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Spain

(Dated: Received on February 18, 2020; Accepted on March 3, 2020)

Fully Λ-doublet resolved differential cross sections and collision-induced rotational align-
ment moments have been measured for the NO(X)–Xe collision system at a collision energy
of 519 cm−1. The experiments combine initial quantum state selection, employing a hexapole
inhomogeneous electric field, with quantum state resolved detection, using (1+1′) resonantly
enhanced multiphoton ionization and velocity map ion imaging. The differential cross sec-
tions and polarization dependent differential cross sections are shown to agree well with
quantum mechanical scattering calculations performed on ab initio potential energy surfaces
[J. K los et al. J. Chem. Phys. 137, 014312 (2012)]. By comparison with quasi-classical tra-
jectory calculations, quantum mechanical scattering calculations on a hard-shell potential,
and kinematic apse model calculations, the effects of the attractive part of the potential on
the measured differential cross sections and collision-induced rotational alignment moments
are assessed.

Key words: Chemical Physics, Reaction dynamics, Inelastic scattering

I. INTRODUCTION

Studies of the inelastic scattering dynamics of NO
in its ground X(2Π1/2) state with the rare gases (Rg)
present the experimental and theoretical scientist with
a number of challenges. The interaction of the nuclear
rotational angular momentum and the non-zero elec-
tronic orbital angular momentum leads to a splitting of
each rotational state of the NO(X) molecule into two
Λ-doublet levels, which have opposite parity and differ
in energy, for the lowest j=0.5 rotational state by as
little as 0.01188 cm−1. Despite the small energy differ-
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mark.brouard@chem.ox.ac.uk
‡Current address: Department of Chemistry, Swansea University,
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¶Current address: intellisense.io, 60 Station Road, Cambridge,
CB1 2JH, UK
††Current address: 400 Vermont Ave, Moss Beach, CA 94038,
USA

ence between the two Λ-doublets, the different parities
of the two levels have a marked effect on the scattering
dynamics, and consequently on the observed differen-
tial cross sections (DCSs) and polarization dependent
differential cross sections (PDDCSs) [1–3]. In addition,
the rotational energy levels are divided into two spin-
orbit manifolds that are separated by ∼123 cm−1 and
correspond to the two possible values for the projection
of j onto the molecular axis.

The NO(X) molecular wavefunction in the Hund’s
case (a) coupling scheme (valid for low rotational states)
is given by [4]

|j,m,Ω, ϵ⟩ =
1√
2

[|j,m,Ω⟩| − Λ,−Σ⟩+

ϵ|j,m,−Ω⟩| − Λ,−Σ⟩] (1)

where j is the initial angular momentum quantum num-
ber, m (the magnetic quantum number) is the projec-
tion of j onto the space-fixed z-axis, which in this case is
the initial relative velocity vector. Ω (the spin-orbit or
helicity quantum number) is the projection of j onto the
NO molecular axis, and ϵ is the spectroscopic index—
related to the system’s parity by

p = ϵ(−1)j−0.5. (2)
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The |Λ,Σ⟩ denotes the electronic part of the NO(X)
wavefunction, where Λ is the projection of the electronic
orbital angular momentum along the molecule-fixed
axis and Σ is the projection of the spin angular momen-
tum along the same axis. As for other NO(X2Π1/2)+Rg
systems, the scattering of NO(X) by Xe takes place on
two coupled adiabatic potential energy surfaces (PESs)
of A′ and A′′ symmetry [5, 6]. This necessitates cal-
culation of the quantum mechanical (QM) scattering
dynamics on the two coupled PESs simultaneously [5].

In the limit of Hund’s case (a), Alexander has
shown that spin-orbit conserving (∆Ω=0) and chang-
ing (∆Ω=1) transitions can be considered to occur on
half-sum (Vsum) and half-difference (Vdiff) diabatic po-
tentials, respectively [5, 6]

Vsum =
1

2
[VA′′(R, γ) + VA′(R, γ)]

=
∑
λ

Vλ0(R)dλ00(γ) (3)

Vdiff =
1

2
[VA′′(R, γ) − VA′(R, γ)]

=
∑
λ

Vλ2(R)dλ20(γ) (4)

where dλmn(γ) are reduced Wigner rotation matrix el-
ements, and Vλm(R) are radially dependent expansion
coefficients. R is the distance between the center-of-
mass of the diatom and the incoming atom, and γ is
the angle between the vector R and the NO bond axis
r (which is defined as N→O, parallel to the molecule’s
dipole moment).

Due to its open-shell character, inelastic scattering
of NO(X) has attracted considerable attention, and has
been the focus of many previous experimental studies.
These studies have concentrated on the inelastic scat-
tering of initially isotropically distributed [2, 7–20] as
well as oriented [1, 21–27] NO(X) molecules with a rare
gas or diatomic collision partner, to measure differen-
tial cross sections and collision-induced polarization, in
which either the rotational alignment [3, 28, 29] or rota-
tional orientation (the sense of rotation) [25, 28, 30, 31]
of the scattered NO(X) has been determined. A large
body of theoretical work also exists, ranging from accu-
rate QM scattering calculations [5, 6, 32, 33] performed
on high-quality ab initio PESs [33–39] to quasi-quantum
treatment (QQT) [1, 40] and quasi-classical trajectory
(QCT) calculations [41, 42], as well as more approxi-
mate models which simplify the description of the colli-
sion [43–45] to facilitate intuitive insights into the scat-
tering dynamics.

Very high resolution measurements of the DCSs for
the NO(X)+Xe system obtained using a Stark de-
celerator have been reported by Onvlee et al. [15].
These measurements have thus far focused on prob-
ing low rotational states in the spin-orbit conserving
manifold. The fully quantum state selected DCS and
PDDCS measurements that will be presented here for

the NO(X)-Xe system represent the first measurements
spanning the entire range of populated final rotational
states at a collision energy of 519 cm−1. Collision-
induced rotational alignment (CIRA) effects have been
probed for a selected number of states and the cor-
responding alignment PDDCSs extracted from the ex-
perimental data. Previous studies by the authors have
demonstrated the sensitivity of CIRA measurements to
the scattering dynamics [3, 28, 29, 46], something that
will be further explored in the present study.

