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Abstract

This thesis presents a joint experimental and theoretical study of vector corre-
lations in the electronically, vibrationally, and rotationally inelastic collisions
of simple molecules with rare-gas atoms.

In the first instance, empirical and calculated data are presented for ro-

tationally inelastic scattering in the NO(X)+Ar and ND3(X)+Ar systems at
collision energies in the range 405 — 2210 cm™~!. These experiments — the first
to be conducted on a newly commissioned crossed-molecular beam machine —
measured the k — k' correlation, 4.e. that between the vectors describing the
relative velocities before and after collision, respectively. The empirical data
were subjected to rigorous comparison with both quantum-mechanical and quasi-

classical trajectory (QCT) calculations. For both the NO(X)+Ar and ND3(X)+Ar
systems, there is generally good agreement between experiment and theory at
all four collision energies investigated.

Two chapters of this thesis focus on the development of trajectory surface-
hopping (TSH) QCT models of the OH(A, v = 0)+Kr and OH(A, v = 0)+Xe
systems. Experimental data relating to scalar quantities (rotational energy
transfer (RET) and electronic quenching) and to the j — j' correlation (which
quantifies the depolarisation of the angular momentum of the OH(A) radical) are
compared to variable-collision-energy TSH QCT calculations in which the length of
the OH bond is fixed. The algorithms involve all three PESs of the OH(A /X)+Kr
system, and the full range of electrostatic and roto-electronic mechanisms that
couple them, for the first time. The most complete model succeeded in accounting
for 93% of experimentally observed quenching. For the OH(A/X)+Xe system,
coupling matrix elements were estimated from those of OH(A/X)+Kr, and the
most complete model recovered 63% of experimentally observed quenching.

This thesis also presents a novel theoretical study of rotationally inelastic
dynamics in the OH(A, v = 1)+Kr system. Provisional results from adiabatic
calculations in which the OH bond length is allowed to vary over the course
of a trajectory are presented alongside experimental data that were reported
previously. To date, these calculations continue to underestimate the extent
of empirical RET data. Reasons for the observed discrepancy, and suggestions
to resolve it, are outlined in detail.
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Introduction

The field of molecular reaction dynamics is concerned with the study of chemical
events on atomic-length distances and over very brief periods of time. At its core,
this area of Physical Chemistry is driven by a desire to observe, understand, and
predict the various forces that control molecular structure, particle interactions,
and — ultimately — chemical change.

Instrumental developments since the 1980s have allowed laboratory measure-
ments to be taken on much shorter timescales: now, attosecond light pulses
permit experimental studies to be conducted with exquisite resolution in time
and space [1-4], meaning both nuclear and electronic dynamics can be observed in
the laboratory. Nonetheless, despite these recent advances in ultrafast spectroscopy,
there remains a considerable interest in studying initial and final quantum-state
distributions (and the vector correlations that link them) to extract detailed,
mechanistic information about a system of interest.

In many areas of Chemistry, it is neither feasible nor necessary to understand
observed phenomena on a quantum-mechanical level. For example, it is not
necessarily helpful to consider the industrial production of sulfuric acid [5] on
a microscopic scale, as to do so would not increase our understanding of the process
appreciably or, indeed, make it more profitable. However, through the use of

any number of suitable assumptions, complex chemical systems such as this can



2 1.1. Rotationally inelastic collisions

often be condensed into much simpler models that allow for easier interpretation
and replication of experimental data.

In contrast, however, the fundamental goal of molecular reaction dynamics is
actually to use experimental and theoretical tools to unravel, understand, and
control the dynamics of molecular collisions on a single-event scale. Indeed, by
preparing molecules in a given quantum state, controlling how they are able to
interact, and then measuring the quantum-state distribution of the collision /reaction
products, it is possible to develop a comprehensive understanding of the dynamical
processes at play.

Over the years, the field has benefited enormously from the development of
experimental apparatus and theoretical algorithms that are able to investigate
high-resolution multi-vector collisions for simple, gas-phase systems, including
those reported in this work. In particular, this thesis centres on the use of a
number of different experimental techniques, alongside both quantum-mechanical
and semi-classical dynamical models, to study the rotationally inelastic collisions

of simple molecules with rare-gas species.

1.1 Rotationally inelastic collisions

Collisions that involve the transfer of energy into, or out of, the rotational degrees
of freedom of a linear diatomic molecule or a symmetric-top species are of immense
importance in this thesis. In all of the systems investigated in this work, the
amount of rotational energy possessed by the molecule can increase or decrease
as a consequence of its collision with a translationally excited atomic partner. As
such, the molecules are said to undergo rotational energy transfer (RET) when
they interact with atomic colliders.

Rotationally inelastic collisions are ubiquitous in Chemistry and form a key
component of the dynamics of many important chemical and biological systems.
Even if the products of an inelastic collision are chemically identical to the reagents,
rotational energy transfer processes have been shown to compete directly with

electronic quenching and radiative processes, as well as with reactive pathways,
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and so are crucial in determining the outcome of a given molecule-atom collision.
Moreover, it is often the case that inelastic collisions (rotationally, or otherwise) will
be the primary mechanism by which non-equilibrium populations are returned to
Boltzmann-like distributions following a given physical change or chemical reaction.
For example: if OH(X) radicals absorb laser photons of a specific wavelength, this
will generate a population of OH(A) molecules in a single |v, j) state that can then
be returned to an electronic and rovibrational Boltzmann distribution of energies
via inelastic collisions [6(-8]. Similarly, and in accordance with Polanyi’s rules |9,
a reaction with an early potential-energy barrier will lead to the formation of
vibrationally excited products (such as the diatomic products in the K + I [10, [11]
and O + CS [12] reactions) that are subsequently returned to thermal equilibrium
via inelastic collisions. Thus, it is very important to investigate the nature, origin,
and rates of these mechanistic pathways if we are to improve our understanding of
simple molecule-atom collision dynamics before moving on to more complex systems.

This thesis considers the rotationally inelastic collisions of three different

molecules — NO(X), ND3(X), and OH(A) — with a number of rare-gas atoms —
Ar, Kr, and Xe — by looking at three main RET processes:

1. NO(X, g, v/ =0, j/, e/f) + Ar + NO(X, 211%, v=0, j, e/f) + Ar;

2. ND3(X, v =0, jif) + Ar + ND3(X, v =0, jf =17) + Ar;

3. OH(A, 22+, v = 0/1, j') + Kr/Xe « OH(A, >, v =0/1, j) + Kr/Xe.

Note that the notation used here is outlined in detail in Chapter 2. A wealth
of information about these rotationally inelastic collisions can be gleaned from

investigating the vector correlations outlined in Section [1.2]

1.2 Vector correlations in molecule-atom
scattering

It is not currently possible to resolve the chemistry of complex systems into correla-
tions between single quantum states. For both experimentalists and theoreticians

alike, the sequential addition of atoms to a system leads to an increase in the
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number of degrees of freedom that must be modelled, controlled, and/or measured
to achieve state-to-state resolution. As a result, for complex systems, any observable
quantities that are measured will necessarily be averaged over multiple degrees of
freedom, meaning it is often not possible to gain a full insight into the dynamical
processes that convert reagents into products. To this end, much attention has been
paid to investigating non-reactive collisions between atoms and simple molecules.
The collision dynamics of these systems can be fully characterised by four vectors
(and the correlations between them) that can be determined both experimentally
and theoretically with ever-increasing precision.

For the most part, a collision between two particles can be categorised as either
reactive or non-reactive. In the former case, the product species will be chemically
different to the reagents whereas, in the latter, the chemical composition of the
colliding pair will remain unchanged over the course of its interaction. However,
in both cases, the species that undergo collision may experience a change in one
or more of the quantum numbers that define their physical state.

As stated previously, this thesis considers the non-reactive, rotationally inelastic
scattering of simple molecules (NO(X), ND3(X), and OH(A)) by rare-gas atoms
(Ar, Kr, and Xe). As a helpful illustration, we can discuss the collision of a
diatom, AB, with an atom, C, which can be fully specified using the following
four vectors (see Figure : the initial and final relative velocities, k and k’,
respectively; and the initial and final rotational angular momenta of AB, 7 and j’,
respectively. Notably, the orientation/alignment of the molecule could alternatively
be described using the r and 7’ vectors, which quantify the direction of the bond
axis before and after collision, respectively. This correlation has been studied
previously for both the NO(X)+Ar [13H16] and OH(X)+Ar systems [17], however,
it is not considered further in this work.

A knowledge of the correlations of these vectors, as a function of initial and
final quantum states, can provide a wealth of information on the dynamics of the
system of interest. It is also the case that the full four-vector correlation can be

integrated over various vectors to generate lower-order correlations. These simpler,
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of .

Figure 1.1: Pictorial representation of the full j — k — k’ — 5’ four-vector correlation
that gives all the information about a collision between a diatom, AB, and an atom, C.
The vectors that define the AB bond axis before and after collision (r and 7/, respectively)
are included here for the sake of completeness, but they are not discussed further in this
thesis. See text for details.

integrated correlations are often useful in understanding the observed dynamics,
since they allow different aspects of the collision to be investigated separately.

In Chapters 3 and 4, crossed-molecular beam techniques are used to collect
empirical data. In these experiments, averaging over the initial and final angular-
momentum vectors, 7 and j’, respectively, simplifies the full four-vector correlation
into the k — k’ two-vector correlation, which quantifies the intensity of AB scattering
as a function of the dihedral angle, 6, between the k and k’ vectors. These differential
cross-sections (DCSs) have been recorded both experimentally and theoretically
for the NO(X)+Ar and NDs(X)+Ar collision systems.

The DCS of a collision can reveal many mechanistic details about the dynamical
processes taking place. The distribution of intensity as a function of the scattering
angle can shed light on the types of collision that populate certain final quantum
states. For example, it will be shown in later chapters that, generally, glancing-blow
collisions, which result from large impact parameters, produce forward-scattered
maxima in the DCS. The isotropy of the DCS can also be related to the attractiveness
of the potential energy surface (PES) that governs the collision [1§]: if the atom and
molecule enter a deep potential-energy well, they may form a relatively long-lived

complex that survives for several rotational periods and generates an isotropic
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DCS. In a similar fashion, the anisotropy of the PES can be inferred from the
presence, or lack thereof, of rotational rainbows in the DCS, and ¢-type rainbows
can provide information on the attractive regions of the potential [19-24]. Each
of these features will be discussed in detail in Chapter 3.

This thesis also presents experimental and theoretical data for the OH(A)+Kr
and OH(A)+Xe systems that focus on the j — j’ correlation |25, 26]. The extent to
which the plane or sense of rotation of the rotational angular-momentum vectors
in a population of molecules is disturbed over the course of a collision can be
directly related to the potential energy of interaction between AB and C. If, then,
vector correlations relating to different types of collision are compared (for example,
rotationally elastic versus rotationally inelastic trajectories), conclusions can be
drawn concerning the areas of the PESs that are responsible for the different
types of observed dynamics.

To this end, it is necessary to introduce the concept of angular-momentum
polarisation, i.e. a preferred plane or sense of rotation of the rotational-angular-
momentum vectors about a reference axis in the laboratory frame. It is possible to
preferentially populate or detect a specific quantum state that is defined by the 3
or j' vector by virtue of the correlation between the rotational angular momentum
of the molecule and its transition dipole moment. The probability that a molecule
absorbs a photon varies as cos® 6, where 0, is the angle between the electric
vector of the light and the transition dipole moment. Thus, polarised light can be
used to preferentially excite molecules (either pre- or post-collision) into or from
a certain rotational-angular-momentum quantum state. Linearly polarised light
can be used to induce/detect angular momentum alignment; circularly polarised
light can be used to induce/detect angular momentum orientation. These concepts
are discussed in more detail in Chapter 2.

In Chapter 3, scattered NO(X) molecules are preferentially detected based on
the polarisation of the 5’ vector. In Chapters 6 and 7, a polarised distribution of j
is created prior to collision, and the loss of this polarisation (to form an isotropic

distribution of j) is monitored over time to shed light on the role played by different
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collisional partners in the depolarisation process. The work presented in this thesis
complements an extensive series of studies on the collisional depolarisation of
angular momentum in the collisions of NO(X) and OH(A) radicals with rare-

gas atoms [6-8, 25-29].

1.3 Experimental methods

The discussion in the preceding sections has outlined how a knowledge of the initial
and final quantum states of the reagents and products, along with the control
of their initial velocity and angular-momentum vectors, provides the maximum
amount of information about a given collision process. Thus, an ongoing challenge
for experimentalists consists of finding methods by which to isolate, control, and
detect single quantum states both before and after collision events. In this way,
specific vector correlations can be determined. However, it is equally important
that the desired quantum state is unaffected by competing processes, such as
collisions with atmospheric gas molecules, or with another molecule of the same
species in the molecular-beam pulse. To this end, all the experiments reported
in this thesis were conducted under reasonably high-vacuum conditions, such
that the outcome of single-collision events can be observed and recorded without

interference from secondary events.

1.3.1 Reagent preparation

To achieve the desired experimental aims, a method that is capable of creating a
significant population of molecules in a single quantum state is required. There are

a range of experimental techniques that can be used to achieve this:

1. Narrow-bandwidth lasers can be tuned to excite a specific rovibrational
branch of an electronic transition in a molecule. In this way, rotational-level
resolution can be achieved for molecules that have undergone electronic [30,

31] and/or vibrational [32, 33| excitation.
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2. Electric and magnetic fields can be used to selectively guide a specific
quantum state of a given molecule into a desired region based on differences
in Stark and Zeeman interaction energies |34} 35], respectively. Importantly,
these techniques can also be used simultaneously to control and/or select the

translational velocity of the gas molecules prior to collision [36-40].

3. Crossed-molecular beam techniques, which usually involve the adiabatic
expansion of gas pulses with a finite width into a vacuum, allow the direction
of the initial relative velocity vector, k, to be defined [41]. The supersonic
gas expansion also tends to generate gas pulses with narrow, non-Boltzmann
velocity distributions and highly non-thermal rotational-state distributions.
The magnitude of k can be further altered by modifying the angle between
the two crossed beams [42]. In most experiments, including those discussed in

thesis, the beams intersect at 90°.

1.3.2 Product detection

Once the molecules have undergone collision with a rare-gas atom, a suitably
selective method is required to detect a single quantum state in one (or more) of
the collision product(s). A range of techniques is also available to achieve this

(many of which have been summarised in reference [43]):

1. Resonance-enhanced multi-photon ionisation invokes quantum-state-
selective ionisation schemes that are commonly used to aid the detection of
neutral products using time-of-flight (ToF) techniques [44] or velocity-map
imaging (see below). In these multi-photon ionisation schemes, the interme-
diate state corresponds to an actual electronic state of the atom/molecule,
and the efficiency of the ionisation is often increased by several orders of

magnitude in comparison to non-resonant alternatives [41].

2. Velocity-map imaging (VMI) techniques [45] allow for the determination of
the final relative velocity vector, k’, by using a static electric field to focus ions

with the same velocity onto the same point on a position-sensitive detector.



1. Introduction 9

When coupled to a camera, these ion-detection events can be recorded over
time to build up an image of the velocity distribution within the products of

a scattering 15|, 46] or photodissociation |47} 48] event.

3. One-photon-excited-fluorescence can be measured in polarised laser-
induced fluorescence (LIF) [49] and Zeeman Quantum Beat Spectroscopy
(ZQBS) [6-8] experiments to measure the loss of excited-state population
over time. The pseudo-first-order rate constant for collisional fluorescence
decay is dependent on the concentration of the collision partner that induces
non-adiabatic transitions. Moreover, through the use of a monochromator to
resolve fluorescence of a particular wavelength, the loss of population from a

single quantum state can be measured.

4. A second narrow-bandwidth laser can be used to excite a single quantum
state in a product to make it detectable. A second laser is needed in a number
of techniques, including (but not limited to): optical-optical double resonance
(OODR) [43, 50|, (1 + 1")-LIF [51], two-colour resonance-enhanced multi-
photon ionisation (REMPI) [25], and Rydberg-tagging [52, 53].

5. Non-linear spectroscopies, including four-wave mixing and polarisation

spectroscopy, are also in common use [54-56).

1.3.3 This work

Broadly, three different experiments were needed to collect the data reported in

this thesis. These are summarised as follows:

1. NO(X)+Ar
Reagent preparation using a crossed-molecular beam apparatus, and product
detection via a two-colour (1 4 1) REMPI scheme and VMI techniques, to

measure the k — k' vector correlation;

2. ND3(X)+Ar

Reagent preparation using a crossed-molecular beam apparatus with the
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application of a hexapole-electric-field state-selector, and product detection
via a one-colour (2 + 1) REMPI scheme and VMI techniques, to measure the

k — K’ vector correlation;

3. OH(A)+Kr/Xe
Reagent preparation and product detection via ZQBS techniques (with the
use of a narrow-bandwidth laser and a monochromator) to measure the j — 3’

vector correlation and a number of scalar energy-transfer processes.

The experimental and theoretical results for these systems are presented in Chapters

3 to 7, in the order they are listed here.

1.4 Theoretical methods

Inelastic collisions in simple molecule-atom systems are particularly interesting
to study because, unlike most chemical or biological systems, it is possible to
generate theoretical algorithms that are capable of modelling the experiment
in exquisite detail. Indeed, currently available models can be used to run ab
initio calculations to generate data that are directly comparable to experimentally
determined quantities. The dynamics of inelastic collisions can be modelled either
classically or quantum mechanically. However, neither method is without its own
set of drawbacks, and there has been a concerted effort to develop hybrid, semi-
classical trajectory methods that are capable of rectifying the current discrepancies
between experiment and theory.

The different theoretical models described and used in this work all have the same
general premise: the initial conditions (including the position, angular momentum,
and various quanta needed to describe the internal energy of the molecule) are
set, the trajectory is run over a PES, and the final conditions are recorded. The
differences between the models arise in how the initial and final conditions are set
and recorded, respectively, and whether the motion of the trajectory is described

classically or quantum mechanically.
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1.4.1 Quantum-mechanical calculations

As will be seen in much of this work, the dynamics of molecule-atom collisions are
often subject to quantum-mechanical effects that manifest strongly in experimentally
observed data. Thus, a quantum-mechanical theoretical model is necessary if
we are to fully capture all the different characteristics of simple molecule-atom
collisions, and if we are to achieve quantitative agreement between experimental
and calculated data. Quantum-mechanical algorithms uniquely account for the
wave-particle duality of the collision partners, and model the system as a set of
incoming and outgoing wavefunctions that are related by a scattering matrix through
time-independent close-coupled equations. The elements of the scattering matrix
are probability amplitudes for scattering from an initial state, |i), to a final state,
|f), at a given energy; the wavefunction itself is composed of different partial waves
with different magnitudes of the total angular momentum, J. The superpositions
of these partial waves in quantum-mechanical calculations lead to the interference
effects that are not seen in classical simulations.

Although they offer the fullest picture of the collision dynamics for a given
system, quantum-mechanical simulations are problematic in that, as the complexity
of the system increases, the calculations become too computationally demanding to
perform. It is also important to bear in mind that quantum-mechanical trajectories
are constrained by the Heisenberg Uncertainty Principle [57], 58|, meaning that,
for example, both the position and momentum of a given trajectory cannot be

specified exactly at any one time.

1.4.2 Classical and semi-classical calculations

In a classical treatment, the initial conditions of the trajectory (position, momentum,
and (unquantised) internal energy of the molecule) are set, and Newton’s laws of
motion are then used to govern the particles’ motion over the PES. In a purely
classical framework, the trajectories are completely independent of each other, and
there is no consideration of phase, let alone quantum-mechanical interferences. The

outcome of a given trajectory will be a consequence of both the initial conditions
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and the path it takes across the PES; for example, whether it samples the attractive
potential-energy wells, or rebounds off the repulsive wall. It is, therefore, necessary
to average over a large number of trajectories (typically, of the order of 10° — 10°
in this thesis), with many different initial conditions, to generate a complete
picture of the collision dynamics.

Classical models are useful because they allow all the different components of the
trajectory (position, momentum, time, and energy) to be specified simultaneously, if
desired, since there is no classical analogue of the Uncertainty Principle. Moreover,
classical models are generally more amenable to increased system complexity,
and can be scaled without a considerable increase in computational demands.
However, purely quantum-mechanical effects — such as tunnelling, resonances, and
interference — are ignored in classical dynamical calculations, and this means that
such models are often unable to provide quantitative agreement between theory
and experiment. Of course, it is also the case that purely classical methods do not
allow for quantisation in either the initial or final conditions of the trajectories,
which is particularly inaccurate for low-energy scattering. In contrast, high-energy
experimental data should produce better agreement with classical calculations, and
this will be discussed in Chapter 3 of this thesis.

One method by which to introduce quantisation into an otherwise classical
dynamical model is to employ quasi-classical trajectory (QCT) methods. Here,
the trajectory begins in a fully quantised state, and is then allowed to propagate
classically over the PES. When finished, the classical, continuous momentum and
internal energies of the particles are binned to the nearest discrete, quantum
level. Many previous studies have found there to be excellent agreement between
experimental data and the results of QCT calculations, however, there remain a
number of limitations: QCT models cannot account for interference effects (since the
trajectory runs classically, and there is no concept of phase); they do not allow for
tunnelling through potential-energy barriers; and quantum-mechanically forbidden
energy transfers can occur during the classical phase of the trajectory. An example

of the latter is seen when OH(A) is excited with one quantum of vibrational energy
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at the beginning of a QCT trajectory: whilst the trajectory is being propagated
classically, the vibrational energy may ‘leak out’ into other degrees of freedom,
leading to unphysical values of the final rotational and/or translational energy of
the particles. This issue is addressed further in Chapter 7.

A number of semi-classical methods are also available that attempt to account
for quantum-mechanical effects in classical dynamical models. For example, phase-
shifts can be assigned to different classical pathways across the PES to mimic
quantum-mechanical interference effects. Though, in many cases, these semi-
classical shifts provide a decent estimation of quantum-mechanical effects, they
still fail to reproduce experimental data quantitatively, and so are not included

in the models used in this work.

1.5 Non-adiabatic electronic quenching

According to the Born-Oppenheimer approximation, the large difference in the
masses of nuclei and electrons means that the former may be considered stationary
on the timescale of electronic motion [59]. This adiabatic separation of the motions
of nuclei and electrons means that the collision dynamics of a given system can be
thought to take place on a PES that depends solely on the arrangement of the nuclei
in space. As such, the gradient of the resultant surface determines the forces acting
on atoms and molecules as they collide and/or react. The majority of chemical
systems can be described accurately using a single PES and, to that end, are said
to show adiabatic behaviour. However, in some systems, the Born-Oppenheimer
approximation can break down under certain circumstances (for example, when
particles possess near-infinite velocities at curve-crossings), and this leads to non-
adiabatic dynamics [41], a phenomenon discussed in greater detail in Chapter 5.
Non-adiabatic dynamics are of crucial importance in many chemical and bio-
logical systems. For example, the reaction of alkali-metal atoms with dihalogen
molecules is best described by a harpoon mechanism |41, |60, 61]. In these systems,
when the metal atom approaches the dihalogen molecule within a certain, critical

distance, the transfer of an electron from the metal atom to the dihalogen becomes
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ionic covalent

separation, R

potential energy, V(R)

Figure 1.2: Pictorial representation of the the covalent and ionic PESs involved in
the harpoon mechanism that governs the reactions of alkali-metal atoms with dihalogen
molecules. The potential energy, V(R), is given as a function of the metal-dihalogen
separation, R. The black, dotted line shows the path taken by a trajectory that undergoes
a non-adiabatic transition from the covalent to the ionic surface.

energetically favourable. This electron-transfer process forms a short-lived X5
species (that contains an electron in an anti-bonding orbital) which then dissociates
into an X~ ion (and the corresponding X atom). The combination of this nascent
X~ species and the M™ ion produces an MX product molecule. The electron-transfer
involves a non-adiabatic transition from a PES of covalent character to one of ionic
character at a point of intersection. As can be seen in Figure [I.2] beyond the critical
distance for electron transfer, the covalent and ionic PESs are very close in energy
(though the covalent surface lies lower in energy than the ionic surface); however,
at shorter separations, the Coulombic interaction of the M* and X~ ions vastly
reduces the energy of the system below that of the covalent surface, leading to the
formation of a stable MX product. Further examples of gas-phase, chemical systems
in which non-adiabatic effects are important are discussed in Chapter 5.

As noted previously, many biological molecules show significant non-adiabatic
dynamics that are often crucial to their physiological function. Examples include,

but are by no means limited to:

e Amino acids The photostability of a number of amino acids — including those
found in the human skin pigmentation protein, melanin [62] — is dependent

on the ability to transfer excess energy absorbed on UV excitation to avoid
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photo-induced damage. These deactivation pathways often involve several
conical intersections and ensure a negligible lifetime for the excited, reactive

state of the amino acid [63-65].

o Photoisomerism in retinal Many organisms, including humans, make use
of the cis-trans isomerism of retinal, a rhodopsin protein found in the retina,
to optimise vision in both bright and dull environments. The isomierisation

process is facilitated by a conical intersection [66].

o Photoisomerism in green fluorescent proteins GFPs have been ex-
pressed in a wide variety of organisms and have been adapted for multiple uses
in molecular and cellular biology and physiology. They have solution-phase
fluorescence lifetimes that are strongly dependent on an isomerisation process
that accesses a conical intersection between the bright, excited and ground

electronic state [67169).

Previous work on the OH(A)+Kr system has revealed that experimental data are
in relatively poor agreement with theoretical calculations run on a single, adiabatic
potential energy surface [25]. Studies carried out by Perkins [33] and Herrdez Aguilar
[70] also confirmed that the agreement is poorer still for the OH(A)+Xe system.
In continuation of this work, Chapter 5 of this thesis describes the development of
new quasi-classical theoretical models that attempt to account for the occurrence
of electronic quenching, RET, and the depolarisation of angular momentum when
OH(A) molecules collide with heavy rare-gas atoms (Kr and Xe).

