar was expanded
in a skimmed supersonic molecular beam and passed
through a hexapole state selector, which focussed the
low-field seeking f �-doublet state into the centre of the
scattering chamber. There, the molecules were oriented
in a static electric field of 9.2 kV/cm and crossed with a
pure Kr atomic beam at right angles, resulting in a mean
collision energy of 612 cm−1. The skimmed Kr beam
was fired at 5Hz, half the frequency of the NO beam,

to allow for active background subtraction of unscat-
tered NO signal. Following collision with the Kr atoms,
the rotationally excited NO molecules (in either of the
two spin-orbit manifolds) were state-selectively detected
using a (1+1′) Resonance Enhanced Multiphoton Ioni-
sation (REMPI) scheme [40]. The resonant photon near
226 nm was produced by a tunable dye laser, while the
(non-resonant) ionisation photon was provided by the
308 nm fundamental of a XeCl excimer laser. The hori-
zontally polarised probe laser beam entered the scatter-
ing chamber approximately perpendicular to the relative
velocity vector, k = vKr − vNO, while the unpolarised
308 nm ionisation beam propagated roughly antiparallel
to k. The NO ions were subsequently velocity-mapped
[41, 42] onto a dual MCP/phosphor screen detector
and the ion signal recorded with an intensified charge-
coupled device camera.

The orientation field was created by a set of four rods,
with the two rods on either side charged to±8 kV.Within
the electric field, the dipole moment of the NOmolecule
will orient such that the N-end preferentially points
towards the negatively charged electrodes, and the O-end
towards the positively charged electrodes [38]. Thus, for
end-on collisions, the rods were oriented perpendicular
to the relative velocity vector, whereas for collisions of
the Kr atom on the side of the molecule, the rods were
placed parallel to k (see Figure 1(b,c)). During an exper-
iment, the polarity of the rods was switched every 200
laser shots, such that the two end-on/side-on orientations
were probed alternatingly and the effect of experimen-
tal drift on the measurement was minimised. Typical
ion images were accumulated over 60,000–100,000 laser
shots (including background counts), until convergence
was achieved.
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2.2. Theoretical methods

Quantum mechanically, collisions of an NO molecule
with a rare gas atom take place on two coupled PESs,
which are characterised by the position of the unpaired
electron with respect to reflection in the plane defined
by the NO molecule and the rare gas atom of interest. If
the unpaired electron of the molecule lies within the tri-
atomic plane, the symmetry label is A′; if the unpaired
electron lies perpendicular to the triatomic plane, the
symmetry label is A′′. Following the work by Alexander
[1, 43, 44], the full PES can be expanded as the half sum
and half difference of the adiabatic A′ and A′′ potentials:

Vsum (γ ,R) = 1
2
[VA′′ (γ ,R) + VA′ (γ ,R)]

=
λmax∑
λ=0

Vλ0 (R) dλ
00 (γ ) , (2)

and

Vdiff (γ ,R) = 1
2
[VA′′ (γ ,R) − VA′ (γ ,R)]

=
λmax∑
λ=2

Vλ2 (R) dλ
20 (γ ) , (3)

where R is the distance between the rare gas atom and
the centre of mass of the NO molecule, and γ describes
the angle between R and the molecular bond axis, r. The
Vλm(R) terms are the radially dependent expansion coef-
ficients and the dλ

mn(γ ) terms are reduced Wigner rota-
tionmatrix elements [36]. For Hund’s case (a) molecules,
spin-orbit conserving transitions can be described well
by the sum potential only, while for spin-orbit changing
transitions, the off-diagonalmatrix elements of the differ-
ence potential are necessary for an adequate description
of the scattering dynamics [44].

The differential cross sections (DCSs) for NO(j =
1/2) + rare gas collisions with a well defined initial rel-
ative orientation can be expressed in terms of the r-
polarisation moments (r-PDDCSs) [31, 32],

[dσ(θ)]φE
θE

= σiso

2π

[
R(0)
0 (θ) − |αβ|

(
cos θE R

(1)
0 (θ)

− √
2 sin θE cosφE R

(1)
1 (θ)

)]
. (4)

Here, the R(0)
0 (θ) moment is the isotropic polarisation

moment, and the R(1)
0 (θ) and R(1)

1 (θ) moments describe
the polarisation along the scattering frame’s z- and x-
axes, respectively [45]. σiso is the isotropic integral cross
section in the presence of the electric field, equivalent to
orientation along the scattering frame’s y-axis. The elec-
tric field vector is defined by θE and φE (see Figure 1(a)),

and α and β are the field-dependent mixing coefficients
introduced earlier.