Inelastic scattering processes are often interpreted in
the framework of simple impulsive models [44, 46, 47],
in which attractive forces are completely neglected. By
use of a hexapole state selector [2, 3] and two-color
resonantly enhanced multi-photon ionization (REMPI),
coupled with velocity map [48] ion imaging, [49] we
probe CIRA effects in a regime where these simple im-
pulsive models are no longer adequate, especially for the
heaviest Rg elements. By comparing quantum mechan-
ical hard-shell (QMHS) [45], QCT, and kinematic apse
model calculations with exact QM calculations, we are
able to discern the effects caused by the repulsive parts
and those due to the attractive parts of the intermolec-
ular PES.

The paper is organized as follows. Section II outlines
the theoretical and experimental techniques employed
in the study. This is followed by results and discus-
sion of the DCSs (Section III), the collision-induced ro-
tational alignment (Section IV), a theoretical analysis
of the CIRA (Section V), and a comparison between
the current data for NO(X)+Xe with previous work on
NO(X) collisions with the lighter rare gases (Section
VI). The paper finishes with a short summary and con-
clusions in Section VII.

II. METHODOLOGY

A. Theoretical calculations

1. Quantum mechanical scattering calculations

The QM scattering calculations were performed using
the HIBRIDON [50] suite of codes, in which the scatter-
ing wave function is propagated using the log-derivative
propagator [51] at short range and the Airy propagator
at longer range [52].

The QM calculations were performed on the Vsum

and Vdiff PESs of K los et al., which were calculated
at the RCCSD(T) level of theory [35]. The NO(X)
bond length was kept fixed at its equilibrium distance
(re) during the calculation. In order to average over
the collision energy distribution, the dynamical calcu-
lations were run on a grid of collision energies from
450 cm−1 to 550 cm−1, with a 10 cm−1 spacing. The
resulting DCSs and PDDCSs were then interpolated
and weighted over the experimental velocity distri-
bution, characterized by a Gaussian distribution cen-
tered at 519 cm−1, with a full-width-at-half-maximum
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of 50 cm−1. In all cases, the calculation was propa-
gated from 4.5 bohr to 60 bohr, with partial waves up
to J=220.5 included in the scattering wave function in
order to ensure convergence. Calculations on the Kr
and Ar systems were performed, as discussed previously
[29, 46], on the surfaces of Wen et al. [36] and Alexander
[33], respectively, at a collision energy of 510 cm−1.

For a specific |j,m,Ω, ϵ⟩→|j′,m′,Ω′, ϵ′⟩ transition,

the complex normalized PDDCSs, n
(k)
q (θ), which de-

scribe the polarization of the angular momentum vec-
tor of the scattered particles, are obtained from the QM
scattering amplitudes via [46, 53–55]

n(k)
q (θ) =

2π

σ

1

4kvj2
1

2j + 1∑
m,m′

1,m
′
2

{
fj′m′Ω′ϵ′←jm1Ωϵ(θ) f∗j′m′Ω′ϵ′←jm2Ωϵ(θ)

⟨j′m′1, kq|j′m′2⟩} (5)

with kvj denoting the incoming wavevector and σ being
the integral cross section of the transition. ⟨. . . | . . .⟩ is
a Clebsch-Gordan coefficient and fj′m′Ω′ϵ′←jm1Ωϵ(θ) is
the scattering amplitude for the transition. The com-
plex renormalized PDDCSs are calculated by

ρ(k)q (θ) =
n
(k)
q (θ)

n
(0)
0 (θ)

, (6)

where the quantity n
(0)
0 (θ)=(2π/σ)dσ/dω is the normal-

ized DCS (angular distribution). The real-value renor-

malized PDDCSs, ρ
{k}
q± (θ), have a clear directional sig-

nificance and are obtained using the Hertel-Stoll nor-
malization [53, 56]. The renormalized PDDCSs quan-
tify the angular momentum polarization, that is, the
alignment and/or orientation of j′ with respect to the
scattering frame, defined by the initial relative velocity
vector, k, and the final relative velocity vector, k′. Al-
though for a given j′ there are 2j′ possible momenta of
rank k ≤ 2j′, in this work, only the rank-2 (alignment)
PDDCSs are probed experimentally.

The distribution of the direction of j′ in the k-k′

frame can be written as a series in modified spherical
harmonics whose coefficients are the real renormalized
PDDCSs [53, 57–60]:

P (θ′j , ϕ
′
j |θ) =

2j′∑
k=0

2k + 1

4π
⟨j′j′, k0|j′j′⟩ ×

{
ρ
{k}
0 C

{k}
0 (θ′j , ϕ

′
j) +

[ k∑
q=1

ρ
{k}
q+ C

{k}
q+ (θ′j , ϕ

′
j)

+ρ
{k}
q− C

{k}
q− (θ′j , ϕ

′
j)

]}
(7)

where C
{k}
q± (θ′j , ϕ

′
j) are the Hertel-Stoll modified spher-

ical harmonic functions, as defined in Ref.[53]. This

FIG. 1 QM stereodynamical j′-portraits that show the dis-
tribution of the rotational angular momentum direction of
the outgoing NO radical after the inelastic collision, calcu-
lated using Eq.(7). The axes refer to the scattering frame.
The left and right panels show the distributions resulting
from the maximum (top) and minimum (bottom) values of

the ρ
{2}
0 (θ) (left) and ρ

{2}
2+ (θ) (right) moments, respectively,

with the remaining moments taken as zero. In both cases,
the maximum and minimum values correspond to j′=4.5,
which is still far from the classical limit.

expansion yields the probability of finding the mini-
mum uncertainty state pointing in a given direction
(θ′j , ϕ

′
j), and can be used to generate stereodynami-

cal j′-portraits, graphical representations depicting the
molecular rotational polarization [57, 58]. The stere-
odynamical portraits calculated using the maximum
(top) and minimum (bottom) possible values for the

renormalized ρ
{2}
0 (θ) and ρ

{2}
2+ (θ) moments, respectively,

are shown in FIG. 1 for the final j′=4.5 state. Note that
the maximum (or minimum) value cannot be attained
simultaneously for both PDDCSs.

2. Quantum mechanical hard-shell (QMHS) model

The QMHS scattering formalism uses the QM frame-
work to solve the scattering problem of atom-rigid rotor
collisions, treating all atoms as hard spheres. Within
this model, it is assumed—as in the classical billiard-
ball case—that the objects have no attractive poten-
tial, and that at the point of collision, the height of
the repulsive potential becomes infinite. Due to effects
relating to the temporal and spatial non-locality of the
QM collision, as investigated by Hornung et al. [45, 61],
important mechanistic insight can be gained from the
QMHS treatment.