In the OH(A)+Kr and OH(A)+Xe systems, quenching of the OH(A) electronic
energy is mediated by the non-radiative transfer of population from the higher-
energy OH(A)+Kr/Xe PES to the lower-energy OH(X)+Kr/Xe PESs when the
triatomic complex exists in near-linear geometries. For those systems in which
the OH(A) radical collides with lighter rare-gas atoms, the conical intersection —
a point of degeneracy between a higher-energy and a lower-energy PES [71-74]
— is located high on the repulsive wall of the upper surface [75]. In contrast, the

regions of crossing between the excited-state and ground-state potentials of the
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OH+Kr/Xe systems are located in potential-energy minima on the upper surfaces;
they are accessible at thermal collision energies and, therefore, are able to act as
efficient funnels for the non-radiative transfer of OH(A) population to the ground
electronic state [25, 26, [76-7§].

Chapters 6 and 7 of this thesis set out the results of various quasi-classical
models that use electrostatic and rovibrational couplings to model both adiabatic
and non-adiabatic OH(A)+Kr/Xe dynamics theoretically [25, 26, 33, 70]. For the
first time, these models also give consideration to the effect of including a single

quantum of vibrational excitation in the OH(A) radical.

1.6 Outline of this thesis

The initial discussion presented here has outlined the overarching experimental
aim of this thesis, namely: to commission, characterise, and optimise a new piece
of complex apparatus that is capable of investigating the inelastic scattering of
diatomic and simple polyatomic molecules by a range of collision partners. There
will be an emphasis throughout on the rigorous comparison of experimental results
with quantum-mechanical and quasi-classical theoretical data. In addition, the
other major aim of this thesis consists of developing accurate computational models
of non-adiabatic transitions in OH(A)+Kr and OH(A)+Xe dynamics.

To this end, Chapter 2 will outline the background theory and models that
will be used to generate cross-sectional quantities that are directly comparable
with experimental data for the NO(X)+Ar system. The chapter will include a
detailed discussion of angular momentum, the vectors that define it, and how these
vectors are correlated and polarised. There is also a general discussion of the
PESs that, together with the kinematics, govern the dynamics of all the different
systems investigated in this work. In addition, this chapter will outline the various
laboratory techniques that underpin much of the experimental data reported in
this thesis, and also includes a detailed account of the data-analysis methods used

to extract cross-sectional quantities from experimental images.
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Chapter 3 presents experimental and theoretical results for the rotationally
inelastic scattering of NO(X)+Ar. This system was studied at a range of collision
energies to calibrate the new experimental apparatus, and the data reported here
include raw and simulated images and fitted and calculated DCSs. The data collected
at 2210 cm ™! are of particular interest since this collision energy is significantly
higher than any other reported in the literature for the NO(X)+Ar system. In
addition, a significant portion of this chapter is spent delimiting the various input
parameters needed to simulate accurately the first scattering experiments to be
conducted on this apparatus.

Chapter 4 of this thesis discusses experimental and theoretical work carried
out in relation to rotationally inelastic scattering of fully quantum-state-selected
NDs(X)+Ar. This chapter outlines the design and calibration of a hexapole state-
selector apparatus that was used to prepare a high-purity beam of molecules in the
ND3()~(, ji£ = 17) state prior to collision. The higher quantum-level resolution of
these experimental data means they are amenable to a more rigorous theoretical
treatment and, as such, they allow for a thorough appraisal of the accuracy of
currently available surfaces and data-analysis algorithms.

Chapter 5 outlines the development of 2D (fixed OH bond length) trajectory
surface-hopping quasi-classical trajectory (TSH QCT) algorithms that model non-
adiabatic transitions in OH(A)+Kr and OH(A)+Xe dynamics. The data reported
in Chapter 6 are the result of calculations that included a full set of electrostatic
and roto-electronic coupling matrix elements, incorporated into variable-collision-
energy algorithms, for the first time. Chapter 7 expands the 2D models to give
consideration to the vibrational degree of freedom in OH(A) in a novel theoretical
treatment. A discussion of newly calculated PESs for the OH(A, v = 1)+Kr system
is presented alongside novel theoretical results that are compared with experimental
RET data for the first time.

Finally, Chapter 8 summarises the principal findings of this thesis, and of-
fers suggestions regarding the direction to be taken by future experimental and

theoretical work.
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NO(X)+Ar: experimental and
theoretical methods

This chapter begins by reviewing the substantial body of work already carried out
on the NO(X)+Ar system to give context to the investigation that will be reported
in Chapter 3. Following this, the physical properties and spectroscopy of the nitric
oxide (NO) radical in its ground electronic state are outlined in detail. This chapter
also presents a discussion of the experimental and theoretical methods used in this
work to generate and analyse data relating the inelastic scattering of NO(X) by Ar at
a range of collision energies. Notably, these data-collection and analysis procedures
are also employed to study the inelastic scattering of NDg(X) by Ar and, as a result,

the content of this chapter is referenced heavily in the remainder of this thesis.

2.1 Review of previous work

The rotationally inelastic scattering of nitric oxide in its open-shell, ground electronic
state, NO(X), by a spherically symmetric argon atom, Ar, has been studied
extensively. NO(X)+Ar is a particularly interesting diatom-atom system because it
lends itself well to experimental investigation at varying levels of quantum-state
resolution, and also because it allows for a rigorous comparison of experimental

data with high-level theoretical treatments.

19
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This thesis first considers the collision of a primary beam of NO(X) seeded at
10% in Ar with a secondary beam of pure Ar, which gives a collision energy of
469 cm~!. Similar studies investigating NO(X)+Ar inelastic scattering at a collision
energy of approximately 500 cm™! are very well documented. Particularly notable
publications, which make use of hexapole state-selectors to achieve full quantum-
state resolution of |[NO(X),§2 = 0.5,5 = 0.5, f) prior to collision, include those
of Eyles et al. (530 cm™!) [22, [79], Brouard et al. (532 cm™') [80], Nichols et al.
(530 cm™1) [15], van Leuken et al. (442 cm™!) [35], and de Lange et al. (442 cm™1)
[81]. There is also an extensive range of studies performed at similar collision
energies that do not make use of hexapole state selection [82-88]. In these latter
studies, it is assumed that all the molecules originate in the initial 7 = 0.5 rotational
state, and that each of the A-doublet levels is equally populated prior to collision.

A sizeable number of studies have also examined the collision of NO(X)+Ar at
significantly higher collision energies. Elioff et al. [89] considered the scattering of
NO(X) by Ar at a collision energy of 1229 cm™!, achieved by colliding a primary
beam of NO(X) seeded at 4% in Ar with a secondary beam of Ar seeded at 12% in
He. Bontuyan et al. [90] investigated NO(X)+Ar scattering at a range of collision
energies, the highest of which was 1451 cm ™!, achieved by seeding NO(X) at 7% in
either Hy, He, or a mixture of He and Ne. Notably, this work did not make use of
velocity-map imaging techniques, but rather used time-of-flight ion imaging.

Work by Dixit et al. [21] also investigated the same system at 1460 cm™!, with
a focus on comparing cross-sectional values for collisions of NO(X, v = 0)+Ar with
those of NO(X, v = 5)+Ar at the same collision energy. Although VMI techniques
were used to collect these data, actual images were not presented in reference [21].

Further studies of the same system at relatively high collision energies include
those of Suits et al. [91] and Lin et al. [92], at 1694 cm™' and 1780 cm™!,
respectively, however, it should be noted that VMI detection techniques were
not employed. It is also important to bear in mind that, for all the studies with a
collision energy greater than 500 cm~! that have been presented so far, the NO(X)

molecules were not hexapole state-selected.
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Interestingly, recent work by van de Meerakker and co-workers involved scattering
a Stark-decelerated beam of NO(X) molecules with rare gases to investigate
diffraction oscillations in NO(X)+He, Ne, and Ar scattering at collision energies in
the range of 450 — 725 cm ™! 38, (93] 94]. More recently, attention has also been paid
to NO(X)+Rg scattering at very low collision energies (in the range of 10 — 50 cm™1)

to study quantum-mechanical stereodynamics and Fraunhofer scattering [95] |96].

2.2 The coupling of angular momenta

A number of chapters in this thesis concern the dynamics of open-shell, diatomic
species that become rotationally excited following collisions with rare-gas atoms. In
such systems, a number of different types of angular momenta must be considered

to fully describe the dynamics at play. These include:

e L, the electronic orbital angular momentum;
o S, the electronic spin angular momentum;
e 7, the total angular momentum;

e N, the total angular momentum excluding electronic spin, 7.e. N =3 — S}

and

e R, the nuclear rotational angular momentum, i.e. R=N —L=3—-S — L.

Note that nuclear spin is ignored, since it is unresolved in the experiments that
underpin this work.
In papers published in 1926-27 [97-99], Hund outlined idealised situations in

which the relative strengths of:
« the electrostatic coupling of L to the internuclear axis,
 the spin-orbit coupling, and

» the rotational coupling of L and S to the total angular momentum, j,
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are used to define a given ‘case’. For molecules that are described by a particular
case, specific terms of the molecular Hamiltonian will have greater magnitudes than
others. Two of these cases, within and between which most diatomic molecules
exist, are discussed in the context of this thesis: Hund’s case (a), which relates to
the coupling of angular momenta in the ground-state OH(X) and NO(X) molecules,
and Hund’s case (b), which best describes the coupling of angular momenta in the
excited-state OH(A) molecule. The OH radical, in both its ground and first-excited
electronic states, is the focus of Chapters 5-7. Notably, a different coupling scheme
is needed to describe the coupling of angular momenta in the symmetric-top NDj3

molecule that is dealt with in Chapter 4.

2.2.1 Hund’s case (a): NO(X)

In low rotational states, the coupling of angular momenta in the NO(X) molecule is
best described by Hund’s case (a). Here, L is coupled strongly and electrostatically
to the internuclear axis (the z-axis in the molecule-fixed frame). S is also coupled
relatively strongly to L by spin-orbit coupling. Both L and S have well-defined
projections on the internuclear axis, and these are denoted A and 3, respectively. R
exists at a right angle to the internuclear axis. The component of the total electronic
angular momentum that lies along the internuclear axis is defined by a vector, €2,
with magnitude 2 = A + 3. This vector couples strongly to R to give the total
angular momentum, 3 = 2 + R, which has a projection of €2 on the internuclear
axis. In case (a), the precession of L and S around the internuclear axis is assumed
to be much faster than the nutation of 2 and R around j — see Figure [2.1]

The ground-state electronic configuration of NO(X) can be written as
lo0?10*20%20** 17430 17+,

The single, unpaired electron in the 7* orbital of the NO(X) radical gives rise
to a projection of L of A = +1 on the internuclear axis, and a projection of

S of ¥ = £0.5. The coupling of the sum of these angular momenta, 2, with
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R results in values of Q = 0.5,1.5 (where Q is the absolute value of Q), which
gives rise to two spin-orbit manifolds.

In the limit where A-doubling is neglected, there are two contributions to the
molecular Hamiltonian that describes the energy of the diatomic molecule: the first
arises from nuclear rotation, and the second, from spin-orbit coupling. The latter of
these terms quantifies the difference in energy that comes from the electronic spin
angular momentum, S, lying either parallel or anti-parallel to the electronic orbital
angular momentum, L. The rotational and spin-orbit terms may be separated to

produce a factorised Hamiltonian that can be written as [100]:

H= HSO + Hrot
=AL-S)+B(j—8S—L)? (2.1)

where A = 123.13 ecm™! and B = 1.6961 cm ™! are the spin-orbit and rotational
constants, respectively, for NO(X). A knowledge of these constants can be used in
conjunction with the above Hamiltonian to calculate the internal energy of a radical

in its ground electronic and vibrational states using the following equation [100]:

i-3)0+3) =5

where j is the rotational level, and

E(j)=B , (2.2)

_ \/4(j+;)2+Y(Y—4), (2.3)

and

Y = 5 (2.4)

The + term in Equation (2.2)) produces two spin-orbit manifolds that correspond

to the Q = 0.5 and Q = 1.5 states. These manifolds form two distinct ladders
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Figure 2.1: The figure on the left-hand side shows the Hund’s case (a) angular-momentum
coupling scheme for the NO(X) molecule. The coupling of nuclear spin angular momentum
is ignored throughout. The figure on the right shows the effect of spin-orbit coupling on
rotational energy levels in the NO(X) molecule. The formation of two distinct ladders of
rotational energy levels in each of the two spin-orbit manifolds is depicted. Also shown
are the two A-doublet levels for the |2 = 0.5, = 0.5) state. See text for details.

of rotational energy, as seen in Figure 2.1 For NO(X), the energy of a given
rotational level in the Q = 0.5 state is approximately 123 cm™' lower than its
counterpart in the Q = 1.5 manifold. The lower and upper manifolds are labelled
Iy and F;, respectively.

In the limit of low 7, the rotational wavefunctions for each spin-orbit manifold are
proportional to the relevant Wigner rotation matrices, and can be written as [100]

27+ 1
47

where m is the projection of 3 onto the space-fixed Z-axis. Importantly, the
resultant [j,m, Q) and |j, m, —Q) states are not themselves eigenfunctions of the
molecular Hamiltonian since they do not possess a well-defined parity with respect
to inversion. Thus, within each spin-orbit manifold, the rotational wavefunction is
necessarily defined by either a symmetric or an anti-symmetric linear combination

of the the two spin-orbit states [100]:

: L, = : ~
o, 9,0) = ﬁm,m, )+ elj,m, ), 26)
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where e = +1. These [j,m, 2, €) states do have a well-defined parity with respect

to inversion, defined as [101]
p=(=1)""" (2.7)

and so are eigenfunctions of the molecular Hamiltonian. The A-doublet within
a given spin-orbit manifold is then made-up of the pair of symmetric and anti-
symmetric states defined by Equation (2.6]), and shown in Figure 2.1 Throughout
this thesis, the symmetric combination, with e = +1, is referred to as the e state,
and the anti-symmetric combination, with ¢ = —1, is referred to as the f state.

In addition to a symmetry-index label, the A-doublet levels can be described
with respect to their symmetry of reflection in the plane of nuclear rotation. If
the unpaired 7* electron lies in an orbital in the plane of rotation, the state
is labelled II,/, however, if it lies in an orbital which is perpendicular to this
plane, the state is labelled TI5~.

The splitting of the A-doublet is very small, at only 0.01188 cm™! for j = 0.5
in the lower QH% state of NO(X) [102]. The splitting can be increased either
by the approach of an atom or another molecule (and the resultant reduction in
symmetry from C,, to Cy), or by excitation of NO to higher j-levels, in which
there is mixing with electronically excited states of ¥ character. In the limit of
Hund’s case (a) coupling, the splitting of the A-doublet varies linearly with j for
the “IT; state and as j* for *II; [100].

As the value of j increases, Hund’s case (a) is no longer a good description of
the angular-momentum coupling in NO(X), since L and S are no longer strongly
coupled to the internuclear axis. {2 ceases to be a good quantum number, so mixing
occurs between the two spin-orbit manifolds, and it becomes more accurate to write

the respective wavefunctions of NO(X), for example, as [100]:

|Fy,5,m,€) = alj,m, Q= 0.5,€) + blj,m, Q = 1.5,¢),

|Fy, 7,m, €) = alj,m,Q = 1.5,€) — blj,m, Q= 0.5,¢), (2.8)
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with the mixing coefficients, a and b, given by

X+ (-2
“TNTTax

X — (Y —2)

h—
2X ’

(2.9)

and where X and Y are as defined in Equations (2.3) and (2.4). For NO(X) in
the highest rotational state that is energetically accessible in the work presented
here, 7' = 34.5, a and b take values of 0.923 and 0.384, respectively, so the Hund’s

case (a) coupling scheme is approximated throughout [103].

2.3 Experimental methods and design of appa-
ratus

This section outlines the experimental methods and detection schemes used in this
thesis to achieve quantum-state-resolved vector correlations for NO(X)+Ar: namely,
crossed-molecular beam (CMB) techniques with the application of velocity-map
imaging (VMI) and resonance-enhanced multi-photon ionisation (REMPI) detection.
These methods, which are used to study the rotationally inelastic scattering of
NO(X) by Ar at collision energies in the range 469 — 2210 cm™!, are discussed
in detail in this chapter, with an emphasis on the adaption of well-established
techniques to generate data for this system of interest.

The experimental data presented in this chapter were all collected using a
compact CMB apparatus [104]. This new, compact machine was designed by Dr
Scott Seamons. Specific details and dimensions of the rig, and diagrams thereof,
can be found in reference [105]. The apparatus was commissioned and characterised
by myself at the beginning of this thesis.

Cooling induced by the adiabatic expansion of the gas in the molecular-beam
pulse meant it was possible to select molecules in specific electronic, vibrational,
and spin-orbit states prior to collision. A small range of rotational states remained
populated following the supersonic expansion of the gas pulse. Space constraints

meant it was not possible to install a hexapole state-selector of sufficient length to
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Figure 2.2: Schematic diagram showing the experimental apparatus used to collect data
relating to the inelastic scattering of NO(X) by Ar at variable collision energies. The red
box at the centre of the scattering chamber is expanded in the insert figure. Note that
the MCPs, phosphor screen, and camera are all positioned above the scattering chamber,
parallel to the plane defined by the lasers and molecular beams. The time-of-flight axis
is perpendicular to the plane defined by the lasers and molecular beams. See text for
further details. The apparatus is not drawn to scale.

achieve A-doublet resolution in the initial NO(X) population. In contrast, the (1+1')
REMPI detection scheme employed is selective of the final rotational state and spin-
orbit manifold, as well as the final A-doublet state. The apparatus used to collect
these data is presented in Figure[2.2)and is described in detail in the text that follows.

2.3.1 Rotational temperatures of primary molecular beams

The molecular beams are generated by pulsed General valves, operated at 10 Hz,
with a backing pressure of 2 bar. The primary beam contains NO seeded at 10% of
the total volume in different carrier gases (Ar, He, and Hy) to aid cooling, discourage
cluster formation, and vary the collision energy in the range 469 — 2210 cm~!. The
stagnant pressure in the scattering chamber was measured to be 1 x 10~7 mbar. As
the gas mixture passes through a 1 mm diameter valve nozzle and expands into a
high vacuum, it cools adiabatically to give a reduction in rotational temperature.
When seeded in rare gases, the rotational temperature of the NO(X) beam is
reduced to around 10 K; when seeded in hydrogen, the rotational temperature
is significantly higher, at around 28 K. These temperatures were determined by

comparing experimental (1+1") REMPI scans (shown in Figure to the LIFBASE
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Figure 2.3: (14+1’) REMPI scans of the primary molecular beam for different gas mixtures.
Experimental spectra were compared to simulations from the LIFBASE spectral database
[106] to determine the rotational temperature, Tyo;. The REMPI scans are overlaid with
a selection of spectral branches. Note that not all branches are shown — including labels
for overlapping transitions — for the sake of clarity.

spectral database |106]. Note that the use of fluorescence simulation software is
appropriate in this instance because the initial excitation of NO(X) in the REMPI
detection scheme is a single-photon process.

In the case of a rare-gas seed, collisions between rotationally excited NO(X)
molecules and rare-gas atoms induce energy transfer from the former to the latter.
The rare-gas atoms act as a heat sink, whereby the internal energy of NO(X) is
converted into translational energy of the rare-gas atoms [107]. However, in the case
where molecular hydrogen is used as a seed gas, the adiabatic cooling that takes
place during the adiabatic expansion is limited by the onset of cluster formation

[108]. The exothermic formation of small clusters of hydrogen molecules releases



2. NO(X)+Ar: experimental and theoretical methods 29

rotational-state population / %
Tt = 10 K Trot = 28 K
J =105 16 7
7=15 54 28
7 =25 24 28
Jj=35 16 19
=45 0 12
J=295 0 6

Table 2.1: Rotational-state population distributions of the primary molecular beam for
two different rotational temperatures, Tyor = 10 K and 28 K, achieved by seeding NO(X)
at 10% in Ar and Hs, respectively.

condensation energy that is then taken up into internal degrees of freedom of the
NO(X) molecules, leading to an increase in the rotational temperature of the beam.

Given that the experiments described in this chapter did not make use of a
hexapole state-selector, the rotational-state population distribution of the primary
beam is solely determined by how efficiently the beam is adiabatically cooled
during the supersonic expansion. Table gives the approximate rotational-state
population distributions, expressed as a percentage, that were determined from the
LIFBASE spectral database for T, = 10 K and T, = 28 K [106].

It can be seen in Table that, for primary beams in which NO is seeded in
rare gases (T, = 10 K), over half of the molecules originate in the j = 1.5 state,
with evenly populated A-doublets levels. Overall, there are significant numbers
of molecules in initial rotational levels j = 0.5 — 3.5. In contrast, when NO is
seeded in Hy (T, = 28 K), the j = 1.5 and j = 2.5 states are equally populated,
and there are also considerable numbers of NO molecules in the j = 3.5 and
j = 4.5 states (all with evenly populated A-doublet levels). These rotational-state
distributions have important consequences in terms of how to accurately simulate
experimental reality in quantum-mechanical and QCT calculations, and will be

discussed further in Section B3.3.4l



30 2.3. Experimental methods and design of apparatus

Notably, the beams are also passed through a 1.5 mm skimmer, which acts to
further select the rotationally coldest and most collinear part. The secondary beam,

containing pure Ar, is generated using the same method.

2.3.2 Determination of collision energies

In the first instance, the velocities of the molecular beams were calculated thermo-
dynamically by considering the supersonic expansion of a gas into a vacuum. The
velocity of the molecular beam can then be calculated from the thermodynamic

limit of the translational energy using the equation [109]

ol =2 (), 210

where kg is the Boltzmann constant, m is the mass of the molecule, v is the ratio of

the heat capacity at constant pressure to that at constant volume (C,/C,), and T
is the temperature. Previous studies have confirmed a valve temperature of around
335 K [110]. A knowledge of the velocities of the primary and secondary beams,
which intersect perpendicularly, can be used to calculate their relative velocity
(and, hence, the collision energy) by simple Pythagorean geometry. The resultant
velocities and energies are given in Table [2.2]

The experimental collision energy can also be determined from the images
that are collected (see Figure . The radius, r, of an image is defined by
the velocity of the scattered NO molecules that are detected following collisions

with Ar, and is given by

1 MAr 2[Eecon — B(j'(4' +1) — (G +1))]
) X \/ , (2.11)

r=—X
p  (mar +mno jz

where p is the pixel-to-velocity ratio (determined by the ion optics settings for
a given collision energy), mx is the mass of species X, E.o is the total energy
available from the collision, B is the rotational constant (in Joules), 7 and j’ are
the initial and final rotational states, respectively, and pu is the reduced mass. This
fit was applied to the experimental data to generate the collision energies given in

the second column of Table Note that, unlike in previous studies [15] 22}, 80|
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Thermodynamic calculations

System of interest frf;il/ IEZC{ Ilgzl{ Eeon / cm™
NO at 10% in Ar + Ar 609 590 848 515
NO at 10% in He + Ar 1479 590 1592 1816
NO at 10% in Hy + Ar 2009 590 2094 3141

Experimental images

System of interest fxf;l_l/ fg‘;c_l/ ;ﬁ:_{ Eeon / cm™
NO at 10% in Ar + Ar 5H4 590 809 469
NO at 10% in He + Ar 1311 590 1437 1480
NO at 10% in Hy + Ar 1654 590 1756 2210

Table 2.2: Primary-molecular-beam velocities (vpyi), secondary-molecular-beam velocities
(vsec ), relative velocities (vye]), and collision energies for the different NO(X)+Ar scattering
experiments investigated in this thesis. The thermodynamic values are calculated as
outlined in the text. Collision energies are also calculated from the radius of the

experimental images, as given in Equation ([2.11)), and the velocity of the primary beam

is determined retrospectively using the thermodynamic value of vgee = 590 ms™?.

110-112], the thermodynamic calculations consistently overestimate the collision
energy with respect to that determined from experimental images by as much as
30%. As yet, the reasons for this discrepancy are not well understood, and it
is recommended that future work should seek to resolve this. In any case, the
experimentally determined energies and molecular-beam velocities are those used
in the quantum-mechanical calculations for this thesis.

The extent to which Equation (2.11f) can give an accurate reflection of the true
collision energy is dependent on the rotational temperature of the molecular beam.
In using Equation (2.11)), it is assumed that all the NO molecules are in the ground
rotational state, j = 0.5. As can be seen in the lower plot of Figure 2.3 the most
intense transitions in a molecular beam of NO(X) at 10% in Hy originate from
J = 1.5, and, in agreement with the populations reported in Table [2.1] there are

significant bands seen in the range j = 0.5—5.5. However, inclusion of these states in
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Figure 2.4: Plots of the radii of experimental images against the final rotational state,
j', of the NO(X) molecule after collision with Ar at variable collision energies. The graph
titles give the composition of the primary molecular beam (where the proportion of NO is
expressed as a percentage of the total volume of the gas mixture) that undergoes collisions
with a secondary beam of pure Ar. The collision energy (green line) is determined by
fitting a line defined by Equation to the experimental data points. The blue and
red lines delimit the shaded green area which represents a 5% error margin either side of
the predicted value.