The R(k)
q (θ) moments themselves are proportional to

products of the scattering amplitudes for the field-free
f → ε′ and e → ε′ transitions [31, 32],

σiso

2π
R(0)
0 (θ) = 1

2
(α2Q1/2e 1/2e + β2Q1/2f 1/2f ) (5)

σiso

2π
R(1)
0 (θ) = 1

2
(Q1/2f 1/2e + Q1/2e 1/2f ) (6)

σiso

2π
R(1)
1 (θ) = − 1

2
√
2
(Q−1/2f 1/2e + Q1/2e−1/2f ), (7)

where

Qm1ε1 m2ε2 ≡
∑
m′

Fm′ε′m1ε1 F
∗
m′ε′m2ε2

, (8)

and Fm′ε′mε and F∗
m′ε′mε

are the scattering amplitude and
its conjugate complex for the specified mε → m′ε′ tran-
sition, withm andm′ the projections of j and j′ onto the
relative velocity vector, k, and ε and ε′ the initial and final
�-doublet states.

The integral cross section (ICS) can be obtained by
integrating the DCS for a given orientation over sin θdθ
(the ICS represents the integrated cross sectionwithin the
collision plane). The normalised differences between the
ICSs for the two side-on (σ±x) and the two end-on (σ±z)
orientations define the integral steric asymmetries (ISA),
Sx and Sz, respectively [21]:

Sx = σ+x − σ−x

σ+x + σ−x
× 100, (9)

Sz = σ−z − σ+z

σ+z + σ−z
× 100. (10)

With these definitions, and assuming only near-side scat-
tering, positive values of Sx and Sz correspond to N-side
and N-end preferences, respectively, while negative val-
ues indicate a preference for O-side and O-end confor-
mations. In a recent publication, we have shown that the
ICS for an arbitrary orientation can also be calculated
from the ISAs for the side-on and end-on orientations
[46] according to

σ
φE
θE

= σiso

2π
(1 − cos θESz + sin θE cosφESx). (11)

The ICSs for the spin-orbit conserving (�� = 0) and
changing (�� = 1) transitions of a given final rotational
state, at a given initial orientation, can then be used to cal-
culate the spin-orbit branching fraction, which we define
as follows:

[
σfrac

]φE

θE
=

[
σ��=1

]φE

θE[
σ��=1

]φE

θE
+

[
σ��=0

]φE

θE

. (12)
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2.3. Computational details

Close-coupled quantum mechanical (CC-QM) calcula-
tions on the NO+Kr PESs by Wen et al. [47] were per-
formed using theHibridon suite of codes [48]. The calcu-
lations were propagated from 4.5 bohr to 65.0 bohr, using
the log-derivative propagator [49]. 260 partial waves and
a rotational basis with states up to j′ = 21.5, including
both spin-orbit manifolds and both �-doublet levels,
were used to ensure convergence. The calculations were
run over the spread of the experimental collision energy,
assuming a Gaussian distribution with a mean collision
energy of Ecoll = 612 cm−1 and a full width at half max-
imum of 25 cm−1. Polarisation moments and differential
cross sections for the two side-on and the two end-on
orientations were calculated for all energetically acces-
sible states, in both the spin-orbit conserving (�� = 0)
and the spin-orbit changing (�� = 1)manifolds. For the
theoretical analysis, the DCSs for the different NO orien-
tations were calculated at infinite field strength on the A′,
A′′, sum, and full potentials separately.

For comparison purposes, calculations were also run
for the NO+Ar and NO+He systems, employing the
PESs of Alexander [2, 50] and Yang and Alexander [51],
respectively.

2.4. Data analysis

The DCSs of the rotational states probed in the exper-
iment were extracted from the corresponding velocity-
map ion images according to the procedure outlined
in our earlier work on the NO+Ar collision system
[32]. First, the experimental images were simulated using
a Monte Carlo method with the various experimental
parameters, including the spatial, temporal, and velocity
spreads of the molecular beams, as well as the widths and
timings of the laser beams, defining the sample region.
In this manner, the instrument function and polarisa-
tion dependent correction factor could be established
and were convolved with a set of spherical harmonics
basis functions to reproduce the experimental images as
closely as possible. The polarisation correction, which
was estimated using the apsemodel [52, 53], incorporates
the collision-induced alignment of the ions detected with
horizontally polarised laser light.