A more detailed explanation of the QMHS method
is given in the supplementary materials and in Refs.
[43, 45, 61, 62]. In order to achieve convergence of the
observable quantities, partial waves up to J=150 and
rotational states up to j′=20 were included in the basis
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FIG. 2 The experimental apparatus consists of a 1.66 m long hexapole which selectively focuses doubly skimmed NO(X) in
the j=0.5, f state into the interaction region. The focused NO(X2Π1/2, j=0.5, ϵ=−1) molecules then scatter off a beam of
Xe atoms. (1+1′) REMPI is used to selectively ionize a single rotational state of the scattered NO(X), which is subsequently
imaged upon a P43 phosphor screen by a charge coupled device camera, and sent to a computer for averaging and analysis.

sets. The hard-shell potential for NO(X)+Xe was deter-
mined as the contour of the Vsum PES of K los et al. [35]
at the mean collision energy of the current experiments
(519 cm−1) [45, 61].

3. Quasi-classical trajectory (QCT) theory

The quasi-classical trajectory (QCT) methodology
used in this work has been described in detail previ-
ously [35, 41, 42, 63]. The trajectory calculations em-
ployed the same Vsum PES as used in the QM scattering
calculations [35]. Since this PES was obtained at fixed
NO(X) equilibrium bond length (re), during integration
of the equations of motion, the bond length was kept
fixed at re, using the method of Lagrangian multipliers
[41, 64]. The square of the classical angular momentum
was equated to j′(j′+1)~2, and the values of j′ were
then rounded to the nearest integer. The maximum
value of the impact parameter was determined as 7 Å,
beyond which no trajectories leading to final states with
j′>0 were observed. Calculations were carried out at a
collision energy of 519 cm−1.

The NO(X) molecule was assumed to be initially in
its lowest rotational state (j=0). Once the scattering
angle was determined for each trajectory, the DCSs and
PDDCSs were obtained by spherical harmonic expan-
sion. A batch of 3.5×107 trajectories was processed to
provide the scattering and polarization information of
interest.

B. Experimental apparatus

The apparatus has been described in detail previously
[2, 3, 65], and only a brief description will be given
here. The NO(X) and Xe molecular beams originate
from general valves (GV) pulsed at 10 Hz and (an av-
erage of) 5 Hz, respectively. The Xe beam is pulsed on
for two shots, and off for two shots, while the polar-
ization is alternated between horizontal (H) and verti-
cal (V) on a shot-to-shot basis. This allows on-the-fly
background subtraction of unscattered NO(X) in both
polarizations. NO(X) is seeded at about 15% in Ar

and is doubly skimmed (diameter 5.0 mm and 2.0 mm)
before entering a 1.66 m long hexapole. The hexapole
exploits the Stark effect in order to direct low-field seek-
ing ϵ=−1, f states into the interaction region, while
deflecting the high-field seeking e states away from the
axis of the hexapole. The experimental apparatus is
shown schematically in FIG. 2.

Upon collision with Xe, excited rotational states of
NO(X) in either of the two spin-orbit manifolds and ei-
ther of the two parity states (e/f) can be populated.
In order to achieve product state selection, a (1+1′)
REMPI scheme is employed, which is preferred over
a (1+1) scheme in order to avoid saturation [66], and
hence the loss of polarization information. Scattered
NO(X) is excited to a particular rotational level of the
NO(A) electronic state by means of a tuneable dye laser
at approximately 226 nm, followed by subsequent ion-
ization of the NO(A) state by 308 nm light from a XeCl
excimer laser. The polarization of the dye laser radi-
ation is selected by a Rochon polarizer, and is then
switched between H and V, using a photo-elastic mod-
ulator [3]. Typical ion images were integrated over
∼20000 laser shots. For ion images of the low j′ (j′≤7.5)
transitions, which have large signal levels, a pure P/R
branch is preferred, while for higher rotational excita-
tions with lower signal levels, a mixed Q+P/R branch
is preferred.

The ion optic stack consists of three electrodes which
velocity map the ions onto a pair of microchannel plates
(MCPs) placed in front of a P43 phosphor screen.
The ion signal is monitored by a photomultiplier and
recorded by a CCD camera, while concurrently being
sent for analysis to a computer workstation.

The collision energy of the experiment was deter-
mined from the image radii of the detected final rota-
tional states (see supplementary materials for details).

C. Vector correlations

An atom–molecule collision can be completely de-
scribed by four vectors [67, 68]. These four vectors are
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TABLE I The expectation values of some of the low rank polarization moments, along with the directional significance for
positive and negative values with respect to the scattering frame.

k q Expectation value Positive Negative

2 0 1/2⟨3 cos2 θj′ − 1⟩ alignment along z alignment perpendicular to z

2 1+
√

3⟨cos θj′ sin θj′ cosϕj′⟩ alignment along x + z alignment along x− z

2 2+
√

3/2⟨sin2 θj′ cos 2ϕj′⟩ alignment along x alignment along y

the initial relative velocity, k=vXe − vNO, the final rel-
ative velocity, k′=v′Xe − v′NO, and the initial and final
rotational angular momenta, j and j′, respectively. In
the current study, the k–k′ two-vector and the k–k′–
j′ three-vector correlations have been studied. These
vectors are shown pictorially in FIG. 3.

The k-k′ correlation, that is the DCS, has been de-
termined using velocity-map ion imaging to record the
final velocities on a position sensitive detector, while in-
formation about the rotational alignment of j′ has been
derived from the variation in the image intensity with
the linear polarization vector of the probe radiation, ε.
The experimentally measured angular scattering distri-
butions and polarization moments are convoluted with
a geometry dependent instrument function. The instru-
ment function is taken into account in the image anal-
ysis procedure described in the next section.

The product rotational angular momentum align-
ment is recorded by making use of the probe laser polar-
ization. In the case of light with linear polarization, the
classical probability of photon absorption, and hence
excitation, is proportional to cos2(θεµ), where µ is the
transition dipole moment. Taking the difference be-
tween images recorded using horizontally and vertically
polarized light therefore encodes information about the
extent of alignment of j′ with respect to the scattering
plane (see FIG. 1 and FIG. 3).

For achiral systems, such as the NO(X)+Rg collisions

in the absence of orienting fields, the ρ
{k}
q− (θ) moments

for even k are null. In addition, since linear polariza-
tion has been used for the (1+1′) REMPI detection, the
experiment is only sensitive to the k=2 alignment mo-

ments ρ
{2}
0 (θ), ρ

{2}
1+ (θ), and ρ

{2}
2+ (θ). Due to the experi-

mental geometry used in the current study (in which the
probe laser propagation direction is almost at 90◦ to the
relative velocity vector), the measurements are quite in-

sensitive to the ρ
{2}
1+ (θ) renormalized PDDCS. Although

this moment contributes negligibly to the overall align-
ment, it was included in the fitting routine. To illustrate
the different sensitivities more clearly, Table I lists the
classical expectation values and the directional mean-
ings for positive and negative values of the polarization
moments [53].