Equation (2.11]) (by weighting their contributions based on their relative populations
in the primary molecular beam at T,.), only causes a 2% reduction in the value

I was used in the

of E.n. For this reason, the original value of E.,; = 2210 cm™
quantum-mechanical simulations reported in this chapter. The same treatment was
applied for the other two collision energies (FEqon = 469 cm™! and F. = 1480 cm_l)

investigated, since the primary molecular beams in these experiments show an even

narrower rotational-state distribution.
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Since the collision energy is fixed for primary and secondary molecular beams
with known velocities, the radius of the resultant experimental image is seen to
decrease as j' increases. Indeed, the total energy, F, available in the collision

system can be expressed as

E :Ecoll + Erot + Evib

=E, +E,,+E, —AH(0K), (2.12)

where E.q is the collision energy, F.o; and Ey;, are the rotational and vibrational

internal energies before collision, respectively; Ef , E! ., and E!, are the transla-

rot»
tional, rotational, and vibrational energies after collision, respectively; and AH (0 K)
is the enthalpy of collision at 0 K. For the collisions considered in this thesis,
Eu, = El, since v = ¢ =0, and there is no vibrational excitation in the NO

molecule either before or after collision. Therefore, for a fixed collision energy, as

the final rotational energy, E’

'+, increases, the final translational energy, F{ , must

decrease and, hence, there are smaller radii for the resultant Newton sphere and the
velocity-mapped image it produces on the detector [41]. Tt is also the case that the
radius of the image for a particular j' state will increase with collision energy, since
more energy is available for translation in the products. If the time-of-flight path of
the ions lengthens, the Newton sphere has more time to expand as it travels from
the interaction region to the detector, and the image radius will increase as a result.
Conversely, if larger voltages are applied to the ion optics, the image becomes smaller,

since the ions are focused more intensely onto the detector (see Section [2.3.5]).

2.3.3 Vacuum system

As in any CMB experiment, it is very important to maintain a good vacuum in
all regions of the apparatus. With the molecular beams turned off, the pressure
in the scattering chamber and time-of-flight tube was measured to be around
1 x 10~ mbar; when both beams were turned on, the pressure rose to approximately
8 x 10~7 mbar. The source chambers for both beams, and the time-of-flight tube (see

Figure , are pumped by turbo pumps (Oerlikon Leybold Vacuum, TURBOVAC
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SL80 model), which are backed by rotary pumps. The main scattering chamber
is pumped by a larger turbo (Oerlikon Leybold Vacuum, TURBOVAC SL300
model), which is also backed by a rotary pump, to compensate for the larger

gas load in this region.

2.3.4 Laser system

The NO(X)-+Ar scattering studies discussed in this thesis constitute a two-colour
experiment, requiring photons at 226 nm and 308 nm for efficient product detection.
To generate light at 226 nm, the frequency-tripled output (355 nm) of a Continuum
Surelite I1I-10 flashlamp-pumped Nd:YAG laser (pulse length: 4 — 6 ns) is used
to pump a tunable Lambda Physik LPD 3002 dye laser that contains Coumarin
450 dye in methanol. The fundamental emission is frequency-doubled using a BBO
(B-barium borate) crystal to generate light of wavelengths around 226 nm.

To generate light at 308 nm, the frequency-doubled output (532 nm) of another
flashlamp-pumped Continuum Surelite I1I-10 Nd:YAG laser is used to pump a
Lambda Physik FL 3002 dye laser that contains Rhodamine 101 dye in methanol.
As before, the resultant emission is then frequency-doubled using a BBO crystal to
generate light around 308 nm. Both lasers were triggered at 10 Hz.

The bandwidth of the dye laser that produces 226 nm light is 0.36 cm™* 33,
113]. It was also found that the linewidth of the NO(A) +- NO(X) transition was
around 0.40 cm™!. Therefore, it was necessary to scan over a range of wavelengths
(of the order of 0.5 cm™!) when recording each image to ensure that the full Doppler
profile of the transition was sampled and that there was unbiased detection of the

different velocity components within the scattering distribution.

2.3.5 Detection of scattered products

The primary and secondary beams intersect perpendicularly in the middle of the
scattering chamber, and are also crossed at 45° by the two lasers, the overlap
of which defines the interaction region. The 226 nm light, which is vertically

polarised, is unfocused and passes through a 1.5 mm iris. The 308 nm light is



2. NO(X)+Ar: experimental and theoretical methods 35

focused just before the interaction region using a lens of focal length 200 mm to
increase the density of 308 nm photons here. Assuming that the laser beams have
a Gaussian intensity profile [114], the resultant interaction region has dimensions
of approximately 1.5 mm x 1.5 mm x 1.5 mm.

Following collisions with Ar atoms, NO molecules in a particular quantum state
are scattered onto the surface of a Newton sphere, the radius of which is determined
by the internal energy of the scattered products and the collision energy. Within
the interaction region, scattered NO molecules are detected state-selectively using a
(1 +1") REMPI scheme. The wavelength of the photon around 226 nm is tuned
to selectively excite a final NO(X, ', j', €) state to the electronically excited
NO (A”Y) state. The molecule then absorbs another photon at 308 nm and is
selectively ionised. Use of a two-colour detection scheme means that the power of
the 226 nm laser can be kept low to avoid saturating the transition.

In the experiments carried out in this thesis, different spectroscopic branches
at around 226 nm are used to detect NO(X) molecules scattered into different

€2, 7', €) states. In the following notation, [115]

ANjrern (5, (2.13)

fs = 1,2 corresponds to the j* = 1.5 and j* = 0.5 spin-rotation levels of the
NO(A) state, respectively; Fyp = 1,2 refers to excitation from the €’ = 0.5 and
(Y = 1.5 spin-orbit manifolds of NO(X), respectively; and Aj, the change in the
value of the rotational quantum number, is assigned the notation Aj = P, Q, R

for Aj = —1,0,+1, respectively. The detection branches used are:

overlapping Q,, + Ry1 branches for | = 0.5, 5/, e);

overlapping Q,; + Po; branches for |2 = 0.5, 7', f);

overlapping Q,, + Riy2 branches for |2 = 1.5, 5/, e);

overlapping Q;, + Pag branches for | = 1.5, ', f).
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To generate a single experimental image, batches of 2 x 103 or 2.5 x 10? laser
shots were recorded at a time for spin-orbit-conserving and spin-orbit-changing
collisions, respectively. The secondary Ar beam was turned off on alternate sets
to allow for background subtraction of unscattered NO signal from the primary
beam, and to reduce the impact of experimental drift. Images were then produced
by summing across a total of 2 x 10* laser shots for spin-orbit-conserving collisions,
and 3 x 10* shots for spin-orbit-changing collisions.

The Newton sphere of NOT ions was velocity mapped [45, [116] onto a position-
sensitive detector. All ions that possessed the same velocity component in the plane
defined by the molecular beams (which is parallel to the detector) were mapped onto
the same point on the detector, regardless of their initial position. VMI techniques
are thus particularly useful because they remove the blurring effects which would
otherwise arise from the distribution of spatial coordinates amongst products that
share the same velocity. A set of ion optics (see Figure acted in much the
same way as an optical lens to accelerate the ionised products down a time-of-flight
tube using an electric field gradient. The length of the tube affected the size of
the image as the Newton sphere expanded over the course of its journey. For the
data recorded at 469 cm™!, the apparatus was fitted with a 200 mm time-of-flight
tube between the scattering chamber and the detector. However, for the two sets
of data collected at higher collision energies, the time-of-flight tube was increased
in length by 500 mm to increase experimental resolution. Typical voltages applied
to the ion optics were 1200 V on the repeller and 780 V on the extractor. Note
that, for the experiments performed at the highest collision energy (2210 cm™!), the
voltages on the ion optics had to be increased to 1800 V on the repeller and 1180 V
on the extractor so that the images for low j’ could fit on the detector. Note also
that, in the first instance, the velocity resolution of the ion optics, time-of-flight,
and detector apparatus was determined by a series of relatively simple, one-colour
experiments that investigated the photodissociation of the NO,, OCS, and O,

molecules. Details of these experiments can be found in reference [105].
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The detector used in this thesis (manufacturer: Photonis USA Inc.; model
number: APD 2 PS 40/32/25/8 1 40:1 NR AU 6” FM IPB P47) consists of three
micro-channel plates (MCPs) and a P47 phosphor screen. Typically, the front MCP
was grounded, and voltages in the range of 800 — 900 V and 1600 — 1800 V were
applied to the middle and back MCPs, respectively, and 4600 — 4800 V were applied
to the phosphor screen. Note that the voltages were always varied such that the
ratio of middle MCP : back MCP : phosphor screen was always x : 2z : (22 + 3000).

The MCPs are 40 mm in diameter, and contain around 1 x 10 channels, each
of which is 25 pm in diameter. When an ion strikes any given channel on the
front face of the MCP, it produces a cascade of electrons that propagates through
the stack of MCPs, and the signal is amplified accordingly. The ejected electrons
then hit the phosphor screen and generate a flash of light that is recorded by a
gated, intensified, charge-coupled device (CCD) camera and relayed to a desktop

computer for data analysis.

2.4 Potential energy surfaces

The potential energy surface (PES) quantifies the potential energy of a system as a
function of the nuclear coordinates, and is crucial to understanding the dynamics
of a given molecule-atom collision. Each point on the surface correlates to a given
nuclear geometry in a particular electronic state, however, it is important to bear
in mind that, for a given nuclear geometry, it is possible for the nuclei to pertain to
several different PESs, each of which corresponds to a given electronic state.

If the potential energy of a system is known, then the forces acting on the

particles therein can be determined from:

F=-VV
__(av v v )

o o o T (2.14)

where V' is the potential-energy function, V is the gradient operator, and r, are the
various coordinates needed to define the geometry of the system. Thus, it can be

seen that the gradient of the PES quantifies the forces acting on the nuclei present
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and, as a result, determines their relative motion. The PES, together with the
relevant masses and kinematics, therefore completely defines the collision /reaction

dynamics for a system with a given set of initial conditions.

2.4.1 PESs for NO(X)+Ar

The collisions of NO(X) molecules with atomic Ar can be described using two
non-degenerate PESs [117]. The labels used to differentiate these surfaces depend
on the reflection symmetry of the 7* orbital in which the unpaired electron of NO(X)
is found with respect to the triatomic plane formed by the approach of Ar towards
NO(X). If the 7* orbital containing the electron lies in the triatomic plane, the
PES has A’ reflection symmetry; if the orbital lies perpendicular to the plane, then
the PES has A” symmetry. Of course, as discussed previously, it is important to
remember that the A" and A” PESs are not the same as the IT,, and IT,~» A-doublets.

In reality, the collision of NO(X) with Ar takes place on both the Vy/ and Va~
PESs simultaneously [117]. To this end, it is often more convenient to consider

linear combinations of the individual surfaces, defined as [118]

1
‘/sum :g[vA” + VA'] = Z VEO(R)déO(/Y)
l

Ve =5[Var — Vel = 3 Vi R)do(7) (215)

where d},(7) are reduced Wigner rotation matrix elements and V;,(R) are the radially
dependent expansion coefficients [119]. In the limit where the angular-momentum
coupling is well described by Hund’s case (a), spin-orbit-conserving (*II1 « “II)
collisions are said to take place on the Vi, (R,~) PES. In contrast, spin-orbit-
changing (21_13 — 2H%) collisions are governed by the Vyg(R,~v) PES [117, [118].
Figure 2.5/ shows PESs for the NO(X)+Ar system as functions of the separation
of the rare-gas atom and the centre of mass of the NO radical, R, and the angle,
v, between the vector R and the NO bond axis; and also as functions of the
Cartesian coordinates, X and Y, where X = Rcosf and Y = Rsin6 [120]. Note

that v = 0° corresponds to the O-N—Ar geometry and v = 180° corresponds to
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N-O-Ar. In calculating the PESs, the bond length of the NO(X) molecule is fixed
at its equilibrium value of 1.15 A [121], and vibrational motion is ignored.

The global minimum of the surface of A’ symmetry is found at R = 3.60 A and
v = 95°, with a well depth of 116 cm™!; the global minimum of the surface of A”
symmetry is located at R = 3.65 A and v = 75°, with a well depth of 111 cm ™
[110]. As such, the depths of the attractive potential-energy wells are exceeded by
the magnitude of the collision energies investigated in this work (469 — 2210 cm™1),
meaning NO(X)+Ar collisions will tend to sample the repulsive regions of the
PESs, especially as the collision energy increases.

The Vium(R, ) PES is weakly attractive at large R, and contains three minima:
two local, shallow minima at v = 0° and v = 180°, and a global minimum at v = 90°,
when the NO-Ar system has a T-shaped geometry. The PES becomes strongly
repulsive at low R. The Vgig(R, ) PES is strongly attractive, with two deep wells in
near co-linear geometries, and a smaller region of repulsion at v = 90°. In general,
the Vyg(R,~y) potential is much shorter range than Vi, (R, ), and is also more
anisotropic. Notably, since V, and V,» lie very close in energy, calculating the
Vair(R, y) potential will exaggerate any differences between the two combined PESs,
whereas calculating Vium (R, y) will diminish them. This makes the determination
of the Vyig(R,~y) potential much more challenging. However, it also means that
the Vaig(R,y) potential can be used as a more rigorous test of the accuracy of
the Vy» and V,» surfaces by assessing the agreement of theoretical calculations
run on Vgg(R,y) with experimental data.

Notably, both the Vyum(X,Y) and Vgg(X,Y) PESs are slightly asymmetric with
respect to reflection in the X = 0 plane due to the heteronuclear nature of the NO

molecule. The potentials are also slightly longer range towards negative X.

2.5 Quantum-mechanical calculations

In order to test their accuracy, the PESs are used in conjunction with the HIBRIDON

suite of codes [122] to run quantum-mechanical calculations for the NO(X)+Ar
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Figure 2.5: Vi (R,v) and Vyig(R,y) PESs for the NO(X)+Ar system in two different
coordinate bases — see text for details. The black lines on the PESs represent contours
separated by 40 cm ™!, and a potential energy of negligible magnitude is represented by
yellow shading.

system. This theoretical treatment is based on full quantum-mechanical, close-
coupling, scattering calculations, the output of which is the state-to-state scattering
matrix, resolved in all observable angles, that relates the incoming and outgoing
wavefunctions. HIBRIDON uses a hybrid operator comprising the Airy propagator
, in the long-range region and the Log-Derivative propagator in
the short-range region.

The plane wave representing the incoming molecule is written as a series of
partial waves with an increasing total-angular-momentum quantum number, J.

The total number of partial waves, Ji, is chosen such that the opacity function
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P;t(J) — which gives the probability of a transition from initial state, [¢);), to
a final state, [¢f), as a function of J — converges at a value of J < Jio. The

scattering matrix is then defined such that

1) = W), (2.16)

out

where S is the scattering operator. For pure, coherent states, the incoming and
outgoing partial waves can be written as a linear combination of the ro-vibrational

eigenfunctions of the system [125],

Ti) =D il (2.17)
W50 = %:Cflt/#), (2.18)

and the wavefunctions are normalised such that >, |¢;|* = 1 and 3 |¢f|* = 1.
However, when calculating experimentally observable properties, it can be more
useful to consider the transition operator, T, defined such that 7' =1 — S. The

transition operator can then be applied to the incoming wavefunction such that [101]

TIw;) = (1 8)|¥3)

= W) —|w ). (2.19)

out

The square modulus of the transition matrix element, [T, ;|?, then gives the
quantum-mechanical opacity function, Ps.;(.J), for a given value of J [126]. The
S-matrix elements are calculated for each value of .J , and are then summed over
all values of J to recover an experimentally observable quantity.

The calculations presented in the subsequent chapter employed the Log-Derivative
propagator |122, |124] between 4.5 and 15 Bohr, and the Airy propagator [122|
123] up to 45 Bohr. Calculations run at 469 cm™!, 1480 cm™!, and 2210 cm™!
used rotational bases for NO(X) up to, and including, j* = 20.5, 27.5, and 34.5,
respectively, and partial waves up to J = 160, 400, and 500, respectively, to ensure
convergence. The Vium(R,vy) and Vgg(R,7) potential energy surfaces used for
NO(X)+Ar were those of Alexander et al. [120].
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2.6 Integral and differential cross-sections

As mentioned previously, the accuracy of the PESs used to run theoretical calcu-
lations can be assessed by comparing the data they generate with experimental
values. To this end, experimentally observable quantities must be extracted from

the quantum-mechanical data produced by the HIBRIDON suite of codes.

2.6.1 Integral cross-sections

The integral cross-section can be thought of as the effective area within which
an incoming atom must collide with a molecule if it is to scatter the molecule
from an initial state, i, to a final state, f.

As discussed in Section , the quantum-mechanical opacity function, Pr.;(.J),
is given by [125]

Prei(d) = T/ (2.20)

where |T7_,| is the transition matrix element, a function of the total-angular-
momentum quantum number, J. The integral cross-section is then calculated as [125|

126]

Lot 27 +1

Ofei = k’2 Z

~[2min(J, ) + 1] Prei(])

2J+1

5T

Qmin(ij) + 1]|T}]ei|27 (2'21)

where k = p/h is the initial wavevector, and j is the rotational-angular-momentum
quantum number for the molecule. As mentioned previously, the value of Ji is set

such that the magnitude of Py ;(J) falls to zero at a value of J < Jio.

2.6.2 Differential cross-sections
The differential cross-section (DCS) quantifies scattering into a conical solid angle,
dw = sinfdfd¢, such that [125]

do 1 1 d
dw  4msinfdode’

(2.22)
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Thus, it can also be shown that [125]

2r  prw dO' )
Ofei _/o /o @smédedgb (2.23)

returns the integral cross-section by integrating over the surface of the scattering
sphere.

Since the molecular scattering is symmetrical about the initial relative velocity
vector, k, the DCS shows no dependence on the azimuthal angle, ¢, and is instead
only a function of the scattering angle, #. To determine the quantum-mechanical
DCS, it is useful to calculate the scattering amplitude of a particular f < 4

transition, according to [126]

1 2/ +1
2ik 5 2j + 1

frei(0) = [2min(J, j) + 1]Ppei(J)(cos )T7_,. (2.24)

The DCS is then calculated from the scattering amplitude using the equation [127]:

— J(O)]?
Gy, “Mrei(®)
2J+12J +1
2min(J, j) + 1
k?z};Qﬁl 2j +1[ (/) +1

X [2min(J’, j) + 1]Tf<_ZT “Prei(J)(cos0)Pri(J")(cosb). (2.25)

Notably, individual S-matrix elements that correspond to individual partial
waves are totally independent of each other. However, the double summation
present in Equation induces a number of cross-terms that contain the product
of T-matrix elements with different values of .J. This leads to the possibility of

interference between different partial waves.

2.6.3 Polarisation-dependent differential cross-sections

In the experiments carried out on the NO(X)+Ar system, the use of vertically po-
larised 226 nm laser light means that the angular distribution of scattering intensity
shows considerable dependence on the polarisation of the final rotational angular

momentum of the NO(X) radical. The rotational angular momentum is said to be
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polarised [61},|128-130] because the j" vector distribution is anisotropic with respect
to the scattering plane (defined by the crossed molecular beams). The polarisation-
dependence of the DCS is defined by the three-vector k — k' — j' correlation.

In a classical description, the distribution of j’ vectors is said to be oriented if
a particular sense of rotation about a reference axis is preferred; the distribution
is said to be aligned if there is no preference for the sense of rotation, but there

is a preferred plane of rotation. In a quantum-mechanical picture, the quantum

Orientation Alignment

Figure 2.6: Quantum-mechanical depiction of oriented and aligned rotational-angular-
momentum distributions.

number, m’, referring to the projection of j' on a reference axis, is quantised. As
such, the polarisation of j’ is achieved when there are unequal populations of m’
states. If there is a preference for either positive or negative values of m/, then
the distribution is said to be oriented; if there is no overall preference for either
positive or negative m/, but the distribution in |m’| is unequal, then the distribution
is said to be aligned. Quantum-mechanical depictions of purely oriented and aligned
rotational-angular-momentum distributions are shown in Figure [2.6]

The scattering frame [131] that is used in this work to describe the polarisation
of rotational angular momentum is shown in Figure[2.7 The angle 6 defines the two-
vector correlation of the initial and final relative velocity vectors, k — k’. As shown
on the right of the figure, the direction of the final rotational-angular-momentum
vector, j’, is defined fully by two angles: 6 and ¢;,. In the scattering frame,
the initial relative velocity vector, k, is parallel to the principal z-axis. Since

the particle is always scattered into the +xzz-plane, the direction of the x-axis is
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determined by the final relative velocity vector, k’. The direction of the y-axis is

then chosen to complete a right-handed set of axes.

Figure 2.7: The scattering frame in which rotational-angular-momentum polarisation is
defined. See text for details.

2.6.4 Quantum-mechanical j-PDDCSs

In a quantum-mechanical treatment, the wavefunction can be written as a linear

combination of |jm) states, such that
J
W) = > calim), (2.26)
m=—j
where the density operator can be written as [131] [132]

P= D CmCoylima)(jmal. (2.27)

mi,m2

The individual density matrix elements are, therefore, given by [41, |132, [133]

(gmlplim’y = Y- cmich, (Gmlima) (Gmelim’)

mi,ma2

= CCpy- (2.28)

It should be noted that, here, the m and m’ states do not represent the pre- and
post-collision values of the projection quantum number; rather, they are simply
used to denote different values of m.

The diagonal elements of the density matrix, for which m = m/, describe the
population of each |jm) state. The off-diagonal elements define the coherence

between different |jm) and |jm') states. Clebsch Gordan coefficients can then
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be used to express the elements of the density matrix. In the case of pure,

definite j states [131} |132],

(k)

mdo
(ym1|p(cosB)|jma) = Z Z (2k+1 ( )(jml,k‘q|jm2>, (2.29)
2 —f—lk 04—k dw

where p(cos 9) is the scattering-angle-resolved density operator, k is the order and q

the rank, an #)(6), by [131, [132]

277r daék)

n® () = 1
o dw

q

(2.30)

Thus, it can be seen that the trace of the density matrix is equal to the probability
of being in a particular j' state after scattering through an angle, 0, regardless of
the polarisation of the 7’ vector. The scattering amplitudes determined by Equation
(2.24) are then used to calculate the normalised j-PDDCSs for transitions from

a well-defined |jmQe) state via |131} [132]

2 1 1 . . .
) (0) = o 2241 mn;m firmi e jmae(0) fimyare —jmae(0)(3'my, kqlj'ms).
(2.31)
The complex renormalised j-PDDCSs, pgk)(H), are given by [131, 132]
(k) ()
k) () =

Py (0) = =5y (2.32)
T o)

where néo}(ﬁ) = 2292 js the (real) product angular distribution. The real j’-

PDDCSs, péfﬁ(@), are then calculated from their complex counterparts via the
Hertel-Stoll normalisation [134]:

p§(0) = i (0);

A0 = S5 [ =0 +ih0) 1<a<

A0 = == [10 =50 1<a<k (2.33)

In these equations, k = 1 describes the orientation of rotational angular momentum

and k£ = 2 describes alignment. For the experiments described in this thesis,
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which use vertically polarised laser light, the pél}(e), ,033(9), p‘1{2_}(0), and pi% (0)

moments are all zero |112 [131} [135]. The ,032}(6’), pﬁ}(ﬁ), and péi}(e) moments
specify the alignment of 7' along the z, x + 2z, and y axes, respectively. pil_} (9)
is the only non-zero orientation moment, and is defined along the y-axis, but it

is not considered any further in this thesis.

2.6.5 Averaging over initial A-doublet levels

As discussed previously, the NO(X)+Ar scattering experiments presented in this
thesis did not make use of a hexapole state-selector. Therefore, the NO(X) molecules
were not resolved into their initial A-doublet levels and, because they are almost
degenerate in energy, the e and f states were said to be equally populated. In
contrast, the detection method used to image scattered products did allow for
final A-doublet-level resolution.

The theoretical calculations carried out using the HIBRIDON suite of codes are
fully resolved in both initial and final A-doublet levels. Therefore, it is necessary
to average over the two renormalised j’-PDDCSs that correspond to transitions
originating in each of the initial e/ f states and terminating in a common final e/ f
state. The following steps outline how the averaged, real, renormalised j-PDDCSs
are determined from the e/f initial A-doublet-resolved j-PDDCSs.

Firstly, the product angular distributions for transitions originating in each

of the e/f A-doublets are averaged wvia
1
15" (B)ave = 5 % 16" (0)e + 15" (6)]- (2.34)

The real, renormalised j-PDDCSs for each initial state are then unnormalised to

generate the real, normalised j-PDDCSs by

12 (0)esr = pi0)ess x 08 (8)e)s

{k} 0
_ gt O)eyy ;e/f x 1§ (0)e . (2.35)
e/f
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Then, the resultant normalised j'-PDDCSs are averaged over the initial A-doublet
state, such that

1
néft} (Q)avg = 5 X n{i}(e)e + n{i} (9>f . (236)

q q

Finally, the averaged normalised j-PDDCS is renormalised by dividing through

by the averaged product angular distribution via

k
p{i} (9) _ ntgi}(e)avg
q avg — T
18" (0)ave

(2.37)
to generate a real, renormalised j’-PDDCS averaged over the initial A-doublet level.
In Chapter 3, these averaged, renormalised j'-PDDCSs are used to account for the

vertical polarisation of the 226 nm laser light when generating simulated images

and fits relating to NO(X)+Ar scattering, according to the method outlined below.

2.7 Data analysis

As explained above, the image collected by the CCD camera is a two-dimensional
projection of a three-dimensional Newton sphere of NO* ions. Therefore, the
intensity of the images is greatest around the edge of the ring. When measuring
the DCS — i.e. the scattering intensity into a given angle, 6, for a given j' < j
transition — it should be the case that the DCS is symmetric about the relative
velocity vector, v, since scattering into all azimuthal angles is equally probable.
However, as can be seen in Figure 2.8 the intensity is skewed to the left of the vector,
which corresponds to the region of the Newton sphere where the NO molecules
have relatively slow laboratory-frame velocities. The upper right corner of the
sphere denotes a region where molecules are scattered through the same angle,
but with a much higher laboratory-frame velocity, as shown in the right panel of
Figure 2.8) For this reason, the part of the image to the left of the relative velocity
vector is called the ‘slow’ side of the image, and that to the right is referred to
as the ‘fast’ side [110]. Molecules with higher laboratory-frame velocities spend
less time in the detection region, and the probability of them being ionised on

absorbing a laser photon is, therefore, lower.