Due to the presence of the orientation rods in the
velocity mapping field, the images are slightly elongated
along the axis of the rods (parallel to k for x-axis ori-
entation, perpendicular to k for z-axis orientation; see
Figure 1). This effect was accounted for by fitting ellipses
to the experimental images and stretching the basis func-
tions accordingly. The ratio of the short and long axis of
the ellipses was kept constant for states probed with the

same laser position and was scaled according to the out-
going velocity of each state. The generated basis functions
were then used to fit the sum and difference images for
the two orientations and extract the isotropic polarisation
moment, R(0)

0 (θ), and either the R(1)
0 (θ) (end-on orienta-

tion) or the R(1)
1 (θ) (side-on orientation) moment. These

momentswere substituted into Equation (4) to determine
the DCSs.

3. Results and discussion

3.1. Velocity-map ion images andDCSs

The experimental velocity-map ion images for the
x-axis and z-axis orientations, in both spin-orbit mani-
folds, are shown in Figures 2–5. The N-side(N-end) and
O-side(O-end) orientations are shown in the first and
second column, and the experimental and simulated dif-
ference images are shown in the third and fourth column,
respectively. The difference images were obtained by sim-
ply subtracting the −x image from the +x image (side-
on orientation), and the +z image from the −z image
(end-on orientation), respectively. The fifth and sixth col-
umn in the figures compare the DCSs extracted from the
experimental images (blue lines) with the QM calculated
DCSs (red dashed lines) for the two sides/ends.

In general, the experimental and simulated difference
images are in very good agreement and the experimental
DCSs match up well with the QM calculations. There are
some discrepancies, particularly in the forward scattered
region (�j = j′ − j = 2 − 4), where glancing collisions
dominate. In this region, both near-side (repulsive) and
far-side (attractive) trajectories are possible, with the lat-
ter allowing for �-type rainbow scattering, as observed
in unoriented NO + Kr collisions [54, 55]. An �-type
rainbow (where � refers to the nuclear orbital angu-
lar momentum) corresponds to a secondary maximum
in the (classical) deflection function, characterised by a
low scattering angle and a high impact parameter [12,
56, 57]. In the current calculations, the rainbow is pre-
dicted particularly prominent in the −x orientation for
j′ = 2.5e and in the −x and +z orientations for j′ = 3.5e
in the spin-orbit conserving manifold (see insets in Fig-
ures 2 and 4). These orientations correspond to repulsive
collisions of the approaching Kr atom off the O-side
and O-end, respectively; however, since the trajectories
responsible for the rainbow are expected to proceed along
the far side, the initial orientation for the −x trajectories
is in reality N-side, but instead of scattering off the N-
side, the Kr is pulled around towards the O atom. In the
+z orientation, the Kr atom approaches from the O-end,
passes themolecule on the side, and is then pulled over to
the far side at the N-end. This interpretation is supported



6 C. G. HEID ET AL.

Figure 2. NO+ Kr velocity-map ion images for the +x and −x orientations (first and second column), experimental and simulated dif-
ference images (third and fourth column), and+x and−x differential cross sections (fifth and sixth column) for the spin-orbit conserving
manifold. The experimental DCSs are shown in blue, with error bars representing one standard deviation; the QMDCSs, which have been
averaged over the collision energy distribution, are shown in red. The insets in the−x DCSs for j′ = 2.5e and j′ = 3.5e show an enlarged
view of the �-type rainbow in the θ = 0◦ − 30◦ region. The direction of the relative velocity vector, k = vKr − vNO, is indicated in the
top left image.
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Figure 3. NO+ Kr velocity-map ion images for the +x and −x orientations (first and second column), experimental and simulated dif-
ference images (third and fourth column), and+x and−x differential cross sections (fifth and sixth column) for the spin-orbit changing
manifold. The experimental DCSs are shown in blue, with error bars representing one standard deviation; the QMDCSs, which have been
averaged over the collision energy distribution, are shown in red. The direction of the relative velocity vector, k = vKr − vNO, is indicated
in the top left image.
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Figure 4. NO+ Kr velocity-map ion images for the −z and +z orientations (first and second column), experimental and simulated dif-
ference images (third and fourth column), and−z and+z differential cross sections (fifth and sixth column) for the spin-orbit conserving
manifold. The experimental DCSs are shown in blue, with error bars representing one standard deviation; the QMDCSs, which have been
averaged over the collision energy distribution, are shown in red. The inset in the +z DCS for j′ = 3.5e shows an enlarged view of the
�-type rainbow in the θ = 0◦ − 30◦ region. The direction of the relative velocity vector, k = vKr − vNO, is indicated in the top left image.
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Figure 5. NO+ Kr velocity-map ion images for the −z and +z orientations (first and second column), experimental and simulated dif-
ference images (third and fourth column), and−z and+z differential cross sections (fifth and sixth column) for the spin-orbit changing
manifold. The experimental DCSs are shown in blue, with error bars representing one standard deviation; the QMDCSs, which have been
averaged over the collision energy distribution, are shown in red. The direction of the relative velocity vector, k = vKr − vNO, is indicated
in the top left image.
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by the presence of an attractive well at theN–end (but not
at theO–end) of theNOmolecule for theVsum PES of the
NO + Kr system (see right column in Figure 10), which
may guide trajectories towards the other side. Experi-
mentally, our resolution is not quite sufficient to fully
resolve the rainbow, although the DCSs extracted from
the experiment roughly reproduce the extent of the calcu-
lated rainbows. The differences between the experimen-
tal and computational DCSs may also be partly due to
small inaccuracies in the PESs used for the calculations
[47].