D. Image analysis

The DCSs for the two polarizations have been ex-
tracted separately and were then averaged, while the

FIG. 3 The three vectors measured in the current study
and how they relate to one another: k=vXe−vNO and
k′=v′

Xe−v′
NO are the initial and final relative velocity vec-

tors, respectively, and j′ is the final angular momentum vec-
tor. The scattering angle, θ, is the angle between k and k′.
The directions of the NO and Xe molecular beams, as well
as the polarization, ϵ, of the ∼226 nm probe laser are also
indicated.

PDDCSs have been obtained by fitting the difference of
the images recorded with vertical and horizontal polar-
ization. The method of data analysis for both sets of
images proceeds in the same manner as detailed previ-
ously in Refs.[3, 29]. Briefly, the detection probability
of a single scattering event, n, at a given pixel (x, y), is
given by

iV/H(xn, yn) = Z(xn, yn)Pscat(θn)AV/H(θn; Γn
V/H) (8)

where Z(xn, yn) is the instrument specific detection ef-
ficiency defined by the experimental geometry, Pscat

is the angular scattering distribution (proportional to
the DCS), and AV/H(θn; Γn

V/H) quantifies the polariza-

tion dependent transition probability. The Euler angles
Γn
V/H define the relative orientation of the scattering

frame with respect to the detector frame. The polar-
ization dependent transition probabilities are expressed
in terms of the renormalized PDDCSs:

AV/H(θn; Γn
V/H) = 1 +

∑
k,q

ρ
{k}
q± (θn)F

{k}
q± (Γn

V/H) (9)

where the functions F
{k}
q± (Γn

V/H) contain the geomet-

ric terms necessary to calculate the relative weights of
a particular PDDCS to the overall image (see below).
After summing over many sample events, as described
in Ref.[3], a simulation and series of basis sets modelling
the experimental image can be produced. The experi-
mental images are then fitted to these basis functions
to obtain the DCSs and PDDCSs of interest. The ex-
perimental image intensity at a particular pixel (x, y),
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is written as the sum of these basis functions:

I(x, y) =
∑
l

2l + 1

2
alBl(x, y) (10)

with the basis functions Bl(x, y) defined as in Refs.[3,
29]. The expansion coefficients, al, are optimized by
a genetic algorithm to maximize overlap between the
expansion of basis images and the experimental image.
The resulting coefficients are then re-expanded in terms
of Legendre polynomials to return the angular distribu-
tions and PDDCSs of interest. The angular distribu-
tions are finally scaled to the quantum mechanical inte-
gral cross sections to facilitate comparison with theory.

The two-vector k–k′ and three-vector k–k′–j′ corre-
lations are extracted from the experimental data in two
steps (the first step being to determine the DCSs using
assumed PDDCSs, the second step being to determine
the PDDCSs using the derived DCSs) to ensure that
the contribution of alignment effects to the extraction
of the angular distribution is minimized, and likewise
that the flux-density transformation has a minimal ef-
fect on the extracted PDDCSs. The polarization mo-
ments in Eq.(9) can be determined using a classical apse
model, which assumes that the projection of the angular
momentum onto the kinematic apse is conserved dur-
ing the collision process (see supplementary materials).
However, in order to obtain the best fit to the data in
circumstances where the kinematic apse model may be
less adequate, it is preferable to use the rotational po-
larization moments obtained from the QM calculations
to correct for the laser polarization [3, 29].

The factors F
{2}
q (ΓV/H) in Eq.(9) depend on the ge-

ometry of the experiment and the linestrength factors,
h(2)(j, j′) [69], and are given by [3, 28, 61, 70]

F
{2}
0 (ΓV/H) =

1

4
h(2)(j, j′)c2(j)[3 sin2 Θ cos 2χ

− (3 cos2 Θ − 1)] (11a)

F
{2}
1+ (ΓV/H) =

√
3

4
h(2)(j, j′)c2(j)[2 sin Θ cos Φ sin 2χ

+ 2 sin Θ cos Θ sin Φ cos 2χ

− sin 2Θ cos Φ] (11b)

F
{2}
2+ (ΓV/H) =

√
3

4
h(2)(j, j′)c2(j)

[
(1 + cos2 Θ)

cos 2Φ cos 2χ− 2 cos Θ sin 2Φ sin 2χ

− sin2 Θ cos 2Φ
]

(11c)

where the Euler angles (Θ,Φ, χ) describe the transfor-
mation from the detector to the scattering frame, and
the c2(j′) are conversion factors between alignment pa-
rameters and renormalized PDDCSs 1. A pictorial de-
scription of the Euler angles can be found in FIG. 1 of

1 The explicit value of the conversion factor is c2(j′)={(2j′ +
3)(2j′ − 1)/[j′(j′ + 1)]}0.5.

Ref.[3]. The Θ and Φ angles do not change with the V
and H geometry, however, the angle χ depends on the
polarization direction of the probe laser radiation [3].

By substituting the calculated values of the renor-
malized PDDCSs from the QM or the kinematic apse
model into Eq.(9), the correction factor as a function
of scattering angle (θ) is calculated and applied to the
basis sets used to fit the ion images, as described in
Ref.[3]. Once the DCSs are obtained, the PDDCSs can
be determined by direct fitting of the difference images,
as described in detail previously [3, 29].

III. EXPERIMENTAL DIFFERENTIAL CROSS
SECTIONS

Experimental ion images have been recorded for
almost the entire range of energetically accessible
|j′,Ω′, ϵ′⟩ states. The experimental images span from
j′=4.5 to j′=16.5 for spin-orbit conserving transitions
and from j′=3.5 to j′=11.5 for spin-orbit changing tran-
sitions. The experimentally measured ion images were
fit in the manner described in Section II D to extract
the fully state-resolved DCSs. The complete set of ve-
locity map ion images were fitted using the alignment
correction calculated using the renormalized PDDCSs
from the kinematic apse model and the QM renormal-
ized PDDCSs. As will be seen, the differences in the
DCSs derived from these two data analysis methods are
generally small, but differ most significantly in the for-
ward scattered direction, where the assumptions of the
impulsive kinematic apse model break down.