2. NO(X)+Ar: experimental and theoretical methods 49

Figure 2.8: The left panel shows an example of an experimental image for the inelastic
scattering of NO(X) by Ar for the | = 0.5,5" = 15.5, f) « |2 = 0.5, j,¢/f) transition
at 2210 cm~!. The image has been overlaid by the Newton triangle, in which vno and
va; are the laboratory-frame velocities of the NO and Ar before collision, respectively,
and vcowm is the laboratory-frame velocity of the centre of mass of the system. v,e is the
relative velocity in the laboratory frame. The right panel shows the same image overlaid
with laboratory-frame velocity vectors that correspond to the ‘fast’ (vypi) and ‘slow’
(vLp2) sides of the experimental image.

In its most complete form, the equation giving the intensity of scattered signal

at point (x,y) on the detector is given by [110} 136]

](957%]',],7]'*7)(;»):///////nNo(T'No,UNo,t{\Io)nAr("“Ar,UAmt/Ar)

vre . s
X ftNo (UNO)ftAr (vAr>Tla<vrel)P(Tdet>Pscatt(Q)A(xa ?/,],73 aXp)
NO

X 6<tNO — t&o)é(tAr — thr)dti\lodthrd'UNOd'vArdtcolldrcolldrdet7
(2.38)

where

o j and j’ are the rotational-angular-momentum quantum numbers of the NO

molecule before and after collision, respectively;

 j* is the rotational angular momentum of the NO(A) molecule in the resonant

level of the (1+1") REMPI detection scheme;

e N0 (TNO, UNO, tho) and nap(Tar, Var, Ty, ) refer to the number densities in the
primary and secondary molecular beams, respectively, which depend on the

initial position, r, velocity, v, and time, ¢;
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e fixo(vno) and fi,, (var) are the velocity distributions of the primary and

secondary beams, respectively;
o () is the collision cross-section;

o P(74et) is the probability that the NO molecule will be detected at the position

Taet, and is dependent on both the laser position and delay;

o Pias(0) gives the probability of scattering into the angle defined by 6 (and is

symmetric about the azimuthal angle, ¢); and

o the two Dirac functions ensure that the NO molecule and the Ar atom are at

the collision position, r.., at the time of collision, t..

The multiple integral is then performed over all the initial positions, starting times,
collision volumes (defined by the overlap of the molecular beams), and detection
volumes (defined by the overlap of the laser beams).

It can then be approximated that Equation is separable into three

components, and can be written as [110} |1306]

](37, yajvj/7j*a Xp) = Z(J;7 yvjaj/)Pscatt(e)A(xa yaj,uj*a Xp)7 (239)

where Z(z,y,j,7') is an instrument function that accounts for the variation in
probability of detection that comes about as a result of experimental parameters,
Picatt(0) is as defined above, and A(x,y, 7, 5%, xp) is a term (independent of ex-
perimental parameters) that includes all of the polarisation information about

the scattering process.

2.7.1 The flux-density correction

As described previously, the instrument function accounts for the effect of experimen-

tal parameters on the probability of detection, and can be expressed by collecting
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the relevant terms from Equation (2.38)), such that [110, 136]

x Z/JJ ///////HNO TNO;UNO7tNO)nAr(TAr7'vAr;tAr)

Vre
X fixo (vNo>ftAr<vAr)%a(vmopmet)

X (S(tNO — t{vo)(S(tAr — thr)dti\jodt/Ard’UNOd'UArdtcoHdrcolldrdet~
(2.40)

A considerable number of experimental parameters are required to calculate the

instrument function, including:

e |vno| and |va,|, the mean velocities of the primary and secondary beams,

respectively;

e 0,(NO) and 0,(Ar), the FWHM of the Gaussian profiles of the velocity

distributions of the primary and secondary beams, respectively;

» 0¢(NO) and o4(Ar), the FWHM of the Gaussian profiles of the temporal

distributions of the primary and secondary beams, respectively;

o the FWHM of the Gaussian profile of the spatial widths of the molecular

beams;
o the FWHM of the profile of the intensities across the laser beam profiles; and

» the relative positions of the scattering centre, and the laser beam interaction

centre.

It is possible to determine the molecular-beam velocities, |[vno| and |va,], in a
number of ways. Table showed the velocities determined by thermodynamic
calculations and from the radii of experimental images. Assuming that the
experimentally determined velocity of the primary beam is correct, the FWHM of
the Gaussian profile of the velocity distribution of this beam, ¢,(NO), is 150 ms™*
The velocity of the secondary beam (which is universally Ar) has been shown in

similar systems to be 590 ms™!, with a velocity distribution that has a FWHM,
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op(Ar), of 75 ms™! [110-112]. Relative values of 0,(NO) and o,(Ar) were also
calculated from velocity-mapped beam spots for each of the systems of interest,
and were found to generally reproduce the ratio of the velocities obtained from

the experimental image radii.

Notably, as the experiment is modelled with increasing accuracy, evaluating the
integral in Equation analytically becomes increasingly complex. In practice,
it is often more efficient to perform the integral as a sum over many trajectories. In
this work, this was achieved using Monte Carlo methods [110], whereby a map of the
position-dependent detection efficiency was constructed point-by-point. Examples
of the input files for the algorithms used to simulate experimental images for both

the NO(X)+Ar and ND3(X)+Ar systems are included in Appendix B.

2.7.2 Fitting experimental DCSs

Recalling Equation (2.39)), it can be approximated that the effect of laser po-
larisation on the probability of detection is independent of the effect of other
experimental parameters. Thus, since vertically polarised light was used to collect
the empirical data that are presented in Chapter 3, it is necessary to determine the
polarisation-dependent term, A(z,y, j’, %, x,), that is derived from the averaged,
renormalised j-PDDCSs, pé?(@)avg. For a given excitation branch, and a given

j' « j transition [137, [13§],

Az, g, %) = 1+ 3 FE 00) 08 (8) ave. (2.41)
kqt+

In this thesis, linearly polarised light is used, so there are contributions from k = 2,
q= 0,1 and 2. The Fq{i}(xp) functions contain the geometric information needed

to calculate the individual contributions from each of the averaged, renormalised
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7'-PDDCSs according to [137, [13§]
F(j{z}(xp) :ih@) (4, 7)e2(4")[35in? © cos 2 cos 23 — (3cos* © — 1)], (2.42)
A () =fh<2> (7' 3%)es(7')[ 2510 © cos psin 2x
+ 2(sin © cos O sin ¢ cos 2y — sin 20 cos ¢) cos 23], (2.43)
F2 () :\fh@) (5, 7)c2(F)[(1 + cos® © cos 2¢ cos 2

— 2 cos O sin 2¢ sin 2] cos 23 — sin® O cos 2¢)]. (2.44)

In these expressions, h(?(j’, j*) is a line-strength factor for the alignment moments
of order k = 2. ¢5(j') are normalisation factors that act as proportionality constants
for the polarisation moments and the averaged, renormalised j-PDDCSs, and

are given explicitly as 131}, [137, [13§]

ca(y') =

(2.45)

27 +3)27 - 1]
J'(j'+1) '

The three Euler angles of which F;i} (Xxp) is a function — O, ¢, and x — describe
the relative orientations of the detector frame (defined by the laser propagation
axis) and the scattering frame (described by the relative velocity). The angle
B is the polarisation angle of the electric vector of the laser light. If the light
is linearly polarised, then 5 = 0°.

Combining Equations and , it can be written, to a good approx-
imation, that [131} 137, |138]

1(2,9, Xp) = Pcare(0) Z(2,9) | 1+ 3 F (0) 08 (0) v |« (2.46)
kq+

where Z(z,y) is the instrument function (see Equation (2.40))) that is independent

of the laser polarisation. The DCS can be expanded as a series of Legendre

polynomials, such that [131, 137, |[13§]

2 1
Pras() =3 n;anPn(cos 9), (2.47)

n
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where a,, are the expansion coefficients, and P, (cos 6) is the n'® Legendre polynomial.
A linear combination of the corresponding basis functions can then be used to fit

the intensity observed in the experimental image using [131} (137, [13§]

2n + 1

](Ia%Xp):Z 2

n

anBy (2, Y, Xp), (2.48)

where the basis functions, B, (z,y,x,), are given by

B (z,y, xp) = Pu(cos0)Z(x,y)

L+ Z {k} Xp Pt{zi} (9)an} . (2.49)
kqt

In reality, the experimental image is not fit in two dimensions; instead, it is fit
as a one-dimensional series of Fourier moments. The images, and corresponding
basis functions, I(x,y), are converted to polar coordinates, I(r,0,), and are then

written as a sum of their Fourier moments via |110} (136, 139, [140]

I(r,0,) = fo(r) + Q(me ) sinm#, + me cos mb ) (2.50)
where the Fourier moments are given by [110} 136]
2w
flr) = (2= 8o) [ F(r,6,) cosmb,rds), (2.51)
0
27r
fom(r) = 2/ (r,6,)sinmb,rdo,. (2.52)

These Fourier moments describe the radial anisotropy of the image. It was found that
the series of moments in the range m = —12,12 was sufficient to fully reproduce
the observed experimental detail.

The Fourier moments are subsequently fit using a genetic algorithm to minimise
the value of x?, which is given by [110] [136]
- 1 +n§ax/ foR(r) — 3 zn;lanﬂ;(r))z

27nmaux + 1 —Mmax f,::i)()(T)

X dr, (2.53)

where foP(r) is the m™ Fourier moment of the experimental image, f7(r) is
the m'™ moment of the n'® basis image, and a,, is the corresponding expansion
coefficient of the DCS that is allowed to vary iteratively during the fit to minimise

the value of 2. The optimised value of a,, is then used to reconstruct the fitted

DCS using Equation ((2.47)).
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2.7.3 Specifying the detection region and experimental time
delays

As outlined in the previous section, the generation of simulated images from
quantum-mechanical calculations requires a knowledge of the relative position of
the laser with respect to the scattering centre, xqe; and yqer (in m, where ‘det’ refers
to the detection region delimited by the lasers), and of the time delay between
the triggers of the molecular beams and the laser, t4 (in s). To this end, and to
further the aim of quantifying the instrument function of this new CMB apparatus,
simulated images were generated using a range of possible laser positions and time
delays to find those that best reproduced the experimental data. These images,
which simulate scattering into j* = 15.5f on the spin-orbit-conserving manifold at
a collision energy of 2210 cm™!, are shown in Figures and 2.10] The same test
was carried out on a selection of images, at each collision energy, to confirm that
the values of Xqet, Yaet, and tqe Worked well for all final states and collision energies.

A qualitative appraisal of the data shown in Figure reveals that the laser
positions that give the best correlation between the simulated and experimental
images are xqe; = 0.005 m, and yg4e¢ = —0.001 m. Using these values of x40 and yqet,
a second set of simulations was run that sampled over the range tge; = 0 — 8 x 1072 s,
in increments of 0.5 x 107 s. The images, which are shown in Figure 2.10] suggest

an optimum value of tgex =4 x 1079 s.

2.8 Error analysis

The flux-density correction, and the parameters that are used to calculate it, are
the most likely source of error in determining fitted experimental DCSs, since
even minor changes in the instrument function are likely to affect the resultant
cross-sections. The error analysis should, therefore, reflect the confidence with
which the parameters underpinning the flux-density correlation are determined.
To this end, the errors included on plots of the DCS are calculated by fitting
both the fast and slow sides of the experimental image and determining the standard

deviation of the resultant DCSs from that obtained by fitting the whole image at
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NO(X, M, ,, j=15.5f) + Ar <— NO(X, I, ,,, j=0.5, elf) + Ar

E., =2210 cm”

coll
Experimental image
e

Simulated images

t=4x10" s

0.002 0.003

Figure 2.9: Simulated images for the inelastic scattering of NO(X)+Ar at a collision
energy of 2210 cm~'. The data presented here are for the spin-orbit-conserving
j'=15.5f «+ j =0.5¢/f collision. The images show the effect of varying the x4, and
Ydet coordinates that define the centre of the detection region. Values of x4t = 0.005 m
and yget = —0.001 m were chosen based on a comparison of the simulations with the
experimental image shown in the figure.

once. In the case where a series of experimental images for the same j' < j transition
was recorded numerous times, the standard deviation between the corresponding
DCSs was also calculated. In doing so, the error bars reflect both the internal
error generated in the flux-density correction and the external error associated

with the reproducibility of experimental images.
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NO(X, *M, ,, j’=15.5f) + Ar < NO(X, °I,,, j=0.5, elf) + Ar
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Figure 2.10: Simulated images for the inelastic scattering of NO(X)+Ar at a collision

energy of 2210 cm™!. The data presented here are for the spin-orbit-conserving

j'=155f + j =0.5¢/f collision. The images show the effect of varying tqe, the time
delay between triggering the primary molecular beam valve and the 226 nm laser. A
value of tget = 4 x 1072 s was chosen based on a comparison of the simulations with the
experimental image shown in the figure.

2.9 Summary

This chapter began by describing the spectroscopy of the NO(X) radical and
outlining the main experimental techniques used in this work — namely, a crossed-
molecular beam apparatus with product detection by velocity-map imaging and
resonance-enhanced multi-photon ionisation techniques. Following this, a general
description of the nature and importance of the PESs that are used in the quantum-
mechanical calculations reported in this work was provided. These surfaces, together
with the kinematics of the system of interest, govern the collision dynamics observed

during an inelastic scattering event and, as such, are crucial to understanding both
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the experimental and and theoretical data reported in this thesis.

This chapter concluded by outlining the quantum-mechanical algorithms used to
generate the theoretical data presented in Chapter 3. The methods by which integral
cross-sections, differential cross-sections, and polarisation-dependent differential
cross-sections are then extracted from these calculations were also described. In
the subsequent chapter, the DCSs are subjected to a rigorous comparison with
experimental data to assess how well currently available theoretical models can

reproduce experimental measurements.



[nelastic scattering of NO(X)+Ar at
variable collision energies

This chapter presents data collected from the first sets of scattering experiments
carried out on a new crossed-molecular beam machine. The system of interest,
NO(X)+Ar, has been studied extensively, and was thus chosen as a suitable

candidate for the calibration and optimisation of the experimental apparatus.

The data reported here relate to the rotationally inelastic scattering of NO(X) by
Ar at variable collision energies, achieved by seeding NO(X) in various carrier gases
to alter the primary-beam velocity. Experimental images were collected for the
scattering of [NO(X), 2 = 0.5,7,¢/f) into a range of final states, defined in terms
of the final spin-orbit manifold, rotational level, and A-doublet level. Fits of the
experimental images, simulations, and extracted differential cross-sections of both
are also presented and discussed. Notably, the data collected at the highest collision
energy investigated in this thesis (2210 ecm™!) quantify the scattering of NO(X)
by Ar with a larger relative velocity than any other work published previously,

and so are of particular interest in this thesis.
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3.1 Results: experimental and simulated images

This section presents raw experimental images, analytical fits, and simulations gener-
ated from quantum-mechanical calculations for the inelastic scattering of NO(X)+Ar
at three different collision energies: 469 cm™', 1480 cm™!, and 2210 cm™'. A
comprehensive set of images, spanning the full range of energetically accessible
final rotational quantum states, is presented for each collision energy. In all cases,
data relating to spin-orbit-conserving collisions are reported, however, images for
spin-orbit-changing collisions were also collected at the highest collision energy.

! —is considerably higher than any other

Notably, this energy — some 2210 cm™
reported in the literature.

All the simulated images reported in this section were generated from sets
of quantum-mechanical calculations that were run at a single collision energy.
Furthermore, it was also assumed that all the NO molecules were in the ground
electronic, vibrational, spin-orbit, and rotational ground states (with equally
populated A-doublet levels) prior to collision. Although the discussion in Section
revealed that the NO molecules in the various primary-beam mixtures occupied
a distribution of rotational states prior to collision, the decision not to simulate the
experimental images using a j-weighted quantum-mechanical DCS is justified in
the discussion of the high-collision-energy data at the end of this section.

As noted previously, the 226 nm laser light that was used to collect the
experimental images presented in this chapter was vertically polarised. The effect
of this polarisation on the fitted images, and the DCSs extracted from them, was

accounted for by considering the averaged, renormalised, j'-PDDCSs, generated by

the quantum-mechanical calculations, using the method outlined in Section [2.7.2]

3.1.1 NO(X)+Ar scattering at 469 cm™!

The data shown in Figure refer to the inelastic scattering of NO(X) by Ar
at a collision energy of 469 cm~!. These experimental images were amongst the

first to be recorded on a newly commissioned CMB apparatus, and this collision
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Figure 3.1: Experimental, fitted, and simulated images for the inelastic scattering of
NO(X)-+Ar at a collision energy of 469 cm™'. The data presented here refer to spin-
orbit-conserving collisions (2IT1 - 2II1). The Newton triangle for the collision system is

also shown. As explained in the text, the simulated images shown here were generated
assuming that all of the NO(X) molecules are in the j = 0.5 rotational state prior to
collision.

energy was purposely chosen because it is so well documented in the literature
[15, 116, 22, 35, |38, [79-85) 87-89, [141] [142].

The images, fits, and simulations presented here are for spin-orbit-conserving
collisions (for which Q@ = 0.5 and € = 0.5). The initial A-doublet levels of
NO(X) are equally populated, and all the images shown are for scattering into
a final e state (by virtue of the A-doublet-selective detection scheme). At this
collision energy, j' = 16.5 is the highest accessible rotational state, however, poor
signal-to-noise ratios for scattering into very low and very high ;' limited image
acquisition to the range 7/ = 6.5 — 15.5.

For collisions between NO(X) and Ar that scatter into low final rotational states,
4, the products are primarily forward-scattered; in contrast, collisions that induce
high rotational excitation in NO(X) lead to predominantly backward-scattered
images. For collisions that result in low rotational excitation, there is only a
small amount of rotation energy transfer (RET) — these collisions result from
large impact parameters, and are referred to as glancing-blow collisions. In the
event of low levels of RET, the NO(X) molecules deviate very little from their

original trajectories, have small scattering angles, 6, and generate images that
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show a predominance of forward scattering.

As the magnitude of j' increases, collisional RET occurs to a greater extent,
and the product distribution becomes increasingly sideward- and then backward-
scattered. To bring about a greater transfer in rotational angular momentum,
collisions must become increasingly direct or head-on, so the post-collision NO(X)
molecules fly away at large scattering angles in the opposite direction to that in
which they approached the Ar atoms originally. It is also important to note that
the experimental fits successfully capture the asymmetry of the scattering intensity
about the relative velocity vector, k, lending confidence to both the basis functions
used (including the effect of the vertical polarisation of the 226 nm laser light) and
the number of Legendre polynomials included in the fitting algorithms.

The agreement between the experimental and simulated images is generally
good, however, there are a number of notable discrepancies. Several images — for
example, those for j' = 8.5¢, 10.5¢, and 12.5¢ — appear to show a secondary, less
intense ring at a larger radius than the peak intensity. It is possible that these
outer rings represent unwanted ionisation from a lower j’ state as a result of overlap
in the respective spectroscopic transitions. The Newton spheres that result from
scattering into these two different j’ states have different volumes, because the
molecules have dissimilar translational energies, meaning they produce rings of
different radii when crushed onto the detector.

It is also noticeable that the images presented here are not totally circular;
rather, they appear to be stretched along the direction of k. It is possible that this
distortion is due to incorrect VMI settings. It is important to acknowledge that the
images presented in this section are of particularly poor quality, since they are the
result of some of the first scattering experiments to be performed on this apparatus,

and many experimental parameters had not yet been optimised.

3.1.2 NO(X)+Ar scattering at 1480 cm™!

A comprehensive set of experimental images was recorded at a collision energy of

1480 cm~!, and is presented in Figure . Although the inelastic scattering of
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NO(X)+Ar has been studied previously at a similar collision energy, the work in
reference [21] focused on the effects of vibrational excitation on the DCS and did
not report an extensive set of images that fully demonstrated the gradual change
in the k — k' vector correlation with rotational excitation. Moreover, more recent
advances in experimental techniques and design have allowed higher quality images
to be collected and presented in this thesis in comparison to those in reference [21].

The images presented here were collected for spin-orbit-conserving collisions that
mostly scattered into final e states; for higher j states, final f states were recorded,
since these transitions occur at lower wavelengths, with a higher signal-to-noise
ratio. From energy conservation, the highest accessible final state is j' = 29.5,
however, the highest recordable state was found to be j' = 27.5.

As for the first set of images, reported at 469 cm™!, the number and angular
distribution of the peaks in the radial intensity of the experimental images is repro-
duced relatively well in both the fits and the simulations. The poorest agreement
is for low j’ states, where the quantum-mechanical data predict significantly more
forward scattering than is seen experimentally. Indeed, this phenomenon of under-
predicting the level of forward scattering for low j' states is also seen for other
data sets, and is discussed further in Section [3.1.3]

In general, however, it can be said that the quality of the images recorded

at a collision energy of 1480 cm™!

shows a marked improvement compared to
those recorded at 469 cm~!. This is most likely a consequence of experimental
optimisation and increased resolution brought about by the installation of a longer
time-of-flight tube (see Section . In particular, the images are much more
circular at this higher collision energy — this is thought to be due, at least in part,
to an improvement in the quality of the velocity-map imaging. Furthermore, the
images reported here show no evidence of the double-ring formation that resulted

from overlapping transitions at 469 cm™!.

For these reasons, it was decided to
continue studying the NO(X)+4Ar system at an even higher collision energy, in
order to probe the collision dynamics further, and to test the ability of currently

available theoretical calculations to model high-energy dynamics.
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Figure 3.2: Experimental, fitted, and simulated images for the inelastic scattering of
NO(X)+Ar at a collision energy of 1480 cm™!. The data presented here refer to spin-
orbit-conserving collisions (211 < 2II1). The Newton triangle for the collision system is
also shown. As explained in tQhe text, che simulated images shown here were generated
assuming that all of the NO(X) molecules are in the j = 0.5 rotational state prior to
collision.
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3.1.3 NO(X)+Ar scattering at 2210 cm ™!

This section presents images for the inelastic scattering of NO(X) by Ar at the
highest collision energy investigated in this thesis: 2210 cm~!. This energy, which
is considerably higher than any previously reported in the literature, is achieved
by seeding NO(X) at 10% in molecular Hy in the primary beam and colliding it
with a secondary beam of pure Ar. In contrast to the data presented in earlier
sections, images for both spin-orbit-conserving (QH% — 2H%) and spin-orbit-
changing (*I1 3 2H%) transitions were recorded at this collision energy. The
vast majority of images collected show final f states, which undergo transitions at
lower wavelengths. Final e states were recorded or, indeed, the j' state was omitted
entirely, if overlapping transitions prevented the collection of a given |j’, f) image.
j" = 35.5 and j' = 34.5 are the highest theoretically accessible final rotational states
for spin-orbit-conserving and spin-orbit-changing collisions, respectively, where

! separation between the NO(X) spin-

the difference originates from the 123 cm™
orbit manifolds. Decent signal-to-noise ratios allowed data to be recorded up to
j' = 34.5 and j’ = 33.5 for spin-orbit conserving and spin-orbit-changing transitions,
respectively, as shown in Figures and . Notably, a total of 2 x 10* laser shots
were recorded for each spin-orbit-conserving image, whereas 3 x 10* laser shots were
recorded for each spin-orbit-changing image due to lower signal-to-noise ratios.
As discussed in Section whilst the simulations reported in previous sections
all assumed that all NO(X) molecules are in the initial j = 0.5 state, in experimental
reality, there is significant population in a number of higher j states. To investigate
the effect of the initial rotational-state distribution on the simulations, Figure |3.3
presents three simulated images that were generated using a quantum-mechanical
DCS that was calculated assuming that all NO(X) molecules originated in the
j = 0.5 state and compares them to a further three simulated images that were
generated using a composite, j-weighted quantum-mechanical DCS that takes into
account the relative population of initial j states in NO(X) at T,oy = 28 K. In
general, it can be seen that the agreement between the two sets of simulated images

is good. One notable consequence of including the higher-j-state DCSs in the
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Figure 3.3: Simulated images for the inelastic scattering of NO(X)+Ar at a collision

energy of 2210 cm~!. The data presented here refer to spin-orbit-conserving collisions

(?IT; < 2II1). The first row of simulated images was generated assuming that all of the
2 2

NO(X) molecules are in the j = 0.5 rotational state prior to collision. The second row of
simulated images was generated from j-weighted DCSs. See text for details.

simulation algorithms is an increase in the intensity of scattering in the forward
direction, especially for the j° = 8.5e state. However, as has been seen in the
images already presented in this chapter, simulations that were generated using
only the j = 0.5 DCS already overestimate the extent of forward scattering that
is observed experimentally. It is, therefore, believed that, as far as generating
simulated images is concerned, neglecting to incorporate higher-j DCSs (which
are computationally costly and time-consuming to generate) in the simulation
algorithms is not responsible for the current discrepancy between experiment and
theory. To that end, separate consideration is given to the effect of the rotational-
state distribution on the agreement between experimental and calculated DCSs,

and this is discussed in Section [3.3.4]

Spin-orbit-conserving collisions

As can be seen in Figure there is generally good agreement between the
experimental, fitted, and simulated images for spin-orbit-conserving collisions.
The number, relative intensity, and angular distributions of the peaks in the raw

experimental images are largely reproduced in the corresponding fits and simulations.
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Indeed, broadly speaking, the agreement between experiment and theory is much
better for these data sets than for the lower collision energies presented previously.
This is most likely due to improvements in experimental resolution (by adding an
extended time-of-flight tube) and also due to the optimisation of several parameters
(most notably, the molecular-beam and laser time delays and positions) that makes
the inputs for the fitting and simulation algorithms much more accurate. These
optimisations were possible due to the large body of data recorded at this particular
collision energy.

The experimental images collected at 2210 cm™! appear to show a notable
absence of intensity in the forward-scattered region, particularly for ;' < 14.5, and a
more moderate excess of backward-scattered intensity in the range j' = 16.5 — 27.5,
when compared to theoretical predictions. It was shown in Section that the
lack of scattering into low € at low j' observed experimentally cannot be explained
by altering the instrument-function parameters. The deterioration in the agreement
between experiment and theory for the backward-scattered region of the image at
medium j' may also stem from the decrease in the integral cross-section for scattering
into higher j" states: the poorer-quality experimental images that result are more
difficult to fit accurately, and this could contribute to the notable discrepancy
between theory and experiment at high j'. In addition, it is thought that the
inability of the simulations to fully replicate the experimental images may be linked
to inherent issues with how well the current input parameters reflect experimental
reality. To that end, particular discrepancies between experiment and theory are

now discussed in detail in the context of the high-collision-energy data.