For higher lying final states, for which the scattering
distributions become broader and more backward scat-
tered, the experimental resolution is less of a limiting
factor and far-side scattering becomes highly unlikely
[33]. In addition to the increasingly backward scattered
DCSs, the Newton spheres of the scattered NOmolecules
become smaller as j′ increases, since more of the ini-
tially available energy is converted into rotational, and
consequently less into translational, degrees of freedom.

The experimental DCSs for the spin-orbit changing
transitions exhibit overall poorer agreement with theQM
calculated DCSs. This is mainly a detection issue, as the
signal is typically lower for the spin-orbit changing tran-
sitions and the structures in the scattering distributions
less pronounced, both of which make fitting more chal-
lenging. Moreover, if there are indeed shortcomings in
the modelled potentials, the spin-orbit changing transi-
tions would likely bemore susceptible to them, since they
largely depend on the difference potential Vdiff , which
has been suspected to be less accurate than the Vsum
potential [47]. This, in turn, could also contribute to the
poorer agreement between experiment and theory.

As observed previously for NO+Ar [27, 30–33], the
orientational preferences of the DCSs alternate between
even and odd �j transitions. This is readily seen in the
difference images in Figures 2–5, where red indicates a
positive and blue a negative intensity. A positive intensity
corresponds to a preference for the +x/ − z orientation,
while a negative intensity corresponds to a preference
for the −x/ + z orientation. Note that for the x-axis ori-
entation, the difference images are inversely symmetric
around k, whereas the difference images for the z-axis
orientation are symmetric around k. In the x-axis orien-
tation, scattering to the left and right of k correspond to
N-side and O-side collisions in the +x image and vice
versa in the −x image. A negative/positive intensity on
the fast side of the image (to the right of k) therefore
corresponds to a preference for the +x/ − x orientation.
Overall, even states are found to be dominated by scatter-
ing towards the O-side/O-end (−x/ + z) and odd states
by scattering towards the N-side/N-end (+x/ − z) of the
NO molecule.

The +x/ − z DCSs for intermediate �j transitions
(�j ∼ 7 − 13 in the spin-orbit conserving and�j ∼ 5 −
11 in the spin-orbit changing manifold) generally exhibit
twomain features, while the−x/ + zDCSs typically only
showonemain peak. Similar trendswere observed inQM
calculations of the DCSs for NO+Ar at infinite field [31],
where it was shown that interference between trajectories
at the N-side and the N-end lead to more features, and
more forward scattering, than interference between tra-
jectories at the O-side and the O-end. Due to the lower
mass of the N atom, trajectories of the rare gas atom
towards the N-side/N-end can induce rotational excita-
tion at larger impact parameters, resulting in more for-
ward scattered cross sections with more maxima. Since
these characteristics pertain to the NO molecule rather
than the rare gas, the same argument also holds for
NO+Kr.

3.2. Integral steric asymmetries

The four panels in Figure 6 quantify the extent of orienta-
tional preference in terms of the integral steric asymme-
try, as defined in Equations (9) and (10). The ISAs for the
end-on and side-on orientations are shown on the left-
and right-hand side of the figure, with the spin-orbit con-
serving (�� = 0) and changing (�� = 1) manifolds
at the top and bottom, respectively. As for the DCSs,
the agreement between experiment (shown in blue, with
error bars representing one standard deviation) and the-
ory (shown in red) is overall very good.