A. Spin-orbit conserving transitions

The experimental ion images obtained with the probe
laser tuned to detect spin-orbit conserving, ϵ′=f states
are shown in FIG. 4 (the corresponding results for the
ϵ′=e states are presented in the supplementary mate-
rials). The white arrow in the top left image shows
the direction of the relative velocity vector, k. The
asymmetry of the figures is due to the flux-density ef-
fects which are taken into account in the image analysis
through Eq.(8) [2].

The images obtained in the V and H geometries show
the characteristic features of the inelastic scattering
process. The images decrease in radius with increas-
ing rotational excitation, reflecting the lower center-of-
mass frame recoil velocities as j′ increases. As the en-
ergetic limit of rotational excitation is approached, the
images also become more backward scattered. Because
the electric polarizability of Xe is substantially bigger
than those of the lighter rare gases (10 times bigger than
that for Ne) [71], the attractive limb of the Vsum PES
extends to quite large R, approximately 6 Å. This leads
to a large degree of forward scattering in the observed
images [35], which persists to higher rotational excita-
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FIG. 4 Experimental and fitted velocity-map ion images (top) and corresponding DCSs (bottom), extracted from the fitted
images, are shown for the spin-orbit and Λ-doublet conserving |j=0.5, Ω=0.5, ϵ=f⟩→|j′, Ω′=0.5, ϵ=f⟩ transitions in the
∆j=4−16 range. The upper two rows of images are for horizontal (H) polarization, and the lower two rows for vertical (V)
polarization of the probe laser. The experimental DCSs represent the average of the DCSs extracted for the two polarizations.
The direction of the relative velocity vector is indicated by the white arrow in the top left image. The QM predicted DCSs
(red continuous lines) are compared to the experimental parity conserving (blue dashed lines) or parity changing (green
dashed lines) DCSs, obtained using a quantum mechanical polarization correction, and the experimental DCSs obtained
using the classical kinematic apse model (brown dotted lines).

tions than for the smaller rare gases, such as Ne and He
[10, 42].

The DCSs returned by the analysis of the experimen-
tal images are shown in the lower panels of FIG. 4.
Results are shown using an alignment correction based
both on the kinematic apse (brown dotted line) and on
the full QM PDDCSs (blue/green dashed line). The ex-
perimental DCSs obtained with the two methods agree
reasonably well with each other, as well as with the

QM DCSs. Similar results are obtained for the final e
Λ-doublet levels, as shown in the supplementary ma-
terials. Overall, there is somewhat better agreement
between the theoretical QM DCSs and the experimen-
tal data when the full QM PDDCSs are used for the
alignment correction, reflecting the fact that the CIRA
predicted by the kinematic apse model is less reliable
for NO(X)+Xe, since the attractive long-range forces
play an important role that cannot be neglected (see
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Section V).
The experimental ion images and DCSs display dis-

tinct features, such as ℓ-type rainbows [28, 35, 41] and
parity dependent oscillations [2]. These features have
been noted and discussed in previous work on NO(X)
collisions with the lighter rare gases, and further details
are provided in the supplementary materials.

B. Spin-orbit changing transitions

In the limit of Hund’s case (a) coupling, spin-orbit-
changing transitions are dominated by contributions
from the Vdiff surface [5]. The Vdiff surface is more
attractive than the Vsum PES (see FIG. 3 of Ref.[35]).
Furthermore, the fact that Vdiff is the half difference
between the A′′ and A′ adiabatic PESs, makes the spin-
orbit changing transitions particularly sensitive to small
errors in the ab initio or fitted A′ and A′′ PESs. Exper-
imental studies of the scattering dynamics of spin-orbit
changing transitions are therefore of interest to test the
accuracy of the calculated potentials.

The experimental ion images for the f→f spin-orbit
changing transitions are shown in FIG. 5. The lowest
(j′≤2.5) and highest rotational states near the ener-
getic maximum (j′>11.5) are not shown due to unac-
ceptably low signal-to-noise ratios. Similar data for the
f→e transitions are shown in the supplementary mate-
rials. In general, the signal-to-noise is somewhat poorer
for the spin-orbit changing transitions than for the spin-
orbit conserving transitions, due to the lower absorption
cross sections for transitions from Ω′=1.5 as compared
to those from Ω′=0.5 spin-orbit states. Note that, as
in the case of spin-orbit conserving transitions, parity
conserving transitions are more intense than the corre-
sponding parity changing transitions, reflecting the near
homonuclear character of the NO molecule (for a purely
homonuclear molecule, the parity changing transitions
would be forbidden). However, this effect is somewhat
less pronounced for the spin-orbit changing than for the
spin-orbit conserving transitions.

The experimental ion images, shown in FIG. 5, dis-
play many of the same trends as the images recorded
on the spin-orbit conserving manifold. However, all of
the states probed display significant scattering across
the full angular range of the image, in contrast to the
spin-orbit conserving transitions, which are generally
more forward scattered. For a given j′ state, an ex-
tra 123 cm−1 of energy is required to reach the Ω=1.5
spin-orbit manifold, resulting in fewer accessible states
than in the Ω=0.5 case and hence images of smaller
radius. For a given j′, since the spin-orbit changing
transitions are more endoergic, the images tend to be
more sideways and backward scattered, as the contri-
bution of high orbital angular momenta (high impact
parameters) is much smaller than for spin-orbit conserv-
ing collisions [35, 42]. This somewhat counterbalances
the more attractive nature of the Vdiff potential, which

would otherwise lead to more forward scattering.
The extracted DCSs for the ϵ-conserving states ob-

tained with the kinematic apse and QM alignment cor-
rections are shown at the bottom of FIG. 5. Simi-
lar data for the ϵ-changing states is presented in the
supplementary materials. The agreement between the
DCSs derived from the two correction methods is in
general good, with most states displaying only small
differences between the two extracted angular distribu-
tions. The more isotropic nature of the DCSs for the
spin-orbit changing transitions makes fitting more chal-
lenging than for the spin-orbit conserving transitions,
because any small inaccuracies in the instrument func-
tion or alignment correction can cause significant differ-
ences in the extracted DCSs.

The general level of agreement between the experi-
mental and QM DCSs for the spin-orbit changing col-
lisions suggests that the A′ and A′′ adiabatic PESs of
K los et al. [35] are sufficiently accurate to account for
the experimental inelastic DCSs. It should be noted
that high-resolution measurements on NO(X)+Xe for
low rotational states of the spin-orbit conserving man-
ifold by Onvlee et al. [15] also demonstrated nearly
quantitative agreement with theoretical calculations.
Also note that the QCT formalism does not currently
include the treatment of spin-orbit states; calculations
on the Vdiff PES have therefore not been performed.