Spin-orbit-changing collisions

Figure|3.5 shows the images collected for spin-orbit-changing collisions at 2210 cm™!.

As for the data collected for spin-orbit-conserving collisions, the agreement between
the experimental, fitted, and simulated images is generally good. However, the raw
experimental images themselves are of a poorer quality than those recorded for spin-

orbit-conserving collisions, despite the fact that 1x 10* more laser shots were recorded
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Figure 3.4: Experimental, fitted, and simulated images for the inelastic scattering of NO(X)+Ar at a collision energy of 2210 cm™!. The
data presented here refer to spin-orbit-conserving collisions (*IT 14 211 1 ). The Newton triangle for the collision system is also shown.
As explained in the text, the simulated images shown here émp.mrmm:@.mﬁm& assuming that all of the NO(X) molecules are in the j = 0.5
rotational state prior to collision. The images here are drawn to the same scale as those in Figure
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per image for the former. This is due to the lower integral cross-section for spin-orbit-
changing collisions, meaning a higher number of laser shots are needed to converge
the data. It should also be noted that, for a given j’ state, the spin-orbit-changing
image has a slightly smaller radius than the corresponding spin-orbit-conserving

image: an additional 123 cm™!

are needed to achieve the 211 3 ¢ QH% transition,
meaning there is less translational energy available to the scattered products.
As noted in Section [2.4.1] spin-orbit-changing collisions can be thought of as
taking place on the Vyg(R,~) PES, whereas spin-orbit-conserving collisions can
be considered to take place on the Vium(R,y) PES. The Vgg(R,v) PES, by virtue
of the subtraction operation required to generate it, is more likely to highlight
inaccuracies in the calculated Vy: and V,» surfaces. As such, spin-orbit-changing
data can be seen as a more rigorous probe of the agreement between experiment and
theory. Thus, given that the agreement for the spin-orbit-changing data presented
here is, in general, as good as that seen for spin-orbit-conserving collisions at this

(and lower) collision energies, it can be concluded that the NO(X)+Ar PES used in

this work [120] is indeed able to model high-energy dynamics accurately.

3.2 Results: differential cross-sections

The DCS for rotationally inelastic diatom-atom collisions can provide a wealth
of information regarding the classical and quantum-mechanical dynamics that
underpin the scattering event. The general structure of the DCS can be related to
classical regions of attraction and repulsion in the PES, and quantum-mechanical
interference effects can lead to oscillations that are observable in experimental
and theoretical images, and in the DCSs extracted from them. The DCS for
a given collision, therefore, provides a rigorous probe of the ability of currently
available PESs and theoretical models to accurately predict a range of experimentally
observable quantities.

This section presents DCSs that were extracted from the experimental images
and quantum-mechanical calculations discussed in the previous sections. The

data shown relate to spin-orbit-conserving collisions of NO(X)+Ar at 469 cm™!,
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Figure 3.5: Experimental, fitted, and simulated images for the inelastic scattering of NO(X)+Ar at a collision energy of 2210 cm~!. The
data presented here refer to spin-orbit-changing collisions (2ITs <- 2II1). The Newton triangle for the collision system is also shown. As
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explained in the text, the simulated images shown here were generated assuming that all of the NO
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1480 cm ™!, and 2210 em ™!, and also to spin-orbit-changing collisions at 2210 cm™!.

A number of different features in the DCSs are discussed, with the emphasis
throughout placed on the agreement between experiment and theory, and on the
effect of increasing collision energy on the observed collision dynamics. Note that,
for the data collected at 469 cm™' and 1480 cm™!, the quantum-mechanical DCSs
assume that 100% of the NO(X) molecules are in the j = 0.5 rotational state prior
to collision. In contrast, the quantum-mechanical DCSs for scattering at 2210 cm™!
are a j-weighted average of the DCSs for trajectories that originated in each of
the j levels in the range 7 = 0.5 — 5.5, based on the rotational-state distribution
at 28 K (see Table [2.1)). The effect on the DCS of modelling the rotational-state
distribution accurately is discussed in Section [3.3.4]

In broad terms, there is reasonable agreement between the experimental and
quantum-mechanical DCSs presented in the following sections. The calculated data
tend to reproduce the number, angular distribution, and relative intensity of the
peaks in the DCS, lending confidence to the basis functions employed and the number
of Legendre polynomials included in the fits. It is also important to bear in mind
that the experimental data presented here only provide information on the relative
intensity of the scattering-angle distribution. Since the absolute magnitude of the
cross-section cannot be known, the experimental DCSs are scaled to have the same

integral as the quantum-mechanical data. Each set of DCSs is now discussed in turn.

3.2.1 NO(X)+Ar scattering at 469 cm™!

Despite the fact that the experimental images recorded at the lowest collision
energy are generally of a poorer quality than those from higher-energy data sets
(see Figure , there is still relatively good agreement between the fitted and
quantum-mechanical DCSs in Figure Indeed, since the structure of the DCS can
act as a sensitive probe of the PES, given that the angular distribution of scattering
intensity will depend intimately on the anisotropy of the surface, the good agreement
between the experimental and theoretical data shown suggests that the Alexander

PES [120] employed in the calculations is relatively accurate at this collision energy.
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Figure 3.6: Fitted and quantum-mechanical DCSs for the inelastic scattering of

NO(X)+Ar at a collision energy of 469 cm~!. The data presented here refer to spin-orbit-

conserving collisions (?I11 ¢+ 2II1). As explained in the text, the quantum-mechanical
2 2

DCSs shown here were generated assuming that all of the NO(X) molecules are in the
j = 0.5 rotational state prior to collision. Note the difference in scale of the y-axes.

One notable difference between the experimental and theoretical data shown
in Figure [3.6]is that the quantum-mechanical calculations predict a considerably
greater number and magnitude of oscillations in the DCS structure than is observed
experimentally — especially for j* < 9.5. The nature and origin of these oscillations,
and their influence on the experimental and quantum-mechanical DCSs, is discussed

in the context of the high-collision-energy data in Section [3.3.2]

3.2.2 NO(X)+Ar scattering at 1480 cm™!

Figure [3.7] shows fitted and quantum-mechanical DCSs for spin-orbit-conserving

collisions at 1480 cm™!. As with the data collected at 469 cm™!, there is generally
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Figure 3.7: Fitted and quantum-mechanical DCSs for the inelastic scattering of
NO(X)+Ar at a collision energy of 1480 cm~!. The data presented here refer to spin-orbit-
conserving collisions (211 14 1 1 ). As explained in the text, the quantum-mechanical

DCSs shown here were generated assuming that all of the NO(X) molecules are in the
j = 0.5 rotational state prior to collision. Note the difference in scale of the y-axes.

good agreement between experiment and theory, lending confidence to the accuracy
of the PES employed in terms of its ability to reproduce the experimental scattering
distribution at this collision energy. The data are also free of systematic error, and
only a few final states show notable discrepancies between experiment and theory.

Unlike the data recorded at a lower collision energy, the DCSs presented here

are largely devoid of rapid oscillations in the forward-scattered region. High
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levels of background signal at low j’, where forward scattering is usually most
intense, prevented the collection of decent images for the j' states most affected
by diffraction. The DCSs for scattering into j' = 7.5¢ and j' = 8.5¢ do, however,
show small diffraction oscillations at 6 < 20°. A further, notable feature of the
data collected at this collision energy is that the simulations consistently over-
predict the magnitude of backward scattering for the highest states recorded (j" =
20.5¢e, 25.5f, and 27.5f). Disagreement in the high-6 region of the DCS be discussed
further in the context of the data collected at 2210 cm~*!, which have undergone

a more rigorous analysis and interpretation.

3.2.3 NO(X)+Ar scattering at 2210 cm™!

The data shown in Figures and represent fitted and calculated DCSs for
spin-orbit-conserving and spin-orbit-changing collisions of NO(X)+Ar at 2210 cm ™.
As mentioned previously, seeding NO(X) in Hy produced a primary beam with a
considerably higher rotational temperature (28 K) than those discussed previously
(10 K), and since there is a much larger body of higher-quality data to analyse at
this previously unstudied collision energy, the DCSs reported in this section were
calculated as the j-weighted average of the individual DCSs for trajectories that
originated in each of the 7 = 0.5 — 5.5 rotational levels.

As outlined in Chapter 2, the simulation and fitting procedures that were used
to analyse the data collected at 469 cm~! and 1480 cm™! consider the full 360°
range of the scattering distribution. However, for many j’ states, fitting the full
experimental image collected at 2210 cm™! produced a DCS that disagreed strongly
with quantum-mechanical calculations in the high-6, backward-scattered region.
This was particularly true in the j = 14.5—30.5 range for both spin-orbit-conserving
and spin-orbit-changing collisions. To investigate this further, the ‘fast’ and ‘slow’
sides of the image (see Section were fitted separately, and the extracted DCSs
were compared to that from a fit of the full image, as shown in Figure [3.8

The data in the figure show clearly that there is notable disagreement between

experiment and theory for the j' levels shown in the # > 140° range. It can also
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Figure 3.8: Fitted and quantum-mechanical DCSs for the inelastic scattering of

NO(X)-+Ar at a collision energy of 2210 cm™!. The data presented here refer to spin-

orbit-conserving collisions (21_[ 1« 2L ). The DCSs shown by black, dashed lines are
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j-weighted quantum-mechanical DCSs. DCSs extracted from fits of the whole experimental
image are shown in red; DCSs extracted from fits of the fast side of the experimental image
only are shown in blue; DCSs extracted from fits of the slow side of the experimental
image only are shown in green. See text for details.

be seen that the prominent backward scattering in the fit of the whole image
can largely be attributed to that which corresponds to the slow side. Such an
observation suggests that, even though the instrument function that is used in
the simulation algorithms has been optimised to account for various experimental
parameters (see Section , there is still an accumulation of scattered signal in
the high-0 region of many experimental images that has not been accounted for
theoretically. Thus, when DCSs are extracted from fits of the full experimental
images that are generated from these simulations, there is a strong peak at high
0 that is absent in the quantum-mechanical DCSs.

The origin of this region of high intensity in the slow side of the experimental
images can be explained by considering Figure [3.9, Here, the Newton triangles for

the NO(X, j = 0.5)+Ar system at collision energies of 469 cm™', 1480 cm™!, and
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Figure 3.9: Newton triangles for the NO(X, j = 0.5)+Ar system at collision energies

of 469 cm™!, 1480 cm™!, and 2210 cm™! that have been drawn to scale. The various

vectors that define the Newton triangles in each case are labelled on that for 2210 cm™!.

The black, dashed circles superimposed on the Newton triangles correspond to the radii
of the experimental images that result from a rotationally elastic collision (for which
j' =7 = 0.5). The green, dashed circles give the radii of the experimental images for
which the post-collision centre-of-mass-frame velocity of NO, uy, is most similar to the
laboratory-frame velocity of the centre of mass of the system, vcom. The corresponding
final rotational state of NO, j/, is also labelled in green.

2210 cm~! have been drawn to scale. The black, dashed circles superimposed on
the Newton triangles correspond to the radii of the experimental images that result
from a rotationally elastic collision (for which j* = j = 0.5). The green, dashed
circles give the radii of the experimental images for which the post-collision centre-
of-mass-frame velocity of NO, uy, is most similar to the laboratory-frame velocity
of the centre of mass of the system, vcoy. The corresponding final rotational
quantum state of NO, j’, is also labelled in green.

As outlined in Section [2.7], particles that scatter into the bottom-left of the
Newton triangle will have near-zero velocity in the laboratory frame. Since they
are travelling more slowly, they spend longer in the detection region, have a higher
probability of ionisation, and thus are more likely to contribute to the detected
signal. This slow-side bias will be most prominent for those particles with the slowest
lab-frame velocities, 7.e. those at, or near to, the laboratory-frame origin. Thus, it

would be expected that those rotational states for which the post-collision centre-of-
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mass-frame velocity of NO, uy, corresponds most closely to the laboratory-frame
velocity of the centre of mass, vcom, will show a region of very high intensity at
the laboratory origin. This is because, in this instance, the magnitude of uy,
which defines the radius of the post-collision Newton sphere, also coincides with
the velocity most likely to be detected in the experiment.

The disagreement in the backward-scattered region of the DCS between fits of
the full experimental image and quantum-mechanical calculations is clearly seen for
many ;' states at a collision energy of 2210 cm™!. However, a similar problem is not
observed in the data collected at 469 cm™! and 1480 cm™!. This is not particularly
surprising for the data at 469 cm ™! since, in this case, the final rotational state for
which uy passes through the laboratory origin on the Newton triangle (j' = 6.5)
is predominantly forward scattered. Thus, very few NO molecules are scattered in
the direction of the laboratory-origin. Furthermore, as j’ increases, and the angular
distribution shifts to higher 8 such that more NO particles are scattered into the
bottom-left of the Newton triangle, the magnitude of uy, will also decrease and
move away from the laboratory origin. To that end, the experimental images are
less affected by the slow-side bias as j' increases.

For the data collected at 1480 cm™!, the final rotational state for which uj
passes through the laboratory origin on the Newton sphere (j' = 17.5) lies within
the range of recorded j’ states. Thus, for many of the images collected at similar j’,
there will be a strong laboratory-origin bias. In this case, the instrument function
employed in the simulation algorithm proved able to account for such bias. Thus,
DCSs extracted from fits of the full images are devoid of a strongly backward-
scattered peak that is also not predicted by theory. However, the same cannot
be said for the data recorded at 2210 cm~!, when the final rotational state for
which u} passes through the laboratory origin on the Newton sphere (j' = 21.5)
also lies within the range of j’ states recorded. In this range of j’, many of the
DCSs extracted from fits of the whole image do show strong disagreement between
experiment and theory in the backward-scattered region. This can be attributed

to the fact that the full extent of the laboratory-origin bias was not successfully
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predicted by the instrument function. It is possible that the laboratory-origin
effect will be underestimated considerably by the simulation if, for example, a
significant number of particles spend a long time in the detection region before
being swept out by a successive gas pulse in the experimental apparatus [143]. To
that end, it is recommended that, in future, the instrument function be optimised
for the high-energy data to attempt to account for the intense signal observed at
the laboratory-frame origin. Effort should also made to understand the cause of
this issue in the experimental apparatus itself.

Indeed, in light of this issue, and based on the observation that the DCSs
extracted from fits of the fast side of the images show generally good agreement
with those generated from quantum-mechanical calculations, it was decided to use

fast-side-only fits in the final data sets for E., = 2210 cm ™.

Spin-orbit-conserving collisions

The fitted and calculated DCSs for spin-orbit-conserving collisions show generally
good agreement across the full range of j’ recorded. However, despite a considerable
improvement in the quality and resolution of the experimental images (in comparison
to those collected at lower collision energies), there are a number of discrepancies
between theory and experiment that ought to be addressed.

As for lower collision energies, the quantum-mechanical calculations tend to
overestimate the extent of forward scattering measured at low j', particularly for
j' < 14.5. In a similar fashion, there appears to be a systematic underestimation
of the intensity of backward scattering thereafter, particularly in the range j' =
19.5 — 27.5. In these cases, altering the basis functions and the number of Legendre
polynomials used in the fitting of the experimental data did not successfully resolve
the disagreement observed when theoretical data were compared to either a fit of
the whole image or a fit of the fast side of the image.

For the images recorded for j* = 12.5e and j' = 13.5e, it is believed that the
relatively poor agreement between the theoretical and fitted data can be attributed

to the relatively low quality of these experimental images. For both, there is a
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Figure 3.10: Fitted and quantum-mechanical DCSs for the inelastic scattering of
NO(X)+Ar at a collision energy of 2210 cm~!. The data presented here refer to spin-orbit-
conserving collisions (2111 + 2II1). As explained in the text, the quantum-mechanical
DCSs shown here were calculated from a j-weighted average of the individual DCSs
for trajectories that originated in each of the 57 = 0.5 — 5.5 rotational states. Note the
difference in scale of the y-axes.
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notable quantity of poorly subtracted background signal in the backward-scattered
signal that will impact negatively on the accuracy of the fitting process.

In general, the scattering distributions recorded experimentally and predicted
theoretically show the strongest disagreement in the range j° = 20 — 30: the
quantum-mechanical calculations consistently predict a more sideward-scattered
distribution than that measured experimentally. It is also the case that these images,
which are small and uniformly show a strong slow-side bias, are more difficult to fit,
since the angular distribution of the DCS is exquisitely sensitive to how well the
geometric centre of the image is defined prior to fitting. As outlined in the previous
discussion, the images collected in this range of j' will also be the most sensitive to
the laboratory-origin bias. As such, it is possible that, even when only the fast side of
the image is fitted, the effect of the laboratory-origin bias is still seen in the extracted

DCS, producing a more intense backward-scattered peak than is predicted by theory.

Spin-orbit-changing collisions

Figure presents the fitted and quantum-mechanical DCSs for spin-orbit-

changing collisions at 2210 cm™?.

The trends observed are largely the same as
for the spin-orbit-conserving collisions and, in general, the agreement between
experiment and theory for spin-orbit-changing collisions is very good. As before,
forward scattering is overestimated by theory for j* < 17.5. It is also the case that
backward scattering is underestimated by theory for j/ = 17.5 — 22.5. However, it is

thought that this observation can largely be rationalised using the same arguments

that were outlined in the previous discussion of the spin-orbit-conserving data.

3.3 Further discussion

It has been noted that the quality of the experimental data improved significantly
as the apparatus was characterised and optimised. As such, the data relating to
the inelastic scattering of NO(X) by Ar at 2210 cm™! are believed to be the most
reliable and accurate of those reported in this thesis. In spite of this, some of the

data reported at this collision energy still show appreciable disagreement between
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Figure 3.11: Fitted and quantum-mechanical DCSs for the inelastic scattering of

NO(X)+Ar at a collision energy of 2210 cm™!. The data presented here refer to spin-

orbit-changing collisions (*II3 < 2II1). As explained in the text, the quantum-mechanical
2

DCSs shown here were calculated from a j-weighted average of the individual DCSs for
trajectories that originated in each of the j = 0.5 — 5.5 rotational states. Note the
difference in scale of the y-axes.
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experiment and theory. Section outlined how, when generating fitted and
simulated images, and the corresponding DCSs, it is crucial to derive the correct set
of parameters that will give the most accurate representation of experimental reality.
However, there is also a need to balance the demands of input accuracy with that
of computational time, without compromising the quality of the data that result.

Many of the experimental images reported for all three collision energies that were
investigated in this thesis suffer from a notable lack of scattered signal in the intensely
forward-scattered region of the DCS. For low j’ states in particular, this leads to a
decrease in scattering intensity exactly where the quantum-mechanical calculations
predict it to be strongest. In the first instance, it is likely that the use of batch (rather
than shot-by-shot) subtraction of background signal in recording the empirical data
makes a significant contribution to the observed discrepancy between experiment
and quantum-mechanical theory. This is due to the effects of experimental drift (in,
for example, laser position and time delay) as an image is acquired over time. To
combat this, steps were taken to improve the quality of experimental background
subtraction before recording the ND3()~()—|—Ar data presented in Chapter 4, and
the issue is addressed in further detail there. However, it is also the case that, as
outlined in Section [3.3.2] QCT calculations do predict a distinct lack of scattered
intensity in the forward-scattered, classically forbidden region.

It may also prove interesting to study the scattering of fully hexapole-state-
selected NO(X) by Ar at high collision energy to help determine the extent to
which the observed discrepancy with theory is quantum-mechanical and/or parity-
dependent in nature. To that end, future experimental work on high-energy
hexapole-state-selected NO(X)+Ar scattering could, therefore, help elucidate the
contributions from classical and quantum-mechanical dynamics in the low-6 region
of the DCS and, by extension, allow for a better understanding of the disagreement
in the data reported here. To that end, this section offers a fuller consideration
of a number of factors that affected the trends shown by and accuracy of the

theoretical results reported in this chapter.
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3.3.1 Quantum-mechanical oscillations: parity dependence
and diffraction

The quantum-mechanical calculations carried out in this thesis treat the set of
NO(X)+Ar trajectories coherently. As such, the wave-particle character of the
scattered molecules leads to purely quantum-mechanical interference effects that
are manifested as oscillations in the experimental and calculated DCSs.
j-dependent alternations in the integral cross-section (ICS) for diatom-atom
collisions have long been observed for near-homonuclear molecules [144]. They
arise from the constructive or destructive interference of trajectories that scatter
off either end of the diatomic molecule (or, indeed, off a given point along the
bond axis itself), since the bond orientation of the diatom is not selected prior to
collision. In a similar fashion, the DCS is affected by interference between different

trajectories that scatter into the same value of 6.

Parity-dependent oscillations

As has been seen in the various data sets presented in this chapter, many DCSs
show more than one peak in intensity over the full range of scattering angles.
Previous work on NO(X)+Ar has shown that these oscillations can be explained
using a relatively simple, hard-shell model that consists of four interfering pathways
[38, 193, 94]. These four pathways are either head-on (v = 0°, 180°) or side-on
(v = 90°, 270°) in nature, and are associated with the Jacobi angles shown in
parentheses. The scattering amplitude is then written as a function of the relative

phase shifts for the different paths [38] [145| 146],
ff(—z(e) x 1+ 6—i(A¢N—7rAp/2) 4 6+i7rAp/2 + e—iAqSC)? (31)

where A¢n and A¢o are the phase shifts between a trajectory that scatters off
either end of the NO molecule and one that scatters perpendicularly off the bond
axis into a given angle, §. Ap = p’ — p is the change in the parity of NO(X), such
that Ap/2 = 0 for parity-conserving collisions and Ap/2 = 1 for parity-changing
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collisions. For a near-homonuclear molecule, such as NO, the phase shifts can

then be expressed as [38, 145, |146]
-/

)
— ), 3.2
A]@,x ( )

A¢, = (Aj;x -7 2)% — j' cos™! (

where Ajg, is the magnitude of the angular momentum transferred when the
molecule is scattered through a given angle, 0, after being struck at either the

x = N or x = O end of the molecule, and is defined as
. : . (0
Ajpr = Ajmaxz S (2) (3.3)

AJmax,z 1 the angular momentum transferred when the molecule is scattered though

0 = 180° which, in the limit of a hard-shell potential, can be defined as
Ajmaxs = 2k(A; — B), (3.4)

where A, is the major semi-axis for the z-end of the ellipsoid, B is the minor
semi-axis, and k = p/h is the wavevector that is associated with the linear
momentum of the molecule, p, and is also related to the inverse of the de Broglie
wavelength of the particles.

Equation can then be adapted for the parity-conserving and parity-changing
cases, such that [3§]

feons(0) 0c 2 + e AN | omiAd0
Fehang () oc e HANTT) 4 gmiddo, (3.5)
Taking the square modulus of the of the corresponding scattering amplitude will,

therefore, generate the DCS, via |38, [146]

dacons

2
x S
dUJf i |f cons |

x 6 + 4(cos Apn + cos Apo) + 2 cos (Apny — Ado); (3.6)

dachang

2
dwrei otang

x 2 —2cos (Apn — A¢o). (3.7)
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The dominant contribution to the parity-conserving DCS arises, therefore, from the
interference that originates in the second term of the above equation. In contrast, the
DCS for parity-changing collisions only depends on the difference of the interference
terms that relate to scattering from either end of the molecule. In the homonuclear
case, these two terms will be equivalent, and the DCS for parity-changing collisions
will go to zero, as expected. Values of A, and B can be obtained directly from
the NO(X)+Ar PES by measuring the appropriate distance from the centre of the
plot to the hard-ellipse contour defined by the collision energy.

Multiple-peaked oscillations in the DCS may then be attributed to the quantum-
mechanical interference of phase differences from parity-conserving trajectories
that scatter off either end of the NO molecule rather than the bond axis. In
contrast, the near-homonuclear nature of the NO(X) molecule means that the
phase difference terms from scattering off either end of the molecule largely cancel
for parity-changing collisions, producing a single-peaked DCS with no observable
oscillations. The number of peaks observed in parity-conserving DCSs is determined
by two factors: the anisotropy of the potential and the de Broglie wavelength of
the system. If the de Broglie wavelength is large compared to the phase shift,
the quantum-mechanical interference is seen as a gradual increase or decrease in
scattering intensity with respect to the scattering angle, meaning fewer oscillations
are observed. For NO(X)+Ar, the dimensions of the ellipse along the semi-major
and semi-minor axes are quite similar, meaning the PES is relatively isotropic [111].

In the experiments presented in this chapter, there is no quantum state-selection
of the initial A-doublet level, so both the e and f levels are approximately equally
populated. In contrast, the detection method of the scattered products is able to
discriminate between final A-doublet states. In any case, the DCS for scattering into
a given j’ state will, in reality, be the average of the parity-conserving and parity-
changing transitions from both initial A-doublet states. As a consequence, for many
j' states, the parity-conserving oscillations will be washed out by averaging with
the single-peaked, parity-changing DCS. This can be seen very clearly in the DCSs
presented in Figure [3.12] Here, quantum-mechanical DCSs for parity-conserving
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Figure 3.12: Comparison of quantum-mechanical DCSs for parity-conserving (blue)
and parity-changing (red) spin-orbit-conserving collisions that scatter NO(X, j = 0.5)
molecules into a range of final rotational states at Eqo = 469 cm™!. To aid the comparison
of structure, each pair of DCSs in the left-hand column has been scaled to give equal
integrals. In the right-hand column, the DCSs in black are the average of the corresponding
(unscaled) parity-conserving and parity-changing pair.
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and parity-changing spin-orbit-conserving collisions that scatter NO(X, j = 0.5)
molecules into a range of final rotational states at E.o = 469 cm ™! are presented
alongside the DCSs generated by averaging over the initial A-doublets. It is
important to note that, even though such averaging diminishes the observed
magnitude of parity effects, there is still evidence (albeit muted) of parity-dependent
oscillations in the DCSs shown in Figure|3.12]and, more broadly, in the experimental

and theoretical data reported in Figures to for all collision energies.