In both orientations, the spin-orbit conserving man-
ifold shows clear oscillations between even and odd
�j states in the intermediate region, covering a range
between−48% and 34%.We have explained these trends
in a quantummechanical picture in which the sign of the
phase shift between interfering trajectories changes as a
function of final rotational state [31, 32]. For rotational
excitations above �j = 12, N-side/N-end collisions are
consistently preferred overO-side/O-end collisions, indi-
cating the classical regime, in which a higher torque can
be exerted near the (lighter) N-end of the molecule, thus
facilitating access to highly excited rotational states. The
oscillations in the ISA for the spin-orbit conservingman-
ifold are roughly centred around 0, with a slight shift
towards negative values. This shift is due to unequal mix-
ing of the initial e and f �-doublets at the experimental
field strength, which leads to a small overall O-side/O-
end preference for final e states (and a small overall pref-
erence for N-side/N-end collisions for final f states) [32].
Calculations carried out at infinite field show that the
shift essentially disappears [32].

The spin-orbit changing collisions exhibit an over-
all preference for positive ISAs, that is, a preference for
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Figure 6. NO+ Kr experimental and QM integral steric asymmetries for the end-on (left) and side-on (right) orientations in the spin-
orbit conserving (�� = 0, top) and changing (�� = 1, bottom) manifolds. Error bars in the experimental data (blue) correspond to
one standard deviation. The QM data (red) have been averaged over the experimental collision energy distribution.

N-side/N-end collisions. We have observed the same
trend in our previous work on the NO+Ar system, in
which we attributed the N-side/N-end preference to the
location of the unpaired electron closer to the N atom
of the molecule [33]. Since the incoming rare gas atom
canmore efficiently interact with the unpaired electron at
shorter distances, a change in spin-orbit quantum num-
ber is more likely to occur for collisions towards the
N-side/N-end. In addition, the oscillations of the ISA
between even and odd�j transitions are less pronounced
in the spin-orbit changing collisions, and the DCSs for
the two side-on and the two end-on orientations are
somewhatmore similar than in the spin-orbit conserving
collisions (see Figures 2–5).

3.3. Spin-orbit branching fractions

The spin-orbit branching fractions, which can be cal-
culated straightforwardly from the ISAs for the side-on
and end-on orientations (Equations (11) and (12)), pro-
vide further information on the geometric preferences
for the two spin-orbit manifolds. Figure 7 compares the

spin-orbit fractions for �j = 5 − 10 at all possible initial
orientations (as defined by θE and φE) for the NO+Ar
(left) andNO+Kr (right) collision systems. TheNO+Ar
data is reproduced from reference [46]. Once again, the
experimental data (top) agrees well with theory (bot-
tom). The branching fractions range from about 0.1 to
0.4 for NO colliding with Kr and extend a little further,
to about 0.45, for collisions with Ar. As the collisions
become more repulsive, spin-orbit excitations take place
more readily; the branching fractions therefore increase
for higher �j transitions. The branching fractions cal-
culated quantum mechanically for the NO+He system,
which is governed by a predominantly repulsive poten-
tial, confirm this trend and indicate the importance of
the repulsive forces for spin-orbit changing and higher
rotational excitations (see Supplemental Material).

The branching fractions also show distinct variations
as the initial relative geometry is changed, illustrating
how the relative populations of the two manifolds can be
controlled by altering the collision geometry. The max-
ima for even �j transitions (purple) are located around
θE = 135◦/φE = 0◦, between the N-end (−z) andN-side
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Figure 7. Integral spin-orbit branching fractions for NO+Ar (left, reproduced from reference [46]) and NO+ Kr (right). The experimental
fractions, with error bars representing one standard deviation, are shown at the top and the QM fractions at the bottom. Even and odd�j
transitions are represented inpurple andorange, respectively. The θE angles corresponding to the±x and±z orientations are indicated at
the topof thefigure (+x and−z correspond toN-side andN-endorientation, and−x and+z correspond toO-side andO-endorientation,
respectively).

(+x) orientations. The maxima for the odd �j transi-
tions (orange) are located around θE = 60◦/φE = 180◦,
between the O-end (+z) and O-side (−x) orientations.
The variations are more pronounced for the even states
and less so for the odd states.