IV. EXPERIMENTAL COLLISION-INDUCED
ROTATIONAL ALIGNMENT

The experimental ion images recorded with horizon-
tal (H) and vertical (V) polarizations were combined to
obtain normalized difference images which encode the
CIRA information. As noted in Section I, the present
study of the k–k′–j′ correlation will be limited to k=2
alignment moments since (1+1′) REMPI with linearly
polarized light has been used to detect the inelastically
scattered NO molecules. When the electric vector of
the light is parallel to the transition dipole moment,
µ, the transition probability is maximal. As illustrated
schematically in FIG. 6, for a Q branch transition (for
which j is parallel to µ in the high-j limit), when
IV(x, y)>IH(x, y), j′ will preferentially lie perpendic-
ular to the plane of the molecular beams, with a bond
axis motion corresponding to a ‘Frisbee’-like rotation.
Similarly, when IH(x, y)>IV(x, y), j′ will preferentially
lie parallel to the molecular beam plane, and rotate like
a ‘propeller’. For R and P branch detection (for which
j is perpendicular to µ in the high-j limit), the corre-
spondences are opposite to Q branch detection.

Experimental and fitted normalized difference images
are shown in FIG. 7. For the ϵ′=f Λ-doublet states,
recorded using pure R21 rotational branch excitation,
the positive signal (yellow/red) that can be seen in the
forward scattered direction corresponds to ‘propeller’-
like rotation. As the scattering angle increases, the
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FIG. 5 Experimental and fitted velocity-map ion images (top) and corresponding DCSs (bottom), extracted from the fitted
images, are shown for the spin-orbit changing and Λ-doublet conserving |j=0.5, Ω=0.5, ϵ=f⟩→|j′,Ω′=1.5, ϵ=f⟩ transitions
in the ∆j=3−11 range. The upper two rows of images are for horizontal (H) polarization, and the lower two rows for
vertical (V) polarization of the probe laser. The experimental DCSs represent the average of the DCSs extracted for the
two polarizations. The QM predicted DCSs (red continuous lines) are compared to the experimental parity conserving (blue
dashed lines) or parity changing (green dashed lines) DCSs, obtained using a quantum mechanical polarization correction,
and the experimental DCSs obtained using the classical kinematic apse model (brown dotted lines).

FIG. 6 The direction of the transition dipole moment, µ, with respect to the angular momentum vector, j′, for a pure Q
branch transition. The grey rectangle indicates the plane of the molecular beams. If the probe laser is vertically polarized
(V), “Frisbee”-like rotation is detected; if the probe laser is horizontally (H) polarized, ‘propeller’-like rotation is detected.
For P/R branch detection, the correlations are opposite.
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FIG. 7 Normalized difference images using horizontally (H) and vertically (V) polarized light for the indicated spin-orbit
conserving (Ω′=0.5) and changing (Ω′=1.5) ∆j transitions for the scattering of NO(X) by Xe. The top panel shows ϵ
conserving transitions, and the bottom ϵ changing transitions. In each panel, the top row contains the fitted normalized
difference images obtained using the fitting algorithm described in the text, while the bottom row contains the experimentally
measured normalized difference images. Note that the states with ∆j≥10, Ω′=0.5, as well as ∆j=9, Ω′=1.5, ϵ=+1 have
been recorded using a mixed Q+P/R branch, while all other images have been recorded using a pure R or P branch. The
intensities for the two detection methods are therefore reversed.

signal becomes less positive and then negative (blue),
indicating the transition to ‘Frisbee’-like rotation in
the very backward scattered direction. The extent of
the ‘propeller’-like rotation in the forward direction de-
creases with increasing rotational excitation. For high
rotational states (j′≥10.5), ϵ-changing transitions and
the Ω′=1.5 j′=9.5 e state, a mixed rotational branch
was used due to the low signal intensity. Since the inten-
sity of the Q branch is approximately twice as sensitive
to alignment as the P and R branches, the contribution
from the Q branch will be dominant. Consequently, the
intensity of the images is inverted with respect to the
experimental images recorded with pure R or P branch
excitation. The extent of ‘propeller’-like rotation is very
small for the highest rotational states; effectively, only
‘Frisbee’-like rotation is observed in those cases.

The ρ
{2}
0 (θ) renormalized PDDCSs for the transitions

involving the indicated final states derived from the
experiments (using the QM alignment correction) are

shown in FIG. 8. Similar data for the ρ
{2}
2+ (θ) PDDCSs

are shown in the supplementary materials. As seen in
FIG. 7 for both the spin-orbit conserving and changing

transitions, good agreement is found between the exper-
imental and fitted normalized difference ion images. As

a result, the experimental ρ
{2}
0 (θ) renormalized PDD-

CSs shown in FIG. 8 are in very good agreement with
those calculated theoretically. The experiment is more

sensitive to ρ
{2}
0 (θ) than to ρ

{2}
2+ (θ), due to the geometry

of the probe laser radiation [3], therefore, the experi-

mentally derived ρ
{2}
0 (θ) moments match the QM data

somewhat better than the ρ
{2}
2+ (θ) moments.

V. THEORETICAL ANALYSIS OF THE PDDCS
RESULTS

The CIRA has been studied using a number of theo-
retical approaches. The relative differences between the
theoretical and experimental results provide insight into
the mechanistic origins of the collision-induced align-
ment, which have been demonstrated to be strongly
impulsive in character for NO(X) collisions with the
lighter rare gases [3, 28, 46]. The capability of vari-
ous models in reproducing the observed experimental
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FIG. 8 The experimentally determined ρ
{2}
0 renormalized PDDCSs for the NO(X)-Xe collision system, recorded at a collision

energy of 519 cm−1. The experimental data, with parity conserving transitions shown as blue dashed lines and parity
changing collisions as green dashed lines, are compared with the QM PDDCSs (red continuous lines). The grey and blue
shaded plots indicate spin-orbit conserving and changing transitions to final e states, respectively; all other plots represent
spin-orbit conserving transitions to final f states.

alignment, and the comparison between them, provide
a better understanding of the origins of the CIRA.

A. Quasi-classical trajectory results

In order to facilitate the comparison between the
open-shell QM and the closed-shell QCT PDDCSs, the
former must be summed over the final Λ-doublet states,
and averaged over the initial Λ-doublet states [3]. The

resulting QM and QCT ρ
{2}
0 (θ) renormalized PDDCSs

are shown in FIG. 9 (the corresponding data for the

ρ
{2}
2+ (θ) moments are shown in FIG. 8 of the supple-

mentary materials).