Diffraction oscillations

Quantum-interference effects also give rise to rapid oscillations in the forward-most
scattered region (typically, 8 < 20°) of the DCS. The wave-particle duality of the
Ar particles means that, on striking the NO molecule, the incoming matter-beam
is diffracted. The resultant, diffracted waves can interfere either constructively
or destructively to produce areas of relatively high and low scattering intensity,
respectively. This phenomenon is known as Fraunhofer diffraction [147, |148] and
is represented pictorially in Figure [3.13] Recent experiments carried out by von
Zastrow et al. have successfully resolved Fraunhofer diffraction oscillations in
experimental DCSs that result from the scattering of a Stark-decelerated beam
of NO(X) by He, Ne, and Ar [38, 93], [94]. However, it is important to note that
the resolution of the experiment described in this thesis is not sufficiently high
to resolve the quantum-mechanical interferences predicted theoretically. Further
consideration of the parity-resolved DCSs for scattering into j' = 6.5 and j' = 8.5 in
Figure shows clear evidence of diffraction oscillations in the forward-scattered
region. As with the parity-dependent effects, averaging over the initial A-doublet
levels does seem to diminish the magnitude of the resultant oscillations, however,
they remain easily observable. Diffraction oscillations are evident in many of the
DCSs reported in Figures [3.6] to 3.11]

As with parity-dependent oscillations, a hard-shell model can be used to estimate

the spacing between the diffraction peaks in the DCS, such that the angular
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Figure 3.13: A simple diagram showing how a matter-wave is diffracted when it strikes
either end of a hard ellipse. The blue arrow denotes the direction of travel of the incoming
matter-wave.

spacing, A6, is given by

A = — :

where k is the wavevector of the collision — related to the inverse of the de Broglie
wavelength — and R is the radius of the target molecule, calculated as the average
of the A, and B ellipsoidal radii. Previous work has confirmed that this relatively
simple, hard-shell model shows good agreement with the Fraunhofer oscillations
predicted by the HIBRIDON suite of codes |111},[122]. The agreement is particularly
good when the values of A, and B have relatively similar magnitudes, since this

increases the accuracy of the effective radius, R, used in Equation (3.8)).

3.3.2 Classical oscillations: /-type and rotational rainbows

Rainbows are present in many of the quantum-mechanical DCSs reported in this
chapter. These correspond to minima in the deflection function, x(b), and to
maxima in the scattering angle, 6, as a function of the impact parameter, b, since
DCSs are only sensitive to the absolute value of the deflection angle, 6 = |x|,
because of the cylindrical symmetry about the relative velocity vector [24]. Two
types of rainbows are observed in DCSs: /-type rainbows and rotational rainbows.
Figure is referenced throughout this section.

(-type rainbows appear as maxima in the DCS as a function of the orbital

angular momentum, ¢, or the impact parameter, b, which are related by ¢ o< b?
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Figure 3.14: Diagram (adapted from [41]) showing how variation in impact parameter,
b, leads to the formation of ¢-type rainbows. The left-hand figure shows representations of
several trajectories that lead to different types of scattering; the corresponding deflection
plot is shown on the right. In the experiment at hand, the blue sphere represents an Ar
atom and the red sphere represents an NO(X) molecule. See text for details.

[24], [85]. At large impact parameters (Figure [3.14] (a)), the collisions are largely
glancing-blow in nature, and produce intensely forward-scattered peaks in the DCS.
As the impact parameter is lowered, the particles begin to feel the attractive part of
the potential and the approaching particle is drawn towards the stationary collision
partner. This generates a minimum in the deflection plot and, therefore, a local
maximum in the DCS at the rainbow angle, fg, and an impact parameter of bg
(Figure (b)). Notably, at Or, there are two values of b that lead to scattering
at the given angle; below g, there are three values of b that result in scattering
into a certain value of #, and this gives rise to interference effects [41].

As the impact parameter is reduced further, the particles also begin to sample
the repulsive part of the potential, the approaching particle is deflected, and the
scattering angle is seen to decrease (Figure[3.14 (c)). At a certain impact parameter,
ba, the attractive and repulsive potentials cancel exactly, and the net deflection of
the particle is zero. This is known as glory scattering. If the impact parameter is
reduced further still, the repulsive part of the potential dominates, and the collisions
become increasingly head-on. The result is that the scattering angle increases
steadily to its maximum value, § = 7 rad (Figure 3.14] (d)).

Rotational rainbows originate from the repulsive part of the potential [149]. The

anisotropy of the repulsion can give rise to an interference effect, whereby different
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initial conditions (namely, the impact parameter and the relative orientation of the
particles) can lead to the same scattering outcome (namely, the final rotational state
and the scattering angle). Double rotational rainbows are particularly common for
heteronuclear molecules, since they do not possess a mirror plane perpendicular to
their principal symmetry axis. Scattering from each end of the diatomic molecule
gives rise to two separate, single-peaked DCSs that sum constructively to give
a double-peaked DCS. At low j’, the overlap of the two peaks is often masked
by glory scattering, however, the double-peaked structure is more easily seen
as j' increases [84].

Figure compares j-weighted scattering-angle distributions for NO(X)+Ar
inelastic collisions at 2210 cm™! calculated using quantum-mechanical and quasi-
classical trajectory (QCT)E] algorithms. Note that all the scattering-angle distribu-
tions shown were calculated by scaling the quantum-mechanical and QCT DCSs to
have the same integral. Since QCT calculations are, by their nature, closed-shell,
a direct comparison with quantum-mechanical data requires that the latter be
averaged over the initial A-doublet levels and summed over the final A-doublet

levels so that the two sets of calculations are presented at the same resolution. Prior

dO.CS
dw

to scaling, the closed-shell quantum-mechanical DCSs, , are calculated wvia:

do®® B 1 " do/=f . do/=¢ L doe=f n doc=° (3.9)
dw 2 dw dw dw dw |’ '
where % are the open-shell, quantum-mechanical DCSs for x — y parity-resolved

transitions. It should also be stressed that, since the QCT values of j' are integer
(whereas the corresponding quantum-mechanical values are half-integer), each set of
angular distributions is labelled in terms of Aj relative to j = 0.5, i.e. Aj = j'—0.5.

As discussed previously, the oscillatory structure that is observed in parity-
resolved, quantum-mechanical DCSs is much less pronounced after averaging over the
initial A-doublet levels, though there is still some evidence of very minor oscillations

in the DCSs of medium j’. For the most part, the QCT angular distributions show

!The reader is referred to Section for a detailed discussion of the nature, assumptions,
advantages, and limitations of QCT calculations.
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Figure 3.15: Comparison of j-weighted scattering-angle distributions for a range of
Aj collisions that were generated from quantum-mechanical (QM) and quasi-classical
trajectory (QCT) calculations run for the NO(X)+Ar system at Eeoy = 2210 cm™!. The
open-shell quantum-mechanical angular distributions were averaged over the initial A-
doublet levels and summed over the final A-doublet levels for comparison with closed-shell
QCT theory.

a single peak, the maximum of which shifts to progressively larger values of 6 as j’
increases and the intensity distribution becomes predominantly backward-scattered.
Overall, it can be said that there is generally good agreement in the positions of
the maxima in both the quantum-mechanical and QCT angular distributions.
For Aj = 8 — 10, a comparison of the distributions elucidates the existence
of a classically forbidden region at low scattering angles, where the QCT DCS
intensity falls to zero. In contrast, the quantum-mechanical distribution for the
lowest (Aj = 8) transition shows intense, rapid oscillatory structure in this region, as
discussed previously. In general, however, neither the quantum-mechanical nor the
QCT data shown in Figure provide clear evidence of ¢-type rainbows in the DCS

structure, as would be expected at high collision energy. To investigate this further,



92 3.8. Further discussion

180 . - 180 FN T
Aj=1 " Aj=16
n
[0}
s
> 90 90 - 190
©
D
0 0 0 !
5 6 6 0 1 2 3 4 5 6
— 180 b/A
Aj=24
[%2]
[0}
s
> 90 -
©
D
0 ! 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
b/A b/A

Figure 3.16: Deflection functions for a range of Aj collisions that were generated
from quasi-classical trajectory (QCT) calculations run for the NO(X)+Ar system at
Eeon = 2210 cm ™!, In this instance, all trajectories originated in N = 1, such that, in the
notation used here, Aj = 5/ — 1.5.

Figure [3.16] shows deflection functions for batches of QCT calculations, run at
2210 em ™!, in which the NO(X) molecules originated in N = 1 (one of the two most
populated N levels at T, = 28 K) and underwent various Aj transitions on collision
with Ar. From the deflection functions, it can be seen that, classically, no trajectories
with impact parameters greater than b = 3.8 A contribute to the DCS. In fact, the
vast majority of collisions are head-on and occur at low impact parameters that
sample the repulsive region of the NO(X)+Ar PES. As such, there is no secondary
maximum in the the deflection function and no ¢-type rainbow in the DCS.
This observation can be explained classically, based on the fact that the
NO(X)+4Ar PES is not particularly attractive in nature and that the collisions
investigated in this section take place at high collision energy. Both Nichols [111] and
Eyles |110] report ¢-type rainbows for very low-Aj NO(X)+Rg scattering at collision
energies around 500 cm™! [150]. However, such features are not observed by for
collisions of Aj > 6, i.e. the lower limit of the transitions reported at 469 cm~! in

this work. Similarly, the rainbows — which are a feature of collisions that sample the

attractive part of the PES — will undoubtedly become less pronounced as the collision
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energy increases. Nichols also presents evidence of much more prominent rainbows
for DCSs relating to inelastic scattering in the NO(X)+Kr system [111], for which the
PES is markedly more long-range and attractive [151} [152] than that of NO(X)+Ar.

The fact that the QCT DCSs reported in this section do not show oscillatory
structure — whereas the quantum-mechanical and, in some instances, experimental
DCSs reported in Figures to do — suggests that the oscillations are

quantum-mechanical in nature.

3.3.3 Collision-energy distribution

The variation in translational velocities within the molecular beam is best described

by the Boltzmann distribution, whereby
n(v) oc v2el-@ =% (3.10)

where n(v) is the number of molecules with a given velocity, v; a,, = —41n (0.5) /o>
(0 is the FWHM of the Gaussian distribution of molecular-beam velocities); and
7 is the mean velocity of the molecular beam. Given that E. o< v?, it can also
be said that the collision energy that characterises the system of interest is, in
reality, best described by a distribution of energies.

Reproducing this distribution of energies in quantum-mechanical calculations
requires individual scattering matrices to be generated for a large number of collision
energies. The resultant DCSs are then used to produce a weighted average according
to the Boltzmann distribution. Figure|3.17|compares the quantum-mechanical DCSs
for the scattering of NO(X) into three final rotational states: j' = 6.5¢, 11.5¢, and
15.5e. DCSs in black are from a single calculation run at 469 cm™!, and those in red
are expressed as a Boltzmann-weighted average of thirteen different DCSs calculated
at collision energies in the range 409 — 529 cm™!, at increments of 10 cm™*.

The single-energy and weighted DCSs for j' = 6.5¢ and j' = 11.5e show excellent
agreement. The same cannot be said for j' = 15.5e, where there is significantly
greater discrepancy between the two DCSs shown. However, it should be noted that

the angular distribution of intensity within the j* = 15.5e DCSs is largely the same:
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Figure 3.17: Quantum-mechanical DCSs for the inelastic scattering of NO(X)+Ar.
The data presented here refer to spin-orbit-conserving collisions (?IT1 «+ 2I11). DCSs in
2 2

black are from a single calculation run at 469 cm™!, and those in red are expressed as a

Boltzmann-weighted average of thirteen different DCSs calculated at collision energies in

the range 409 — 529 cm ™', at increments of 10 cm™!.

the main difference lies in the overall intensity, and in the number of oscillations
observed. Given that the agreement between single-energy and weighted DCSs shown
in Figure[3.17)is generally good, it was decided that quantum-mechanical calculations
would be run at a single collision energy for the higher-energy (1480 cm™! and
2210 cm™!) experiments. This is particularly advantageous for these higher-energy
calculations, which require significantly greater numbers of channels to achieve
convergence in J, making them particularly lengthy and expensive.

Of course, the collision energy at which the quantum-mechanical calculations
are run depends on whether the full initial rotational-state distribution is taken into
account. The method by which the experimental collision energy is determined was
discussed in Section [2.3.1] and the collision energies reported in this chapter are
generated using Equation by assuming that all the molecules in the beam
originate in j = 0.5, giving a value of E.,; = 2210 cm™! for NO(X) seeded at 10%
in Hy. If, instead, proportional contributions from higher initial j levels are also
included, the value of E.,; now becomes 2163 cm™!. Notably, this value of F..y lies
well within the 95% confidence limits of the collision energy shown in Figure [2.4]
For this reason, and for the sake of consistency, all collision energies are calculated

assuming that 100% of the molecules originate in j = 0.5.
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3.3.4 Initial rotational-state population distribution

As discussed previously, the significantly hotter rotational temperature of the
primary molecular beam when NO was seeded in Hy meant that the quantum-
mechanical DCSs for this collision energy were adapted to account for the initial
rotational-state distribution of the molecular beam. Figure [3.18] compares the
j-weighted DCSs to those that assume that 100% of the molecules originate in
j = 0.5. As can be seen, the differences between the j-weighted and j = 0.5 DCSs
are mostly minimal, especially for high j’ states, when the number, distribution,
and intensity of peaks is in very good agreement. In a similar fashion, the simulated
images presented in Figure [3.3| generally showed negligible differences when derived
from either the j = 0.5 DCS or the j-weighted DCS for high j’ states.

However, as can also be seen in Figure [3.18] there is a significant difference
between the j = 0.5 and j-weighted DCSs with respect to the intensity of the
forward-scattered region for j' = 8.5e. Given that the 7 = 0.5 DCS already over-
predicts the extent of forward-scattering observed in the experimental data presented
here, modelling the rotational-state distribution more accurately would not resolve
the observed disagreement between experiment and theory. Therefore, based on
the fact that the 7 = 0.5 and j-weighted DCSs for the majority of states are largely
similar, and in consideration of the vastly reduced computational demands in only
calculating a single DCS for j = 0.5, a j-weighted DCS was not used to generate

the simulated images presented in this chapter.

3.4 Summary

This chapter has presented data from the first sets of rotationally inelastic scattering
experiments to be carried out on this new, compact, crossed-molecular beam machine.
As such, the role of this study was to select a suitable candidate system with which
to calibrate and optimise this new experimental apparatus.

Experimental, fitted, and simulated images were presented alongside fitted and

quantum-mechanical DCSs for the rotationally inelastic scattering of NO(X) by Ar
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Figure 3.18: Quantum-mechanical DCSs for the inelastic scattering of NO(X)+Ar at

a collision energy of 2210 cm~!. The data presented here refer to spin-orbit-conserving

collisions (211 ¢ 2II1). The DCSs shown by black, dashed lines were generated assuming
2

that all of the NO(X) molecules are in the j = 0.5 rotational state prior to collision.
The DCSs shown by red lines were generated from a weighted average of the DCSs for
collisions that originate in each of the initial rotational states in the range j = 0.5 — 5.5.
See text for details.

at collision energies of 469 cm™!, 1480 cm ™!, and 2210 cm~!. The latter collision
energy is considerably higher than any other reported in the literature, and so
is of particular interest in this thesis.

All the experimental data were subjected to a rigorous comparison with full,
close-coupled, quantum-mechanical calculations (run using the HIBRIDON suite of
codes ) in order to assess the ability of currently available PESs to model the

inelastic scattering of NO(X) by Ar. The data at 2210 cm™" were also compared to
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closed-shell QCT calculations. The origin and nature of several important features of
the images and DCSs (including, but not limited to, the effect of collision energy and
the anisotropy of the PES on the dynamics, the angular distribution of scattering
intensity, and the nature and occurrence of classical and quantum-mechanical
oscillations) were discussed in detail.

The agreement between experiment and theory was found to be reasonably
good, especially for the experiments carried out at 469 cm~! and 1480 cm ™!, in
that theory correctly reproduces the number, angular range, and relative intensity
of peaks in the fitted DCSs (within the limit of current experimental resolution).
For the data recorded at 2210 cm™!, the agreement between experiment and theory
was also found to be generally good, however, there was also a more appreciable
level of disagreement between the empirical and calculated DCSs for several low
and medium values of j'. To that end, it is also hoped that future experimental
and theoretical work on high-energy diatom-atom collisions will help better our

understanding of the scattering dynamics observed in the current experimental data.
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Inelastic scattering of state-selected
ND3(X)+Ar at 405 cm ™1

Deuterated ammonia, NDj3, is a molecule of notable interest for dynamicists: it
is a relatively simple, symmetric-top species that is amenable to experimental
manipulation and observation and rigorous theoretical treatments [46, 153-160].
It is also of significant astrochemical importance, being the first triply-deuterated
molecule identified conclusively in space |[161]. This chapter presents a comparative
experimental and theoretical study of the fully quantum-state-selected, rotationally
inelastic scattering of ND3(X) by Ar. The experiments described in this chapter
were the first to employ a newly designed hexapole state-selector that was used
to generate a well-defined beam of ND3(X, ji = 17) molecules.

Once prepared, the beam of ND3(X, j = 17) (seeded at 5% in Ar) interacted
with a secondary beam of pure Ar to undergo rotationally inelastic collisions at

an energy of 405 cm ™.

During collision, the ND3(X, j£ = 17) molecules were
excited into various final rotational states, most of which lie higher in energy
than jff = 17, and velocity-map images were obtained for several ND3()~(, I )
states using a well-known (24+1) REMPI detection scheme wvia the two-photon

B, v, = 5 < X transition at around 317 nm. The rotationally inelastic dynamics of

the ND3()~(, §iE = 17)+Ar system have already been studied at a collision energy

99
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very similar to that reported in this thesis [160], and so the set of data reported here
served to calibrate the new hexapole state-selector apparatus. The experimental
data are also compared to quantum-mechanical calculations.

This chapter begins by outlining the spectroscopy of the ND3 molecule, including
an explanation of the notation used throughout. The calibration of the hexapole
state-selector apparatus is then discussed in detail. The main body of this chapter
will focus on a rigorous comparison of experimental and theoretical data relating to
rotationally inelastic scattering in the NDg(X, §i& = 17)+Ar system. This chapter
ends by summarising the main conclusions drawn from this work and highlighting

their relevance to future experimental and theoretical studies.

4.1 The spectroscopy of NDj3(X)

Before considering the rotationally inelastic scattering of ND3(X) by Ar, it is
important to understand the spectroscopy of the ND3 molecule in its ground

electronic state, which has an electronic configuration given by
la?le2a?. (4.1)

As such, the molecule can be classified as closed-shell (with term symbol 'Y); it has
no unpaired electrons and an electronic spin angular momentum of zero. ND3()~()
may be classified as an oblate, symmetric-top molecule. In this case, I, = I, < I,
where I,, I, and I. are the moments of inertia (I, = m,r?2) about three mutually
perpendicular axes through the centre of mass, where I. is assigned to the largest
moment of inertia. Each moment of inertia corresponds to a rotational constant —
A, B, and C — such that X o I !; however, these constants do not relate explicitly
to individual bond lengths within the molecule.

In general, a given rotational level in an oblate top is labelled ji. j is the
rotational-angular-momentum quantum number, and & (which can be assigned a
value in the range —j < k < j, where k is an integer) is the quantum number that

corresponds to the projection of 3 onto the unique c¢ axis of the molecule. For NDsg,

the ¢ axis is the C3 axis of rotation — see Figure [4.I] Notably, each j level has
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Figure 4.1: The j vector and the k projection that, along with the inversion symmetry,
are used to define the rotational state of the ND3 molecule.

2j 4+ 1 degeneracy that arises from the projection of j onto the space-fixed Z-axis,
denoted m. In addition, each level of k (except k = 0) has two-fold degeneracy
due to the inversion symmetry of the v, vibrational mode of ND3. As such, the
energy levels of NDj are labelled with an additional quantum number, + or —, that
corresponds to the symmetric and antisymmetric components, respectively, of the
linear combination of the wavefunctions that describe the ‘up’ or ‘down’ position of
the nitrogen atom with respect to a triatomic plane of deuterium atoms — see Figure
4.2l The energy splitting between these the inversion-symmetry states is small, with
the j;" state being found 0.053 cm™~! lower in energy than the corresponding j, state
[162]. Although both inversion-symmetry states are mirror images of each other,
and exist in the (5, point group, there is high fluxionality of the inversion under
the experimental conditions reported in this thesis due to a low inversion splitting,
a small activation barrier to inversion, and the viability of quantum-mechanical
tunnelling. To account for this, the ND3 molecule is assumed to have D3, symmetry
in the calculations reported in this thesis [163].

The energy of a given j, level will depend on the values of both j and k, and also
on a number of rotational and centrifugal distortion constants. The most complete

expression for the rotational energy, F'(j, k), can be written as [164]:
F(j,k)=Bj(j +1) +(C = B)k* = D;5*(j + 1) = Djj(j + Dk* — Dpk*  (4.2)

where B and C' are the rotational constants outlined above, and the various constants

labelled D are attributed to centrifugal distortion. In the limit that the molecule
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Figure 4.2: Inversion in the ND3 molecule.

can be treated as a rigid rotor, only the first two terms in the equation above

contribute to the molecular energy, such that:
F(j,k) = Bj(j +1) + (C — B)k>. (4.3)

Notably, and in contrast to a prolate, symmetric top, the energy of a given j level
in an oblate, symmetric-top molecule will decrease as k increases.

Since ND3()~() is a closed-shell molecule, the absence of spin-orbit coupling
means that the molecular Hamiltonian can be simplified into one term for nuclear
rotation, as outlined in Equations and . Furthermore, the specific,

symmetry-adapted eigenstates of ND3 can be derived from generic symmetric-top

eigenstates, given by [165, [166|:

. 1 . .
|7, k,m,€) = W(U, k,m) + e|7, —k’,m>), (4.4)

where € is the inversion index and the various other constants are as defined
previously. dxg = 1 when k£ = 0 and dz9 = 0 when k£ # 0. In general, e = £1, except
for the k = 0 states, for which € = 41 only [165]. The inversion index, ¢, is linked
to the inversion quantum number, 4, as: + = —¢(—1)7, and the overall parity of

the rotational inversion states is given by [165]:

g, ko, €) = —e(=1)F |5, k,m €, (4.5)
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Figure 4.3: Coordinate system used to define the ND3()~()—|—Ar system in terms of R, 6,
¢, and p. The origin of the coordinate system is taken to be the centre-of-mass of the
ND3 molecule.

where 7 is the inversion operator. There are three possible nuclear spin modifications
for the ND3 molecule: A;, Ay, and E. Broadly, when £ = 0 or 3n, where n is any
integer, the nuclear spin has either A; symmetry, A; symmetry, or a combination of
the two; otherwise, the nuclear spin state is of £ symmetry [166]. The degeneracies
of each of the three coupled deuterium spin states are calculated from the irreducible

representations to give statistical weights of: ga, = 10, ga, = 1, and gg = 16 [167].

4.2 Potential energy surface

Figure shows the coordinate system used in this chapter to define the ND3()~()+Ar
configuration. The origin of the coordinate system is set as the centre-of-mass of
the ammonia molecule; R is the vector between the centre-of-mass of ND3 and
the Ar atom; and the various angles — 6, ¢, and p — are defined in the diagram.
The N-D bond length was fixed to its vibrationally averaged value in the ground
electronic state (ro = 1.016 A) [168].

Figure shows the PES of the ND3(X)+Ar system that was calculated by
Loreau et al., using the coordinate system described above, at the CCSD(T') (coupled-
cluster method with single, double, and perturbative triple excitations) level of
theory with a Hartree-Fock reference wavefunction [168]. The calculations used an
aug-cc-pVQZ (augmented correlation-consistent polarised valence quadruple zeta)

basis set, and scalar relativistic effects were included wvia the Douglas-Kroll-Hess
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Hamiltonian, with energy correction in the case of geometric basis-set superposition.

The PES was expanded in tesseral spherical harmonics, Sy, (6, ¢), such that |[160]

V(R797¢7 p) = ZVA/L(Rv p)S)\u<97¢)7 (46)

At
where the S,(6, ¢) functions are real-valued combinations of spherical harmonics,
Y).(0,¢). The R-dependence of the expansion coefficients, vy,(R, p), was fitted
using cubic splines in the interaction region (R < 15.87 A) and the appropriate
inverse powers of R in the long-range region (R > 15.87 A). The p-dependence
was fitted to a polynomial expansion [160] [168§].

In the contour plots shown, the potential energy of interaction is given as a
function of two coordinates, R and 6, at fixed values of p and ¢. In both cases,
the inversion angle, p, is fixed at its equilibrium value, p, = 112.1°, and ¢ = 0° or
¢ = 60°, corresponding to the approach of the Ar atom in the plane defined by
one of the three N-D bonds and the C5 axis or midway between the planes defined
by a pair of N-D bonds and the Cj axis, respectively. Note that these surfaces
have been adapted, within the Born-Oppenheimer approximation, from those of
NH3(X)+Ar by changing the isotopic mass of hydrogen.

The figure illustrates that the potential is generally more attractive when ¢ = 60°,
such that the Ar atom approaches the ND3 molecule between the planes defined by
two N-D bonds and the (5 axis. Indeed, the global minimum of the surface is found
in this geometry when the Ar atom is located just above the N atom of the ammonia
molecule, at § = 85.1°. When ¢ = 0°, and the Ar atom approaches the ammonia
molecule in the plane defined by one of the N-D bonds and the Cj axis, the distance
of closest approach is reduced and the local minimum becomes less deep.