For the odd states, N-side collisions dominate, espe-
cially for spin-orbit changing collisions (see Figure 6).
The maxima, particularly the ones for �j = 5, 7, are due
to minima in the backward scattered region of the spin-
orbit conserving manifold where the spin-orbit changing
DCSs exhibit considerable intensity. This is obvious in
the differential branching fractions for NO + Kr shown
in Figure S2 of the Supplemental Material. The odd �j
transitions in NO+Kr display larger branching fractions
in comparison to NO+Ar. The Kr DCSs for low and
intermediate �j transitions in the �� = 0 manifold are
very forward scattered (more so than in Ar), with little
to no intensity in the backward scattered region, while
the spin-orbit changing transitions show intensity over

the entire range of scattering angles (see Figures 2–5).
The weighting of the �� = 1 transitions in the more
backward scattered region is therefore relatively larger
for Kr than for Ar, resulting in slightly larger branching
fractions.

Although for even �j transitions O-side/O-end scat-
tering dominates in both manifolds, the preference is
much weaker for spin-orbit changing collisions than for
spin-orbit conserving collisions (compare the top and
bottom panels in Figure 6). Since the unpaired electron
is localised closer to the N atom, even �j transitions into
the spin-orbit excited manifold are relatively more effi-
cient near theN atom, and relatively less efficient near the
O atom, leading to distinct maxima and minima in the
branching fractions for the corresponding orientations.
For NO+Kr, these extrema are less prominent than for
NO+Ar; this appears to be due to the more extended
and deeper attractive regions in the NO+Kr PES, as
discussed below.
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3.4. Collisionmechanism

To elucidate the scattering mechanism for oriented col-
lisions of NO with Kr, it is instructive to determine the
specific orientation that maximises the DCS at a given
scattering angle. Figure 8 compares the maximised and
oriented DCSs, at infinite field, for NO+Kr collisions
into both spin-orbit manifolds of the j′ = 9.5e and j′ =
10.5e final rotational states with the corresponding DCSs
for NO+Ar collisions. The spin-orbit conserving colli-
sions are shown in the first and second column, and the
spin-orbit changing transitions are shown in the third
and fourth column, for NO colliding with Ar and Kr,
respectively. Cartoons of the preferred initial orientations
at a few selected scattering angles are shown below the
DCSs [31]. The direction of approach of the rare gas
atom indicates the direction of the initial relative velocity
vector k, and the blue and red shaded areas depict the pre-
ferred initial bond-axis distribution in the electric field
[27], with blue representing an N-side/N-end and red an
O-side/O-end preference. For clarity, only two states are
shown, but the trends also apply to other intermediate�j
transitions.

As already seen in the difference images in Fig-
ures 2–5 and the ISAs in Figure 6, the odd �j =

9 state shows a clear preference for collisions near
the N atom of the molecule in both spin-orbit man-
ifolds (+x/ − z orientations, red/green traces) and
across the entire range of scattering angles. For the
even �j = 10 state, collisions towards the O atom
(−x/ + z orientations, blue/purple traces) dominate
in general, but N-side collisions (red trace) become
important for the spin-orbit changing collisions, espe-
cially in the region of the second peak around θ =
45◦. This again reflects the overall preference for
N-side/N-end interactions in spin-orbit changing col-
lisions, where scattering is more efficient the closer
the rare gas can approach the unpaired electron.

The maximised DCSs and the DCSs for the different
orientations for spin-orbit changing collisions (columns
3 and 4) are strikingly similar for Ar and Kr, indicating
very similar collision dynamics. In contrast, the DCSs for
the spin-orbit conserving transitions exhibit different fea-
tures and varying orientational preferences for the two
rare gases (columns 1 and 2), particularly in the forward
scattered direction. For the odd �j = 9,�� = 0 tran-
sition, the +x orientation is close to the more forward
scatteredmaximisedDCS, while the+z orientationmore
closely matches the maximised DCS for the even �j =

Figure 8. Maximised (grey shaded areas) and oriented DCSs for spin-orbit conserving and changing transitions into j′ = 9.5e (top) and
j′ = 10.5e (bottom) at infinite field. Columns 1/3 and 2/4 show the spin-orbit conserving/changingDCSs for NO +Ar andNO+ Kr, respec-
tively. The +x and −x orientations are represented in red and blue, and the +z and −z orientations in purple and green, respectively.
Cartoons of the preferred initial orientation are shown at selected scattering angles.
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10,�� = 0 transition, which extends to higher scatter-
ing angles. These trends are consistent with our previous
findings for NO + Ar scattering into the spin-orbit con-
serving manifold [31, 32]. In that case, side-on orienta-
tionswere found to be generally favoured in themore for-
ward scattered region (θ ≤ 90◦), whereas end-on orien-
tations dominated in themore backward scattered region
(θ ≥ 90◦). In addition, generally the differences between
the DCSs for the +x/ − z and the −x/ + z orientations
appear a bit less stark in the spin-orbit conserving data
for Kr than for Ar.