The agreement between the QCT and QM calcula-

tions is fairly good; in both cases, the ρ
{2}
0 (θ) PDDCS

follow similar trends as a function of scattering angles.
Both predict that, at low scattering angle, there is a
preference for j to be aligned parallel to k (as indi-

cated in Table I, a positive value for ρ
{2}
0 (θ) corresponds

to alignment along the z-axis, which is defined parallel

to k) and both predict a slight preference for j to be
aligned perpendicular to k (negative values) in the back-
ward direction. There are, however, some discrepancies
between the two methods, most notably in the classi-
cally forbidden region in the forward scattered direction
of the higher rotationally excited states.

Similar trends are observed between the QCT and

QM data for the ρ
{2}
2+ (θ) PDDCS in the supplementary

materials, although in general the differences between
the QCT and QM data are more significant for this
polarization moment.

B. Kinematic apse model and QM hard-shell calculations

As noted already, the classical kinematic apse model,
described in the supplementary materials, has com-
monly been used to estimate the CIRA in the inelastic
scattering of NO(X) by the rare gases [2, 3, 29, 46]. The
model, which is rigorous in the case of classical collisions
between rigid particles, has been shown to provide a

reasonable approximation to the full QM ρ
{2}
0 (θ) and
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FIG. 9 Quantum (red solid lines) and quasi-classical (blue dotted lines) renormalized PDDCSs, ρ
{2}
0 , for the NO(X)–Xe

collision system. The QM and QCT renormalized PDDCSs agree well over the entire range of scattering angles for lower
∆j, while some discrepancies are observed for the higher ∆j transitions. The QM renormalized PDDCSs have been summed
over the final and averaged over the initial Λ-doublet levels for comparison with the closed-shell QCT results.

ρ
{2}
2+ (θ) PDDCSs for scattering with Ar and Kr, and it

is of interest to see how the model performs in the case
of scattering with Xe, in which the attractive forces are
more important.

As can be seen in FIG. 10, the main features of the

renormalized ρ
{2}
0 (θ) PDDCSs probed experimentally

and obtained in the full QM calculations are reason-

ably well reproduced by the apse model. The ρ
{2}
2+ (θ)

data, shown in FIG. 9 of the supplementary materials,
also support this conclusion. The kinematic apse model
fails to reproduce the sharper features observed in the
QM moments, likely due to the neglect of the attrac-
tive parts of the PESs. Not surprisingly, the model also
falls short in the classically forbidden, forward scattered
region, at higher ∆j.

The preference for ρ
{2}
0 (θ) to be aligned parallel to

k in the forward scattered region, and perpendicular
to k in the backward scattered region, can be rational-
ized in a simple classical picture within the apse model.
Since the NO molecule is initially in its ground rota-
tional state with j=0.5, its projection onto the kine-
matic apse, which must be conserved during rotational
excitation, will be 0.5. For rotationally excited states,
j′ will therefore be close to perpendicular to the apse
vector. In the forward scattered direction, where the
apse vector is approximately perpendicular to k, j′ has
to be close to parallel to k for the projection to be 0.5.
In the backward scattered region, j′ will be roughly
perpendicular to k in order for its projection to remain
0.5.

FIG. 10 also includes the ρ
{2}
0 (θ) PDDCSs obtained

from QMHS calculations [45, 61] on the hard-shell con-
tour of Vsum, at the mean collision energy of the ex-
periment. While the apse model accounts for the broad
trends in the alignment moments, the QMHS treatment
provides a more quantitative agreement with the QM
results and is able to reproduce the sharp features bet-
ter, with the advantage of not being limited by a clas-
sically forbidden angular region.

The generally good agreement between the QMHS
and the full QM calculations shows that, despite the in-
creased role of attractive forces in the NO(X)+Xe sys-
tem, which influences the rotational alignment in the
forward scattered region to a moderate degree, impul-
sive forces play an increasingly dominant role in de-
termining the scattering angle dependence of the rota-
tional alignment as ∆j increases.

VI. COMPARISON WITH OTHER RARE GASES

A. Comparison of differential cross sections

The DCSs [2, 7, 32, 34, 41, 65, 72–74] and CIRA
[3, 46, 75–77] of the lighter rare gases scattering with
NO(X) have been extensively studied in the past. More
recently, the DCSs and CIRA of Kr scattering off
NO(X) have been determined [28, 29]. In comparison
with the Ar and Kr collision systems, the PES of the
NO(X)–Xe system is more attractive, and there are also
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FIG. 10 QM (red continuous line), kinematic apse (blue dotted line) and QMHS (purple dashed line) ρ
{2}
0 renormalized

PDDCSs for the NO(X)-Xe collision system. The QM renormalized PDDCSs have been summed over the final and averaged
over the initial Λ-doublet levels for comparison with the closed-shell QMHS and apse model calculations.

differences in the range and anisotropy of the surfaces,
most notably at long range. This has a significant influ-
ence on the scattered images, and hence on the derived
angular distributions and renormalized PDDCSs. The
collision energy of the system employed in the current
experiments has a negligible effect, since although Xe is
heavier and travels more slowly in the molecular beam
than the lighter rare gases, the difference is partially
offset by the increase in mass.

The integral cross sections for xenon are somewhat
larger than those for argon and krypton, as can be seen
from the QM results shown in FIG. 1 of the supple-
mentary materials. As discussed therein, this is due to
the larger polarizability of the intermolecular potential,
as well as its more attractive character. The effect of
this on the 2π sin θ weighted DCSs for the Ar, Kr, and
Xe collision systems is shown in FIG. 11 for ∆j=4, 7,
9, 14. To allow for a direct comparison between the
QM, QMHS, and QCT methods, all calculations have
been carried out on the Vsum potential, using a collision
energy of 510 cm−1. The magnitude of the DCSs in-
creases as the rare gas atom becomes larger and more
polarizable, however, many of the same general features
are observed in all the DCSs.

As can be seen from FIG. 11, the effect of the in-
creased well depth and the longer range potential in
the Xe system causes the scattering to become more
forward biased for all rotational states. This effect is
especially pronounced for the low j′ transitions. The
extended range of the NO(X)–Xe potential allows for
larger impact parameters (corresponding to larger or-

bital angular momenta), which lead to a significant
amount of forward scattering, even for relatively high
∆j transitions. In addition, the de Broglie wavelength is
reduced by approximately 25%, when going from Kr to
Xe, and produces a shift toward lower scattering angles
with increasing mass of the rare gas. This is particularly
evident in the QMHS calculations.