The long-range behaviour of the system in the two geometries is also quite
different. For ¢ = 0° and a fixed value of R, the local minimum lies along # = 112.1°.
This arrangement, which corresponds to the direct approach of the Ar atom towards
and along one of the N—D bonds, maximises the dispersion interaction and stabilises
the configuration. However, as R is decreased, this structure becomes less favourable,

and the minimum shifts towards progressively smaller values of 6. In contrast, when
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Figure 4.4: CCSD(T) PES of the ND3(X)+Ar system, as a function of R and 60, with
p=pe=112.1° . The values on the surfaces give the potential energy in cm™!. The
left-hand plot shows the PES when ¢ = 0°; the right-hand plot shows the PES when
¢ = 60°. Note that these PESs have been adapted from those of NH3(X)+4Ar by changing
the isotopic mass of hydrogen.

¢ = 60°, there are two local minima at § = 0° and § = 135° in the long range.
When R decreases, the minimum can be found when 6 = 85.1°, as noted previously.
In effect, a configuration with ¢ = 0° is more favourable in the long range, whereas
that with ¢ = 60° minimises the interaction energy in the short range.

A final consideration is given to the relative stability of the two symmetric-top
configurations. When 6 = 0°, and the Ar atom approaches the ammonia molecule
along the z-axis and towards the N atom, the potential energy of interaction is
some 13.5 cm~! lower than that found when 6 = 180° and the Ar atom approaches
from below. As such, the interaction with Ar is said to perturb the otherwise-
symmetric double-well inversion potential of free ammonia, and this will have
important consequences for the inversion tunnelling splitting in the rovibrational

states of the complex [16§].

4.3 Quantum-mechanical calculations

Quantum-mechanical scattering calculations were performed by Loreau et al. [160,
168], on the PES described above, using the close-coupling (CC) method [158]
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in the body-fixed frame. The CC equations were solved at a collision energy of
410 cm™!, using the renormalised Numerov algorithm, on an equidistant grid of
250 points in the range R = 4.3 — 22.0 ap. Note that this collision energy is very
similar to that of the experiments carried out in this thesis (405 cm™'). The basis
set consisted of rotational states up to, and including, j = 11, and all partial waves

up to a total of J = 120 were taken into account.

4.4 Experimental apparatus

Figure is a schematic diagram of the experimental apparatus used to collect
data for the inelastic scattering of NDg(X, j¥ = 17) by Ar. The apparatus is
similar in parts to that described in Chapter 2, however, a number of important
modifications have been made. Most notably, the new apparatus includes the
addition of a hexapole state-selector to fully quantum-state-select molecules in the
the NDs(X, jf = 1) state before collision. Specific details and dimensions of the
experimental apparatus used to collect the data reported in this chapter can be
found in reference |[169]. The purpose, design, and calibration of this hexapole

state-selector are described in detail in the sections that follow.

4.4.1 State selection: the linear Stark effect

As outlined above, each rotational level, j, comprises 2j + 1 degenerate, space-
quantised m levels in the absence of an external field. However, the application
of an external electric (or magnetic) field can lift this degeneracy — this is known
as the Stark (or Zeeman) effect. In the presence of an electric field (such as that
generated by a hexapole state-selector), the ND3 dipole moment, p, points along

the C5 axis, and the angle, o, between the 5 vector and p is given by:

cos v = L (4.7)

JiG+1)
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Figure 4.5: Schematic diagram of the experimental apparatus used to collect data
relating to the inelastic scattering of ND3 ()~(, j,:f =17 ) by Ar. The red box at the centre
of the scattering chamber is expanded in the insert figure. Note that the MCPs, phosphor
screen, and camera are all positioned above the scattering chamber, parallel to the plane
defined by the lasers and molecular beams. The time-of-flight axis is perpendicular to the
plane defined by the lasers and molecular beams. The apparatus is not drawn to scale.
See text for details.

As j precesses about the (5 axis, the component of p that is perpendicular to

J cancels out, leaving only p;, which is given by

[Lj = [LCOS v
€|k|
= pl——— (4.8)
i +1)
The interaction of a polar, symmetric-top molecule with an external electric field,

E — the electric vector of which can be found at an angle, 3, to 57 — will lead

to an interaction energy of

EStark(j7 k? m) = _M]E CoSs 6

SR B
ViG+1) i@ +1)
_ pEelkm|

jG+1) (49)
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Figure 4.6: Stark splitting of the |j, k) = |1,1) level of *NH3 and “NDj3 as a function
of the strength of the electric field applied. This figure is adapted from that in reference
[170].

It is this Stark interaction energy that allows for the isolation and differential
focusing of specific NDg(X, ji) states using the electric field created by a hexapole
state-selector. This phenomenon is discussed in more detail in the section to follow.
Notably, the choice of ND3 over NHj is made because the magnitude of the inversion
energy splitting is significantly reduced upon deuteration: 0.79 cm~! for NH; and
0.053 cm™! for ND3 . This leads to a more linear Stark effect in the range
of voltages sampled in these experiments (see Figure .

4.4.2 Calibration of hexapole state-selector apparatus

Hexapole state-selectors make use of the linear Stark effect to differentiate
high- and low-field-seeking molecules. The apparatus is formed of six, stainless
steel, cylindrical rods with rounded ends, in a hexagonal arrangement. The rods
are 140 mm long, have a radius R,,q = 1.50 mm, and the hexagon they form
has an inner radius Ry = 2.65 mm. These dimensions were chosen to obey the
relationship R..q = 0.565Ry, and thus produce an ideal hexapole field (see Figure
. Positive and negative potential differences are applied to all six rods
such that alternate rods carry the same magnitude of voltage, but with different

polarity. Figure shows computer-aided designs (CADs) of the hexapole used
in this thesis [175].
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Figure 4.7: An ideal hexapole electric field is best approximated when R,.q = 0.565Rg
[174]. In this work, Ry = 2.65 mm and R;,q = 1.50 mm. Rods coloured red and blue
carry positive and negative voltages, respectively.

140,00

Figure 4.8: CAD drawings of the hexapole state-selector designed and built in-house
and used in the experiments described in this chapter . In the upper drawing: the
yellow supports and brown end-pieces are made of MACOR®; the red supports, blue
end-pieces, and hexapole rods are made of stainless steel. Red supports that are attached
to a given end-piece will carry a voltage of equal magnitude and opposite polarity to
those attached to the end-piece opposite. Thus, alternate hexapole rods have voltages
of opposite polarity. The hexapole rods are 140 mm long, and have a centre-to-centre
separation of 8.30 mm, as shown.
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The electric field produced by a hexapole has three-fold axial symmetry, and
the potential energy is given by

V(R) = %<§0)3 cos 36, (4.10)

where R and ¢ are two of the coordinates that define a cylinder, Ry is the inner
radius of the hexapole, and Vj is the voltage applied to the rods. For a given radial
distance, R, the magnitude of the hexapole field is given by

dv

B(R) =~

RQ

This equation can be combined with Equation (4.9) to generate the following

expression for the force experienced at R:

(R) = pelkm| dEsgark
jG+1) dR

~ 6VOR pelkm|
Ry jG+1)

(4.12)

It follows, therefore, that the low-energy ¢ = +1 state will be high-field-seeking
and will diverge from the path of the hexapole rods; the high-energy ¢ = —1 state
will be low-field-seeking and will undergo harmonic motion along the length of the
hexapole. By tuning the potential applied to the rods, the resultant electric field
can be used to selectively focus molecules in the ND3(X, jf = 17) state into the
interaction region and defocus all other states for which k£ # 0. The frequency of the
harmonic motion is determined by the 7, k, and m quantum numbers of the NDj
molecule, and the voltages applied to the rods are selected such that the molecules in
the desired state undergo one half-wavelength of harmonic motion that focuses them
into the interaction region. In the case that j = 0 and/or k = 0, the molecules are
unperturbed by the application of an electric field and will travel on-axis through the
hexapole apparatus. Initially, a beam stop was fitted immediately after the hexapole

to block any molecules travelling on-axis and increase the purity of the resultant
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Figure 4.9: Cross-sectional diagram of the primary-beam source chamber, hexapole
housing, and scattering chamber. The distances noted indicate that the hexapole apparatus
should focus the ND3(X, ji- = 17) molecules 347 mm downstream from the face-plate of
the General valve, in the geometric centre of the scattering chamber, labelled X.

state-selected beam. However, the presence of the beam stop was found to reduce
the magnitude of the scattered signal without improving the quality of the image,
and so it was removed during the collection of the data reported in this chapter.

The large dipole moment of ND3 (around 1.47 D [170]) means that it interacts
strongly with the hexapole electric field, and this results in a high frequency of
oscillation. For this reason, it is possible to use relatively short rod lengths and
low voltages in comparison to those needed to state-select less polar molecules. For
example, the experiments in this thesis use a 140 mm long hexapole with £2400 V
applied; in reference [80], a 1660 mm long hexapole with £10000 V applied is used
to state-select NO, which has a much smaller dipole moment of 0.16 D [176].

As noted previously, a single hexapole state-selector is used in this work. This
contrasts with the experimental apparatus reported in references [46, [160|, where
a double hexapole was employed. In these cases, a pair of 120 mm long hexapole
apparatus was placed in sequence along the beam path, separated by a small
aperture, and +18500 V were applied to the rods. As such, the ND3 molecules
underwent one half-wavelength of harmonic motion along each of the two hexapole
state-selectors (i.e., one full wavelength in total) and crossed the beam-propagation
axis as they passed through the origin. Generally, the use of a double hexapole
serves to increase the purity of the molecular beam pulse that reaches the interaction
region: even if higher j. states are focused by the hexapole, the voltages applied to
the rods can be chosen to ensure that the half-wavelength focal length of these states

does not coincide with that required for passage through the aperture. However,
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it is also the case that the use of a double hexapole and aperture will inevitably
lead to lower signal levels, since not all molecules in the jff = 17 state will follow
an ideal trajectory path that passes through the aperture and terminates in the
interaction region. As will be discussed in Section , the ji¥ = 1 -state purity
of the molecular beam focused by the single hexapole used in this experiment
is calculated at 99.9% in the interaction region. Therefore, in the interest of
maximising number densities in the interaction region, it was decided to use a single
hexapole state-selector apparatus in the work presented here.

Since the experiments reported in this chapter are the first to use this piece of
apparatus, the hexapole state-selector required careful design, construction, and
calibration. A cross-section of the primary-beam source chamber, hexapole housing
unit, and scattering chamber is shown in Figure £.9] The distances included in
the figure indicate that the NDs(X, §i& = 17) molecules need to be focused at
a point 270 mm after the beginning of the hexapole rods (and 347 mm after the
face-plate of the primary-beam General valve). This point in space is the geometric
centre of the cubic scattering chamber, and the ND3()~(, j,:f = 17 ) molecules must
be focused here to ensure that the interaction region and the detection volume
are coincident. A set of programs (written in Fortran 77 by Jack Langley [169])
that simulate the passage of trajectories of ND;»,()N(, j& = 17) molecules through
an ideal-hexapole electric field was used to predict the voltage required to focus
the molecules in the interaction region. Figure [4.10] shows the paths of six such
trajectories along the length of the cross-section shown in Figure [4.9]

Figure [4.11] compares the calculated probability of transmission through the
detection volume for NDjg (5(, j& = 17) molecules and the normalised intensity of
the experimental signal from the primary beam as a function of the voltage applied
to the hexapole rods. The calculated transmission probability agrees well with the
experimental tuning curve, and both suggest a peak in the transmission probability
at around +2400 V. Notably, the agreement between theory and experiment is worse
at low voltages. In this case, the molecules experience a smaller displacement force,

deviate less from their field-free trajectory, and are able to approach the hexapole
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Figure 4.10: Simulated trajectories of NDg3 ()~() molecules in the j,:f = 1] state through
the hexapole state-selector apparatus when 42400 V are applied to the rods. The focal
point of the hexapole corresponds to the geometric centre of the scattering chamber.

rods more closely. Hence, the ideal-hexapole approximation is no longer valid, since
the molecules experience the anisotropy of the electric field, and the agreement
between calculated and experimental data is correspondingly poorer [111].

Of course, as noted previously, it is possible to focus ND3 molecules in different
|7, k, m) states by varying the voltage that is applied to the hexapole rods. However,
as will be discussed further in Section [4.4.3] the rotational temperature of the
primary beam is sufficiently low (approximately 4 K) such that the population
of states for which 7 > 1 is negligible. Thus, even if these states were to be
focused into the interaction region by the hexapole apparatus, their population
is small enough to ignore the resultant effect on the images that are collected.
Figure shows the observed experimental REMPI signal from ND3(X, JE=17)
molecules that comes about when the hexapole apparatus is turned on. Note that
the application of £2400 V to the rods ensures that only signal from the jff =17
state is enhanced (by a factor of around 10, in comparison to the intensity of

the transitions from ji¥ = 17 when the hexapole is turned off — see Figure [4.13)).
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Figure 4.11: Comparison of the normalised experimental tuning curve and the calculated
probability of transmission of ND3(X, j;t = 17 ) molecules through the detection volume.
Both curves suggest an optimised hexapole voltage of 2400 V.
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Figure 4.12: (24+1) REMPI spectrum of the primary beam with the hexapole voltage
set at 2400 V. The peaks are labelled with j,;t notation. See text for details.

The effect of the hexapole apparatus on the rotational-state purity of the beam

is discussed further in the section that follows.

4.4.3 Molecular beams and collision energies

The molecular beams in these experiments are produced using General valves that
are fitted with 1 mm valve nozzles and operated at 10 Hz with a backing pressure
of 2 bar. The primary beam contained ND3 seeded at 5% of the total volume in Ar

and the rotational temperature of the beam was measured to be around 4 K. This



4. Inelastic scattering of NDs(X)+Ar 115

—— Experiment
—— Simulation - 14-
1-
14-
1 ol 10-
10- 10- 11'

Normalised intensity / arbitrary units

o

ND,(X) at 5% in Ar
T, =4K

I S I N [ [

62940 62970 63000 63030 63060 63090

Two-photon energy / cm™

Figure 4.13: Comparison of an experimental (2+1) REMPI spectrum at 317 nm with the
output of the PGOPHER spectral simulation software [177]. Note that the experimental
spectrum was recorded with the hexapole turned off.

temperature was determined by comparing experimental (24+1) REMPI scans at
317 nm (in the absence of the hexapole apparatus) to the output of the PGOPHER
spectral simulation software [177] — see Figure 4.13|

Note that, as a consequence of both symmetry- and nuclear-spin constraints,
only transitions originating from the — inversion component appear in bands for
which the vibrational quantum number in the NDg(E, v9) state is odd. This
is the case for the (2+1) REMPI scheme at 317 nm that was used to measure
the rotational-state distribution of the primary beam, which excites molecules
into the ND3(B, v, = 5) state.

At a rotational temperature of 4 K, the PGOPHER software predicts that
different j,;t states will have the populations given in Table . The data highlight
that only the j, = 0, 11, and 1q levels are significantly populated, with a mere
0.7% of the population in higher rotational levels. It is possible to calculate the
j,;t = 17 -state purity of the beam pulse as it reaches the interaction region. In

the first instance, it is assumed that the number densities of molecules for which
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Rotational state population / %
Tt =4 K
Ji =0y 3.5
jE=0g 34.4
JjE=17 29.1
Ji =11 29.6
=1 2.6
Ji =18 0.2

Table 4.1: Rotational state population of the primary molecular beam at T)ot = 4 K,

achieved by seeding ND3(X) at 5% in Ar.

j=0and/or k =0 vary as d~2, where d is the distance travelled along the beam-
propagation axis, independently of the hexapole-electric-field strength. Moreover,
the probability of transmission through the interaction region when voltages of
+2400 V are applied to the hexapole rods can be calculated for the various j,
states that populate the primary molecular beam at 4 K using the simulation
algorithms described in Section . It is also assumed that all j; are ejected
from the molecular beam pulse as it passes along the hexapole apparatus such that
they are not present in the interaction region. Applying the relevant treatments
to the molecular-beam populations reported in Table gives a j,;t = 17 -state
purity of 99.9% for the primary molecular beam.

As for the NO(X)+Ar scattering experiments described in Chapter 2, the collision
energy of the ND3()~()—|—Ar scattering experiments reported in this chapter was
determined from both thermodynamic calculations and also from the experimental
images that were collected (see Figure . In both cases, the collision energy was
determined to be 405 cm™!, which also agrees with values quoted in the literature
for similar experiments [160].

To calculate the collision energy from the radii of the experimental images for

NDs(X)+Ar, a modified version of Equation (2.11) is used:

Ecoll =n+ AEwrotu (413)
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Figure 4.14: Determination of the experimental collision energy, E.oy, from the radii of
experimental images. The green line denotes a collision energy of 405 cm~'. The red and
blue lines denote upper and lower 90%-confidence limits, respectively. See text for details.

where

MAy 2

n= (T X p X (Mmar —1—77”LND3)>2(“>7 (4.14)

and, as in Chapter 2, E.y is the collision energy of the system, r is the radius
of the image, p is the pixel-to-velocity ratio, myx is the mass of species X, and
it is the reduced mass of the system. In this instance, AF,, is the difference in
energy between the final and initial rotational quantum states of the ND3 molecule
that is calculated using Equation . Figure , which shows a straight-line
plot of n against AFE.,., highlights that, although the line of best-fit predicts a
collision energy of 405 cm™!, some of the experimental data points do not fall within
the 90%-confidence error limits. This is likely due, in part, to the considerable
difficulty of determining the radii of images that are intensely forward scattered.

However, as the resultant collision energy agrees well with both thermodynamic
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calculations and values reported in the literature [160], it was decided to assign

a value of E. = 405 cm™! to the data reported in this work.

4.5 Laser system, product detection, and data
analysis

A one-colour experiment is used to study the inelastic scattering of ND3(X)+Ar in
the laboratory, making use of a three-photon (241) REMPI detection scheme. To
generate light at 317 nm, the frequency-doubled output (532 nm) of a flashlamp-
pumped Continuum Surelite I1I-10 Nd:YAG laser, operating at 10 Hz, is used to
pump a Lambda Physik FL 3002 tunable dye laser that contains DCM dye in
methanol. The resultant emission is then frequency-doubled to generate light of the
desired wavelength. Notably, the linewidth of the ND3(B) + ND4(X) transition
is approximately 0.10 cm~!, which is much narrower than the bandwidth of the
laser (0.40 cm™!), meaning that the images were recorded at a fixed wavelength
and did not make use of scanning over the Doppler profile.

The interaction region and detection volumes are as defined in Chapter 2, with
the 308 nm laser beam being replaced by one at 317 nm, and the 226 nm beam
being removed entirely. The 317 nm light is focused by a spherical lens of 150 mm
focal length just before the interaction region to increase photon density. The

3 (assuming

resultant detection region has a volume of approximately 8 x 10 mm
that the laser beam has a Gaussian intensity profile [114] and that the molecular
beam is focused ideally by the hexapole).

To generate a single experimental image, batches of 5 x 10% shots were recorded
at a time for a fixed wavelength. The secondary Ar beam was turned off on alternate
shots and the resultant background signal was subtracted from the final image. The
VMI optics, detector, and camera used were as described in Chapter 2. Notably,
when recording images for NDj scattering, the voltage on the repeller was set at
1800 V and that on the extractor was set at 1180 V. At this point, the reader is

also referred to Chapter 2, where the data-analysis methods used in this chapter

are outlined in detail. Note that, where appropriate, the equations outlined there
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were modified to include the additional k rotational-angular-momentum projection
quantum number needed to describe the ND3 molecule.

The work presented in Chapter 3 revealed that the use of Boltzmann-weighted
DCSs, averaged over a range of collision energies, in place of a single-collision-energy
DCS, did not significantly improve the agreement between experiment and theory
for the NO(X)+Ar system. For this reason, and in the interest of reducing the
computational demand of running multiple quantum-mechanical calculations, DCSs
from a single calculation (run by Loreau [160]) at 410 cm™! were used to generate
the simulated and fitted images presented in this chapter. Furthermore, and as
outlined in the previous sections, the use of a hexapole apparatus allowed for the
full quantum-state selection of molecules in the ND3()~(, j,;t = 17 ) state prior to
collision in order to successfully generate a high-purity beam. As a result, the
quantum-mechanical calculations reported in this chapter assumed that 100% of
molecules were in the NDg(X, jff = 1;) state at the beginning of each trajectory.
The errors included on plots presented in this chapter have been generated in

the same way as described in Chapter 2.

4.6 Specifying the detection region and experi-
mental time delays

As for the NO(X)+Ar system, a series of simulated images was generated over a
range of the two coordinates, xq4et and yqet, that define the centre of the detection
region, and over a range of values of t4., the time delay between triggering
the primary-molecular-beam valve and the 317 nm laser. A selection of these
simulations for scattering into the j,’ff = 2] state is presented in Figures m
and [4.16] Based on several iterations for different final states, it was decided that
values of 24t = —0.001 m, yqer = 0.001 m and tgep = —2 % 107° s produced the best
agreement with the experimental data. These parameters were then used to generate

the final set of simulated images that is presented and discussed in Section [4.9]
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Figure 4.15: Simulated images for the inelastic scattering of ND3()~()—|—Ar at a collision
energy of 405 cm~!. The data presented here are for the ],’q,i =2] + jff = 17 collision.
The simulations show the effect of varying the x4t and yget coordinates that define the
centre of the detection region. Values of x4et = —0.001 m and yget = 0.001 m were chosen
based on a qualitative comparison of the simulations with the experimental image shown
in the figure.
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Figure 4.16: Simulated images for the inelastic scattering of ND3(X)+Ar at a collision
energy of 405 cm™!. The data presented here are for the j,’j,c =27 + j,:f = 17 collision.
The simulations show the effect of varying t4et, the time delay between triggering the
primary-molecular-beam valve and the 317 nm laser. A value of tge; = —2 x 107° s was
chosen based on a qualitative comparison of the simulations with the experimental image
shown in the figure.

4.7 Camera thresholding

The data-acquisition software used to collect the experimental images reported
in this thesis makes use of a thresholding parameter for the CCD camera. If the
intensity of an ion hit does not exceed this value, it is not included in the output file.
Ideally, the value of the thresholding parameter should be chosen to maximise the
signal-to-noise ratio. Figure shows a series of images recorded for scattering
into the j;= = 55 state. The value of the thresholding parameter was changed for
each image, though all other experimental parameters were kept the same.

As can be seen in the figure, the intensity of the resultant image is exquisitely
sensitive to the magnitude of the thresholding parameter in the 143 — 150 range. At
values lower than 143, signal and noise are virtually indistinguishable: the camera

pixels are saturated by ion hits and very little scattered signal is detected. At
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Figure 4.17: Comparison of experimental images for scattering into the jllj,t = 95 state.
The thresholding value in the data-acquisition software was changed for each image whilst
all other experimental parameters were kept the same.

1.8 . . T .
! —
Jk:i - 55'
N
212 1
N
% —an
~ ——Tkac et al.
'g This work:
B Thresholding value = 144
S 06 —— Thresholding value = 145 -
N

—— Thresholding value = 150
Thresholding value =200 |

0.0 : : —
0 90 180

0 / degrees

Figure 4.18: Qualitative comparison of the quantum-mechanical DCS for scattering into
the ],’jf = 5; state with experimental DCSs recorded using various camera-thresholding
values and with the experimental DCS reported by Tkac et al. |160]. Each set of DCSs
has been normalised to have the same magnitude at § = 45°. Note that DCSs were not
extracted from the experimental images with thresholding values of 143 and 250 due to a
lack of scattered signal.

values greater than 150, there is a gradual decrease in the intensity of scattered
signal. Based on the data shown in Figure [4.17] the final images reported in this
thesis were all recorded with a thresholding value of 150, since this value maximises
the signal-to-noise ratio. To confirm the visual trends shown by the experimental
images, DCSs were extracted from fits of the empirical data and compared to both
quantum-mechanical calculations and the relevant experimental DCS reported by

Tka¢ et al [160]. To that end, the data reported in Figure reveal a good level
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Figure 4.19: Qualitative comparison of experimental images for scattering into the
j,;jf = b5 state when NDj is seeded at 5% and 2% of the total volume in Ar in the primary
molecular beam.

of agreement and confirm that any discrepancies between the DCSs for different

thresholding values lie within experimental error.

4.8 Seed ratio of primary molecular beam

In addition to selecting an appropriate camera threshold, it is also the case that
the level of signal recorded during a single acquisition cycle will depend on the seed
ratio of ammonia in argon in the primary molecular beam. If the concentration
of ammonia is too high, too many ions will hit the detector per laser shot and,
consequently, too many camera pixels will light up during a single acquisition
cycle, leading to saturation in the resultant image. In a similar fashion, the MCP
pores or phosphor screen can become saturated by if successive ions arrive during
the dead time of either component. To determine whether the 5%-mix used to
collect the images presented in Section risked such saturation, the primary-
molecular-beam seed ratio was diluted to 2% NDj in Ar. Figure shows a
qualitative comparison of two images recorded for scattering into the ji© = 55 state
for both 5%- and 2%-NDg3-in-Ar seed ratios. The figure confirms that diluting
the concentration of ammonia in the primary molecular beam simply reduces the
intensity of scattered signal observed and does not improve the quality of the

image in the forward-scattered region.
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Figure 4.20: Experimental, fitted, and simulated images for the inelastic scattering of
ND3()~(, jff = 17 )+Ar at a collision energy of 405 cm™!. The Newton triangle for the
collision system is also shown. As explained in the text, the simulated images shown here
were generated assuming that all of the hexapole-state-selected NDg()N() molecules are in
the jéﬁ = 1] rotational state prior to collision.

4.9 Results: images and DCSs

Figure presents experimental, fitted, and simulated images for the rotationally

inelastic scattering of ND3(}~(, j& = 17)+Ar at a collision energy of 405 cm™!.

In
general, there is good agreement between experiment and theory in that all three
sets of images show a gradual increase in the extent of sideward scattering as the
final ji¥ level of the ND3(X) molecule increases.