Interestingly, a sharp forward scattered peak appears
in the Kr DCSs for both spin-orbit manifolds, but only
in the spin-orbit changing DCSs for NO+Ar. In our pre-
vious work on spin-orbit changing collisions of NO+Ar,
we have attributed this prominent feature to trajectories
on the A′ PES that are efficiently funnelled from the O-
end through the attractive well on the side of the NO
molecule and closely approach the extended width at the
N-end, where the unpaired electron lies within the plane
of the three atoms [33].

Figure 9 compares the infinite field DCSs for the j′ =
9.5e and j′ = 10.5e final states, calculated separately on
the A′, the A′′, and the sum potentials, with the DCSs cal-
culated for �� = 0 and �� = 1 on the full potentials.

The data for NO+Ar are shown in the grey shaded pan-
els; the data for NO+Kr are shown in the white panels.
Generally speaking, the spin-orbit conserving DCSs cal-
culated on the full potentials (column 4) for NO+Ar
look a lot like the DCSs obtained on the A′′ PES only,
which physically makes sense, since spin-orbit conserv-
ing collisions are more likely when the Ar approaches
the NO molecule out of the plane of the unpaired elec-
tron. However, the respective DCSs for NO+Kr look
more similar to the DCSs calculated on the sum poten-
tial. This suggests that for spin-orbit conserving transi-
tions the NO+Kr interaction involves more of an equal
mix of encounters on the adiabatic A′ and A′′ PESs,
whilst encounters on the A′′ PES dominate in the case of
NO+Ar [33]. In particular, the forward scattered feature
observed in the A′ DCSs for both collision systems (col-
umn 1) is carried over into both spin-orbit manifolds for
NO+Kr, but only into the spin-orbit excitedmanifold for
NO+Ar. In both systems, the spin-orbit changing DCSs
(column 5) show contributions from the A′ as well as the
A′′ PESs and look very similar to one another.

The similarities of the NO+Ar and the NO+Kr sys-
tems in �� = 1, and their dissimilarities in �� = 0,
suggest that the differences observed in the spin-orbit
branching fractions for the two systems (Figure 7) are

Figure 9. Infinite field DCSs for the j′ = 9.5e (top two panels) and j′ = 10.5e (bottom two panels) transitions calculated on the A′, A′′,
and sum PESs, as well as the full PESs for the spin-orbit conserving (�� = 0) and changing (�� = 1) manifolds (left to right). The
grey shaded panels are for NO+Ar, and the white panels are for NO+ Kr. The +x and −x orientations are represented in red and blue,
respectively, and the+z and−z orientations in purple and green, respectively.
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Figure 10. Sum, A′, and A′′ potential energy surfaces (rows 1–3) for He, Ar, and Kr (left to right). Repulsive parts of the potential are
represented in red with an energy spacing of 100 cm−1, attractive parts are represented in blue with an energy spacing of 25 cm−1. The
additional dotted blue lines in the He potentials correspond to 10 cm−1 and 20 cm−1. The fourth row shows cuts along the attractive
well on the side of the A′ (blue) and A′′ (red) potentials, as indicated by the dash-dotted line in the corresponding PESs. Rows 5 and 6
show the sum (black) and difference (green) potentials, and the Vdiff/Vsum ratio (purple) along the same y-coordinate as in row 4.
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mainly due to differences in the spin-orbit conserving
manifold. Owing to the higher polarisability of the heav-
ier Kr atom, the NO+Kr potential extends further and
features deeper attractive regions than the NO+Ar PES
(Figure 10). The repulsive cores of the two potentials,
however, only slightly differ by how far they extend from
the centre of mass, as illustrated in Figure S3 of the Sup-
plemental Material. The repulsive parts of the potential
play an important role for more impulsive, low-impact
parameter collisions, which are required for high�j tran-
sitions, as well as spin-orbit changing excitations. The
attractive parts of the PES, on the other hand, deter-
mine the scattering outcome of high-impact parameter
collisions that lead to predominantly forward scattered
distributions, which dominate the spin-orbit conserving
transitions. These forward scattered features are typi-
cally sharp and narrow and are sensitive to the specific
topology and well depths in the attractive regions [55].