Oscillatory structure has previously been shown to
be dependent on interference from trajectories sampling
different parts of the PES [2, 26, 29, 65, 74]. The fre-
quency of the oscillations increases with decreasing de
Broglie wavelength of the system, and also depends on
the extent and anisotropy of the interaction between
NO(X) and the rare gas [2, 29, 65, 74]. The number
of oscillations thus increases from Ar to Xe. As seen in
FIG. 11, while these oscillatory features are absent from
the QCT calculations, overall, the QCT data provide a
reasonable approximation to the QM calculations for
each of the collision systems shown.

From the QMHS DCS data shown in FIG. 11 it is
clear that neglect of the attractive part of the potential
has a very significant effect on the scattering dynam-
ics and is crucial in determining the form of the DCSs
for NO(X)+Xe. The more important role of the at-
tractive part of the potential for Xe-NO compared with
the lighter rare gases can also be assessed by compar-
ing QM calculations on the full Xe-NO PESs with those
obtained on the Ar-NO PESs, but replacing the mass
of Ar with the mass of Xe. The two sets of DCSs,
shown in FIG. 10 of the supplementary materials, dis-
play very similar features, but the structures in the
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FIG. 11 Comparison of the QM (red continuous line), QMHS (purple dashed line) and QCT (blue dotted line) DCSs for
scattering of NO(X) with argon (top panel), krypton (middle panel) and xenon (bottom panel). The ∆j transitions are
indicated at the top of each column. All calculations were run on the Vsum potential at a collision energy of 510 cm−1. The
QM PDDCSs are for the spin-orbit and Λ-doublet conserving transitions.

DCSs obtained employing the full Xe-NO potential are
shifted towards the forward scattered region, due to the
more extended attractive limb of the potential for Xe-
NO compared with the Ar-NO system.

B. Comparison of renormalized PDDCSs

The ρ
{2}
0 (θ) renormalized PDDCSs for ∆j=4, 7, 9,

14, for the argon, krypton and xenon systems, are shown
in FIG. 12. The data have again been calculated on
the appropriate Vsum potential at a collision energy of
510 cm−1. As discussed above, the alignment renormal-
ized PDDCSs are dominated by impulsive forces during
the collision. The QMHS and QM data tend to be in
good agreement. In the lighter rare gases, the agree-

ment between the QMHS and the QM ρ
{2}
0 (θ) renor-

malized PDDCSs is somewhat better than for Xe, as
expected from the smaller extent of the attractive re-
gion in the PESs for the lighter rare gases. Nevertheless,
it is remarkable how well the QMHS model performs in
predicting the CIRA even for scattering with Xe. This
behavior should be contrasted with the DCSs shown in
FIG. 11, which we have already noted are very strongly
influenced by the presence of attractive forces. In this
context, it is also noteworthy that QM calculations em-
ploying the Ar-NO PESs, but replacing the mass of Ar
by the mass of Xe, yield very similar alignment mo-
ments to those run on the actual Xe-NO PESs, in spite
of the differences in the observed DCSs mentioned in
the preceding section. This reinforces the conclusion
that the alignment moments in these systems are domi-

nated by the effects of the impulsive interaction, rather
than details of the PESs involved.

VII. SUMMARY AND CONCLUSIONS

In this work, angular distributions and polarization
moments characterizing the collision-induced rotational
alignment of fully Λ-doublet state resolved collisions
of NO(X) with Xe have been recorded experimentally,
and investigated theoretically using a variety of meth-
ods. The experimental DCSs and renormalized PDD-

CSs, ρ
{2}
0 (θ) and ρ

{2}
2+ (θ), have been compared to QCT,

QM, and impulsive model calculations for a range of fi-
nal spin-orbit conserving and spin-orbit changing states.
The DCS and CIRA moments have been shown to be
in good agreement with those predicted by the QM cal-
culations using the full potential.

The classical kinematic apse model is able to ex-
plain the general form of the experimentally derived
rotational alignment, although it fails to correctly pre-
dict the finer structures at low scattering angles, where
the attractive nature of the potential plays an impor-
tant role. A comparison with scattering by argon and
krypton has been made, highlighting the different char-
acteristics of the potentials that are responsible for
the increase in forward scattering and the diminished
role of parity dependent oscillations in the DCSs for
NO(X)+Xe. While the DCSs for the NO(X)+Rg sys-
tems are shown to be very sensitive to the long-range
attractive potential, it is very striking that the CIRA
is largely determined by impulsive forces, and is quali-
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FIG. 12 Comparison of the QM (red continuous line), QMHS (purple dashed line) and QCT (blue dotted line) ρ
{2}
0 (θ)

renormalized PDDCSs, calculated on the Vsum potential at a collision energy of 510 cm−1, for scattering of NO(X) with
argon (top panel), krypton (middle panel) and xenon (bottom panel). The ∆j transitions are indicated at the top of each
column. The QM PDDCSs are for the spin-orbit and Λ-doublet conserving transitions.

tatively very well described by both the kinematic apse
model and QMHS calculations. This behavior should be
contrasted with that for electronically excited NO(A)
in collisions with Ne and Ar [78], for which the gradual
slope of the potential is thought to play an important
role, and significant differences between the experimen-
tally derived CIRA and that predicted by the kinematic
apse model are observed.

Supplementary materials: The ϵ-changing DCSs,
along with a discussion of ℓ-type rainbow features and
parity effects, are presented. Also included are the
method for determining the experimental collision en-

ergy, the ρ
{2}
2+ (θ) renormalized PDDCSs and further de-

tails of the kinematic apse model. Additionally, the
integral cross sections are compared to the lighter rare
gas collision systems.
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Kendrick, and M. P. de Miranda, Phys. Chem. Chem.
Phys. 9, 5794 (2007).

[60] F. J. Aoiz and M. P. de Miranda, Tutorials in Molecular

DOI:10.1063/1674-0068/cjcp2002020 c⃝2020 Chinese Physical Society



Chin. J. Chem. Phys., Vol. 33, No. 2 Inelastic Scattering of NO(X) by Xe 233

Reaction Dynamics, edited by M. Brouard and C. Val-
lance, London: Royal Society of Chemistry, Chap. 9,
(2010).

[61] B. Hornung, Rotational Polarisation Effects in the In-
elastic Scattering of NO(X) and Ar, Ph.D. thesis, Ox-
ford, UK: Jesus College, The University of Oxford,
(2013).

[62] S. Bosanac, Phys. Rev. A 26, 282 (1982).
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