Figure 10 compares the sum, A′, and A′′ PESs (top
three rows) for NO+Kr (right column) with the ones for
NO+He (left column) and NO+Ar (middle column).
While the potentials for NO+He are clearly dominated
by the repulsive core (represented in red), the attractive
regions (represented in blue) becomemore extended and
deeper with increasing mass of the rare gas atom. The
extended width near the N-end in the A′ PES is obvi-
ous in all three systems, indicating the location of the
unpaired electron. The bottom three rows in Figure 10
show cuts along the attractive well on the side of the A′
(blue trace), the A′′ (red trace), the sum (black trace),
and the difference (green trace) potentials, as well as
the difference PES divided by the sum PES, Vdiff/Vsum
(purple trace). The position of the cuts are indicated by
the dash-dotted lines in the corresponding A′, A′′, and
sum PESs.

For NO+He, the cuts through the sum and difference
potentials reveal that although the sum potential is more
attractive and the difference potential has small positive
and negative regions, the scales of the two potentials are
comparable. For NO+Ar and NO+Kr, the sum poten-
tials are muchmore attractive than the He sum potential,
and more so for NO+Kr. The difference potentials for
the Ar and Kr systems along the attractive well are very
similar. Since the difference potential has a stronger influ-
ence on the spin-orbit changing transitions, and the sum
potential on the spin-orbit conserving transitions [44],
the population of spin-orbit changing states relative to
the spin-orbit conserving ones are expected to be signif-
icant for NO+He and become smaller for NO+Ar and
NO+Kr. Indeed, this is what we observe in the experi-
mentally determined and calculated spin-orbit fractions
for NO+Ar/Kr in Figure 7 and for NO+He in Figure S1
of the Supplemental Material.

For NO+Ar and NO+Kr, the similar shapes and
amplitudes of the difference PES cuts provide an expla-
nation for the similar oriented DCSs found for spin-orbit
changing collisions in these two systems (refer back to
Figure 8). For the spin-orbit conserving transitions, the
deeper sum potential for NO+Kr leads to more forward
scattered cross sections than for NO+Ar. The corre-
sponding low intensities in the more backward direc-
tion of the spin-orbit conserving NO+Kr DCSs leads
to an increase in the relative population of the spin-
orbit changing transitions for odd �j transitions com-
pared to the Ar system. At the same time, the varia-
tions in the branching fractions for the even �j tran-
sitions become less pronounced for NO+Kr than for
NO+Ar (see Figure 7), as the attractive regions of the
more extended NO+Kr PESs dampen the effect of the
repulsive core. The scattering dynamics of the different
NO+ rare gas systems are thus determined by a delicate
balance between the attractive and repulsive forces of the
PESs.

4. Conclusions

We have measured the scattering distributions of side-
on and end-on oriented NO molecules colliding with
Kr atoms and compared them with full QM calcula-
tions. From the experimentally determined and calcu-
lated polarisation moments, we were are able to calculate
differential cross sections at any arbitrary orientation.
Similarly, the measured and calculated integral steric
asymmetries for the x- and z-axis orientations allowed us
to evaluate the spin-orbit branching fractions at any given
orientation.We observe significant variations in the scat-
tering distributions and integral branching fractions as
a function of initial orientation of the collision partners,
demonstrating once more how the collision outcome can
be controlled by defining the collision geometry.

The differences between the collision dynamics for
NO+Kr and NO+Ar highlight the importance of the
attractive parts of the PES, particularly for low and inter-
mediate�j transitions in the spin-orbit conserving man-
ifold, which are characterised by high-impact parameter
trajectories that lead to predominantly forward scattered
DCSs. The more extended and deeper attractive regions
of the NO+Kr potential result in more pronounced for-
ward scattering for the intermediate �j excitations and
wash out some of the clearer orientational effects we have
observed previously for NO+Ar. The roles of encounters
on theA′ andA′′ potentials to the scattering dynamics for
the spin-orbit conserving transitions appear more equal
for NO+Kr than for NO+Ar, which is largely domi-
nated by out of plane encounters on the A′′ potential [33].
The spin-orbit changing transitions, which are typically
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more sideways and backward scattered, are dominated
by the repulsive parts of the potential, with collisions
towards theN atom being overall more efficient, owing to
the location of the unpaired electron. Because the repul-
sive core of the NO+Ar and NO+Kr potentials are very
similar, both in shape and range, the spin-orbit chang-
ing DCSs for the two collision systems exhibit matching
features, pointing to very similar collision dynamics.
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