Notably, and as seen in previous work on the NO(X)+Ar system, the subtraction
of background, unscattered signal from the intensely forward-scattered region
continues to be problematic, despite the use of shot-by-shot (rather than batch)
subtraction. This manifests in the experimental images as a distinct lack of scattered
signal intensity along k, precisely where quantum mechanics predicts many images
to be most intense. Such disagreement between experiment and theory also caused
issues during the fitting of the raw data, as discussed below.

Figure [4.21] compares quantum-mechanical DCSs with those extracted from fits
of the experimental images. To aid more rigorous analysis, the data recorded in
this work are also compared directly with those of Tka¢ et al. [160] where possible.

To that end, the magnitudes of the experimental DCSs in both sets of data were
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Figure 4.21: Fitted experimental and quantum-mechanical DCSs for the inelastic
scattering of ND3()~(, j,i,t =17) + Ar at a collision energy of 405 cm~t. Where possible,
a direct comparison is also made to the data of Tkac et al., which related to the inelastic
scattering of ND3(X, jif = 17) + Ar at an almost identical collision energy (410 cm ™)
1160]. Each set of DCSs has been normalised to have the same magnitude at § = 45°.

normalised to match the corresponding theoretical value at § = 45°. As for the
images presented earlier, there is generally good agreement between experiment and
theory, neglecting the fact that the experimental resolution was not high enough to
capture the intense diffraction oscillations predicted by the quantum-mechanical
calculations. For all the final j;& states recorded, the DCS is dominated by an
intensely forward-scattered peak, governed by the long-range, attractive region of
the PES. The agreement between experiment and theory is particularly strong for
most of the states recorded in the j' = 3 — 5 range, where both sets of data display
very sharp, forward-scattered peaks that do not extend beyond 6 = 60°.

On a first attempt, the lack of scattered signal along k caused significant
problems during the fitting procedure and generated DCSs that were in extremely

poor agreement with fits of the quantum-mechanical data. To overcome this, a
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Figure 4.22: Comparison of the complete and modified Fourier-moment basis sets, and
extracted DCSs, for scattering into the jl/j: = 4, state. The DCSs have been normalised
to have the same magnitude at § = 45°. The data shown emphasise the significant
improvement in the agreement between experiment and theory when a modified basis set
it used.

portion of the Fourier-moment basis set was subtracted prior to fitting to mirror
the lack of intensity in the corresponding experimental data. For the majority of
the images, use of these modified basis sets served to vastly improve the agreement
between experiment and theory. Figure [4.22| shows a comparison of complete and
modified Fourier-moment basis sets, as well as the extracted DCSs, for scattering into
the j,’jf = 4, state. The data shown emphasise the significant improvement in the
agreement between experiment and theory when over-subtraction of the background
is accounted for in the basis sets. However, for those images (e.g., that for scattering
into the ji7 = 2, state) that required the largest subtraction along k, the overall
effect was to significantly reduce the height of the forward-scattered peak in the
experimental fitted DCS relative to that in the quantum-mechanical data. Therefore,
it is clear that, despite moving from batch to shot-by-shot subtraction, there are
still issues with over-subtraction of background signal during data acquisition, and
future experimental work should seek to resolve this.

Apart from the forward-scattered peak, the most notable feature of the DCSs
shown in Figure is a broad shoulder of scattering intensity for higher final ;-

states. Though predicted by the quantum-mechanical calculations for scattering
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into j/ > 5, this feature of the DCSs is not reproduced in the fit. Instead, the
experimental images and DCSs generally show a somewhat broader and less intense
forward-scattered peak than is predicted by theory. Equivalent features are seen
in the data reported in reference [160], where the authors have suggested that
the disagreement between experiment and theory is likely due to the fact that
the experimental resolution is not sufficient to resolve both features: instead, the
two distinct peaks merge into one broader, less intense maximum. It is thought
that a similar explanation can be offered for the discrepancy in the data reported
here. Indeed, it is important to remember that the skimmer placed in front of the
secondary molecular beam in the experimental apparatus described in this chapter
has a diameter of 5 mm, whereas that placed in front of the primary molecular beam
has a diameter of 2 mm. Thus, by the time the gas pulse arrives in the interaction
region, the secondary molecular beam will be relatively poorly collimated (at least in
comparison to the primary beam), and this will reduce the experimental resolution.

The relative intensity of the ICS and DCS for scattering into a particular state is
a consequence of the 7' and k&’ quantum numbers and also of the inversion symmetry
of the final state of the ND3 molecule. Indeed, for scattering into final levels with —
inversion symmetry, 80% of the scattering occurs into j° < 4 [160]. The probability
of scattering into a certain state (i.e. the magnitude of the ICS) is determined
largely by how strongly the initial and final quantum states of the ND3(X) molecules
are coupled by the expansion coefficients in Equation [160, |168]. As a point
of comparison, the j5& = 37 state is directly coupled to the initial j¥ = 1; state
by the vyg coefficients (where A = 0 — 3), and the resulting ICS and DCS for a

transition between the two are relatively large. In contrast, the j,;:/t =

3, state is
only coupled to the ji¥ = 17 state by the smaller vs3 and vs3 coefficients, generating
a much smaller ICS and DCS. Similar explanations can be offered for the other
states recorded. To that end, the ICSs for energetically accessible j,;:/t states at

405 ecm~! that may also be focused by a hexapole apparatus and detected using

a (2+1) REMPI scheme at 317 nm are reported in Figure [£.23
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Figure 4.23: Comparison of ICSs for scattering into the range of energetically accessible
];; states at 405 cm™! that may also be focused by a hexapole apparatus and detected
using a (2+1) REMPI scheme at 317 nm.

4.10 Further discussion of fitting procedures

The raw experimental and theoretical data presented in this chapter were analysed
using the same fitting procedures that were outlined in Chapter 2. These methods
have been used successfully on other systems and, in the work presented here, serve
to generate fitted images and extracted DCSs that show reasonable agreement
between the empirical and calculated data and also in comparison to those of
Tkac et al.. However, given that the data presented here for inelastic scattering
in the NDs(X)+Ar system were recorded at higher quantum-level resolution than
those for the NO(X)+Ar system, and that the agreement between the experimental
and theoretical data is generally stronger, it was decided to subject these results
to even more rigorous analysis.

In the first instance, a fitting algorithm (written originally by Eyles [110] and
adapted for this thesis) was used to read the intensity around the radius of the
experimental image. To this end, the image is first converted to polar coordinates,
and then the intensity distribution is output as a function of the scattering angle, 6,
at a resolution of 1°. The instrument function is then subtracted from this output,

and the fast and slow sides of the image are averaged to remove the slow-side bias.
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Figure 4.24: Comparison of DCSs generated from quantum-mechanical calculations,
the Legendre-polynomial fitting procedures used in this work, and from a direct reading
of the scattering intensity around the radius of the experimental image (with a resolution
of 1°).

The results of this analysis, which are shown for a selection of states in Figure
confirm that the DCSs generated by the Legendre-polynomial fitting methods
described in Chapter 2 are in generally good agreement with a simple (though
crude) reading of the scattering intensity around the radius of the image. This lends
weight to the idea that the fitting procedures used in this thesis give an accurate
representation of experimental scattering distributions.

Following this, it was decided to pay further attention to the intensely forward-
scattered region of the k — k’ distribution. For many of the images recorded (and
the DCSs extracted from them), the quantum-mechanical data predict significantly
more scattered intensity in the § = 0 — 20° region than is observed experimentally.
One explanation for this discrepancy, apart from over-subtraction of background
signal from the experimental images, is that the experimental resolution is not
sufficiently high so as to resolve the intense, forward-scattered, quantum-mechanical

oscillations at low 6. Instead, these dominant peaks merge with less-intense features



150 4.10. Further discussion of fitting procedures

< Jk'E=2 Jk' =2y JKk'E =3
o 6 i
N L
% 8
= 4r
3
3 4r
O —Fit 2L
z —— Convolution
0 0
0 90 180 0 90 180
2.0 S 0.50 0.3 ;
H] + = - H) + — -
W JK' 32 Jk'* =54
B 15 1
% 02
= 10 1025+
3
ke 0.1¢
6 05
Z
0.00 0.0, % 180
0.06 T 0.50
% Jk'* =65
7]
N L
% 0.04
= 0.25
3
ke 0.02+
©
A=
. ‘ 0.00 : 0.00 :
0 90 1800 90 180 0 90 180
0 / degrees 0 / degrees 0 / degrees

Figure 4.25: Comparison of DCSs generated from quantum-mechanical-Gaussian-
convolution fitting process and from the standard Legendre-polynomial fitting procedures
used in this work. Each set of DCSs has been normalised to have the same magnitude
at 6 = 45°. Note the difference in scale of the y-axes between the plots shown here and

those in Figure

at higher 6 in the experimental image. For this reason, and to allow for a comparison
of the experimental DCS with a more realistic theoretical simulation, the quantum-
mechanical DCS was convoluted with a Gaussian distribution [178]. The FWHM
of this Gaussian distribution was chosen to coincide with that of the Legendre-
polynomial basis set generated using the number of Fourier moments that was
appropriate for the fit in question. To achieve this, the 180° angular range of the
DCS was simply divided by the number of Fourier moments used in the fit.

To carry out the quantum-mechanical-Gaussian convolution, the quantum-

mechanical DCS, S—Z, was integrated for successive segments of a given angular-
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width, p, set at p = 0.5°, to give an integral, 7, defined as:

7(0) = /:+p (i‘u)dﬁ, (4.15)

Then, a normalisation Gaussian, IV, centred at 0° and with a FWHM chosen as

outlined above, was integrated in the range —90° < 6 < 90°, such that

N = /_9900 \/21??7 exp ( . ; (i))de, (4.16)

_ FWHM
T o Ame

A normalisation factor, £, is then determined for each segment by dividing its area

where

(4.17)

by that of the full Gaussian centred at 0° [169]:

£0) = ——. (4.18)

The normalisation Gaussian is subsequently centred on each incremental value
of 6 and multiplied by the corresponding normalisation factor, £(6). The sum of
these 361 Gaussian functions then gives the overall quantum-mechanical-Gaussian-

convoluted DCS: [169]

(jg) = ¥ g(e)\/;r_nexp (_;(9—”%) ) (4.19)
conv 0o=0°

0.5 | 6c

Figure presents a comparison of the experimental DCSs recorded in this
work and quantum-mechanical-Gaussian-convoluted DCSs. Note the difference
in scale of the y-axes between the plots in Figure [£.25] and the corresponding
DCSs in Figure Although there is still discrepancy in the intensity of the
forward-scattered distributions, it has been vastly reduced by the convolution, and
the fitted and calculated DCSs now show much better agreement. Furthermore,
the convolution process has served to make the experimental and theoretical DCSs

more directly comparable by accounting for the experimental resolution.
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4.11 Summary

This chapter has presented experimental and theoretical data relating to the
rotationally inelastic scattering of fully quantum-state-selected ND3()~(, j,;t =17)
molecules by Ar at a collision energy of 405 cm™!. The empirical and calculated
data presented in this chapter agree very well with those reported in reference [160].
Both data sets confirm that the k — k’ distribution is intensely forward scattered
for all the energetically states that are readily detectable by the REMPI-VMI
techniques employed. Where discrepancies exist between theory and experiment,
suggestions have been made to account for these, including a consideration of the
effect of camera thresholding, seed ratios, and experimental resolution on the quality
of resultant measurements. The data confirm that the hexapole state-selector
apparatus, designed and built for this thesis, has been calibrated successfully and
that it is able to facilitate the preparation of high-purity molecular-beam pulses with
a single, well-defined quantum state. In addition, the experimental data reported
here facilitated the development and refinement of several data-analysis techniques

that will benefit future experimental work on this and similar systems.



2D models of non-adiabatic effects in
OH(A, v = 0)+Rg collision dynamics

The hydroxyl radical, OH, is one of the most important oxidants that govern
atmospheric chemistry in the stratosphere and lower troposphere [179]. As a highly
reactive species, OH determines the lifetime of atmospheric methane 180, |181],
and it also plays a key role in stratospheric ozone depletion [182]. It is, therefore,
important to study the rates at which OH undergoes reactions in the atmosphere,
and to understand the energy transfer that takes place when OH radicals — in
both the ground and excited electronic states — collide with other gases. The
resultant data can then be used to inform models for a range of atmospherically
important processes [183] [184].

This chapter outlines a theoretical investigation into the dynamics of hydroxyl
radicals in the first electronically excited state, OH(A), when they undergo collisions
with heavy rare-gas atoms (Kr and Xe). Of particular interest in this thesis are
electronically non-adiabatic dynamics, whereby the OH radical is seen to change
electronic state following a collision with a rare-gas atom. As a result of this
non-adiabatic transfer of population, the collision dynamics of OH(A)+Rg cannot
be well modelled when confined to a single PES. By considering a number of PESs,

and the different types of coupling between them, this thesis aims to quantify
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the extent to which non-adiabatic processes affect the magnitude of a number of
experimentally measured quantities for OH(A)+Kr and OH(A)+Xe.

The principal discussion in this chapter will concern the OH(A) molecule in the
ground vibrational state. The angular momentum coupling in the excited electronic
A state is best described by Hund’s case (b), whereas that of the electronic ground
state, OH(X), is best described by Hund’s case (a). Details of both angular

momentum coupling schemes are discussed below.

5.1 Hund’s case (b): OH(A)

Like the NO(X) molecule discussed in Chapters 2 and 3, OH(A) exists as a radical
species with a single, unpaired electron. However, in contrast to the ground-state
NO(X) radical, the coupling of angular momenta in excited-state OH(A) is best
described by Hund’s case (b). Throughout this section, the reader is referred to
the notation outlined in Section 221

The electronic configuration of OH(A) is given by
10%20230 174,

In Hund’s case (b), the spin-orbit coupling is weak, or non-existent in the case of
A = 0. Therefore, the total electronic angular momentum is simply equal to S, which
is completely uncoupled to the nuclear axis, meaning the value of €2 is undefined.

As can be seen in Figure R is coupled strongly to A to give IN, which, in the
case of a ¥ radical, means that R = IN. The interaction of the electron spin with
the magnetic field generated by the rotation of the nuclear framework produces two
spin-rotation levels by the coupling of N and S. The resultant vector, 7, quantifies
the total angular momentum of the system (exclusive of nuclear spin). OH(A)
has a single, unpaired electron in a ¢ orbital, so the rotational-angular-momentum
quantum number, j = N + %

In this chapter, the two spin-rotation levels are labelled f; (j = N + S) and
fo (j =N —29), and are separated by the spin-rotation coupling, v = (N - S),
where ~ takes a value of 0.2244 cm™! in the ground vibrational state of OH(A)
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Figure 5.1: The Hund’s case (b) angular momentum coupling scheme for the OH(A)
molecule. The coupling of nuclear spin angular momentum is neglected throughout. See
text for details.

[185]. Note that the value of this constant may be affected by second-order
contributions from spin-orbit interactions (amongst others) of OH(A) with the
lower-energy OH(X) state. The two spin-rotation levels have a well-defined parity

with respect to inversion, given by
p=(-1". (5.1)

The molecular Hamiltonian for Hund’s case (b) molecules can, therefore, be written

as

H = Hrot + Hsr
=BN?+~(N - 8S), (5.2)

and the energy of a particular spin-rotation level, |N, j), is given by

B(f,) = BN(N +1) + ;w,

B(fy) = BN(N +1) — ;»y(N +1), (5.3)

where B = 17.355 cm™! for OH(A) in its ground vibrational state [185].

In OH(A), the coupling of the nuclear spin angular momentum, I, to the
total angular momentum excluding nuclear spin, 7, generates two hyperfine levels
denoted F' = j + % In the presence of a magnetic field, each hyperfine level, F,
is further split into 2F + 1 magnetic sub-levels, with an energy splitting given by
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> N

OH(X)

Figure 5.2: The Hund’s case (a) angular momentum coupling scheme for the OH(X)
molecule. The coupling of nuclear spin angular momentum is negated throughout. See
text for further details.

AE = (u - B), where p is the magnetic dipole moment, and B is the magnetic
field vector. The splitting of magnetic sub-levels is the basis of the Zeeman
Quantum Beat Spectroscopy techniques [6 7] that underpin the experimental

work referenced in this chapter [26| [33].

5.2 Hund’s case (a): OH(X)

The coupling of angular momenta in OH(X) is best described by the Hund’s
case (a) scheme outlined in Section [2.2.1] The electronic configuration of OH(X)

can be written as
106%20235°173.

Recalling Equation (2.2.1)), for OH(X), A = —139.054 cm ™! and B = 18.53104 cm ™
[186]. For OH(X), the energy-ordering of rotational levels defined by each spin-orbit
manifold (see Figure is reversed compared to that in NO(X): now, the Q = 1.5
state is around 140 cm~" lower in energy than Q = 0.5. The splitting of the OH(X)

A-doublet is very small, at only 0.056 cm ™! for j = 1.5 in the lower QH% state [187].
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Figure 5.3: The Jacobi coordinate system (R, r, and «y) used in this thesis. ‘COM’ is
the centre of mass of the OH+Rg system. See text for details.

5.3 Two-dimensional models of non-adiabatic dy-
namics in OH(A, v = 0)+Rg

This section deals with the development of theoretical frameworks that are used to
model non-adiabatic effects. In all the calculations presented in this section, the
OH bond length is fixed at the excited-state equilibrium value of r. = 1.012 A [26,
76, |121], and so there is no consideration of the effects of vibrational motion on
the collision dynamics. The PESs (which were calculated by Ktos [76/78| |188]) are
a function of only two coordinates: R, the distance between the centre of mass
of the OH radical and the rare-gas atom; and 7, the angle between the vector
R and r, the OH bond vector. Note that a value of 7 = 0° corresponds to the
O-H-Rg linear configuration (see Figure . The PESs used in this section are

therefore referred to as ‘two-dimensional’ (2D) surfaces.

5.3.1 Two-dimensional adiabatic potential energy surfaces
of OH(A)+Rg and OH(X)+Rg

As discussed in Section 2.4 the PES quantifies the potential energy of a given

system as a function of the nuclear coordinates. Together with the initial conditions

and kinematics, the PES is crucial to understanding the dynamics of a given

diatom-atom collision. Given that the reduced masses of the OH+Kr and OH+Xe

systems are very similar (2.378 x 10726 kg and 2.500 x 1072¢ kg [189], respectively),
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it can be deduced that any contrast in the dynamics of the OH+Rg systems is
due to differences in their PESs.

Figure shows the four adiabatic PESs of A’ symmetry that describe the
interaction of Kr and Xe with the OH(A) and OH(X) radicals, as well the mixing
angle, y, that couples the excited- and ground-state surfaces (see Section .
In linear geometries (of Cu, symmetry), the OH(A)+Rg system is a singly-
degenerate Y state and the OH(X)+Rg system is a doubly-degenerate II state.
However, any approach of the rare-gas atom in a non-linear configuration, which
reduces the symmetry from C., to Cy, will split the doubly-degenerate II state
into a component that is symmetric (A’) and another that is anti-symmetric (A”)
with respect to reflection in the scattering plane, i.e. that which contains the three
atoms. It should be stressed that this is not the same as the notation used to
describe the A-doublets discussed in Section [5.2, which denotes different symmetries
with respect to reflection in the rotational plane.

In this thesis, the single adiabatic PES that describes the OH(A)+Rg system is
labelled 2A’, and the two lower states, which describe OH(X)+Rg, are denoted 1A’
and 1A”. All PESs for both systems were calculated at the MRCISD+Q (multi-
reference configuration interaction with single and double excitation configurations)
level of theory by Klos. A multi-reference method was required to describe the PESs
in regions near conical intersections: single-reference methods assume that a given
PES is well described by a single Hartree-Fock calculation (that neglects electron
correlation effects, and adopts the Born-Oppenheimer approximation), and so give
a poor description of the wavefunction in regions of potential crossing. Notably,
the +Q notation refers to the Davidson correction for size-extensivity.

Some general comments can be made about both OH(A)+Rg surfaces. The OH
radical and rare-gas atom share an attractive interaction in linear configurations,
forming two deep potential-energy wells that correspond to the approach of the
rare gas towards either end of the hydroxyl radical. Of these, the potential-energy

well corresponding to the approach of the rare gas towards the oxygen end of the
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Figure 5.4: The 2A’ and 1A’ adiabatic PESs, and the mixing angle, x, which couples
them, for the OH+Kr and OH+Xe systems . The surfaces were calculated by
Ktos at the MRCISD+Q level. The numbers on the PES give the potential energy, in
10% ecm ™1, relative to the asymptotic value for each state at large R. The numbers on the
central mixing-angle plots give the value of x in degrees — see Section Note that a
value of x = +45° corresponds to complete mixing of the adiabatic PESs and a value of
x = 0° corresponds to zero mixing.
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radical is more attractive, and occurs at smaller R. These attractive regions are well
separated by a strong repulsion in T-shaped geometries that extends to large R.

The major differences between the OH(A)+Kr and OH(A)+Xe surfaces — and,
hence, between the dynamics they govern — are the strengths of the interactions
described above. In comparison to OH(A)+Kr, the potential-energy wells are much
deeper for OH(A)+Xe, and the repulsive barrier that separates them is higher,
and extends to longer range. In general, the OH(A)+Xe PES can be said to be
more anisotropic than that of OH(A)+Kr.

The interaction between the oxygen end of the OH radical and the rare-gas
atom is relatively strong, at about twice the magnitude of the attraction between
the hydrogen end and the rare gas. Indeed, for the OH(A)+Xe system, the energy
of interaction between O and Xe is, rather remarkably, of the same magnitude
as a moderately strong chemical bond. For example, as a point of comparison,
the bond enthalpy of the I-I bond in the iodine molecule is around 12600 cm™*
[190], whereas the deepest point of the HO—Xe potential-energy well occurs at
around —13000 cm ™.

Studies by Esposti et al. [191] revealed that OH(A)+Ar forms a very strong van
der Waals complex in the gas phase. At long-range separations, electron exchange
and orbital overlap effects are negligible, and the strong interaction between OH(A)
and Ar can be attributed to dispersion and induction. At short range, covalent
and charge-transfer effects will contribute to the interaction energy. The strong
binding in collinear geometries suggests that a weak covalent bond forms between
the OH 30 and Ar 3p, orbitals, however, most of the energy will come from electron-
correlation effects. In the O-H-Ar geometry, the charge-dipole and dipole-dipole
interactions largely cancel, while they are additive for H-O-Ar. It is thought
that similar explanations can be offered for the even stronger interaction effects

seen for OH(A)+Kr and OH(A)+Xe.
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5.3.2 The adiabatic representation and non-adiabatic cou-
pling

The Born-Oppenheimer approximation states that, due to the considerable difference

in their masses, it may be assumed that nuclei are stationary on the timescale of

electronic motion [59]. If we consider the nuclear geometry to be defined by R, the

(slow) nuclear coordinates at a given time, ¢, then the total wavefunction, ®;(r, R, ),

which is also a function of the (fast) electronic coordinates, r, can be written as

where V;(R,t) and ¢;(r; R) are the nuclear and electronic wavefunctions, respec-
tively. The full Hamiltonian can also be separated adiabatically into its nuclear

kinetic energy and electronic components:
H(r,R,t) = Tn(R,t) + H.(r, R). (5.5)

Therefore, for a single nuclear geometry defined by R, the electronic adia-
batic wavefunctions outlined above, ¢;(r; R), are the solutions of the electronic

Schrodinger equation:
H.pi(r; R) = Uy(R)¢i(r; R), (5.6)

where U;(R) is the electronic adiabatic potential energy of the i*! state (in contrast
to V;, the potential energy of the i*! state in the diabatic representation, which is
discussed later). This equation is achieved by setting the nuclear kinetic energy to
zero, i.e. assuming that the nuclei have a fixed position. An adiabatic representation
of the PES is then obtained by solving Equation for all nuclear geometries
using a diagonalised form of the potential energy (PE) matrix. In the case of

OH(A/X)+Rg, Equation (5.6) can be rewritten as

b1a7(r; R) Uia(r; R) 0 0 p1a/(7; R)

He(r;R) | doar(miR) | = 0 Usar(r; B) 0 Gan (i) | (5.7)

d1ar(r; R) 0 0 Uiar (r; R) d1a7(r; R)
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Note that the off-diagonal terms, which quantify coupling between different states,
all take values of zero.
The total wavefunction, ®(r, R, t), is a solution of the time-dependent Schrodinger

equation:
0d(r, R, t)
ot

Multiplying through from the left by the complex conjugate of one of the set

ih — Hd(r, R, t). (5.8)
of orthonormal electronic wavefunctions, ¢,(r; R)*, and then integrating over all

the electronic coordinates, gives

L OV, A R
Zhait] = (TN + Uj)@j — ZAJZ\IIZ7 (59)

where the coordinate dependence has been dropped from the wavefunctions and
operators for the sake of clarity. The operator Aji quantifies the non-adiabatic

coupling between two adiabatic states, and can be expressed as
Aji = 6T — (651w ). (5.10)

As can be seen in the second term of Equation , the kinetic-energy operator
is acting on electronic wavefunctions, and so the motions of the nuclei and the
electrons are coupled. Thus, non-adiabatic coupling can be said to cause a breakdown
in the Born-Oppenheimer approximation.

The kinetic-energy operator, Ty = —%VZ, can be included in Equation to
give

72

- h?

In the limit where ¢ # j, the first term in this equation goes to zero, and the

expression for the coupling operator can be rewritten as

A K2

in which pj; = (¢;|V|#:), a vector quantity relating to kinetic (nuclear momentum)
non-adiabatic coupling, and Pj; = (¢;|V?|¢;), the scalar second derivative, the
value of which is often small enough to deem it negligible. Notably, within the

Born-Oppenheimer approximation, Aji = 0 for ¢ # j.



5. 2D QCT surface-hopping calculations 148

If p;; is considered further by starting from the electronic Schrodinger equation:

7:[6¢i = Ungz
V(ﬁe@) = V(Ui¢z’)
ﬁev¢i + (Vﬁe)¢i =UNVe¢+ (VU;) i

(0| HV |63) + (05| VHelbi) = Ui(65]V i) + VUids
(05| HelV i) + (6| VHe| 6:) = Uipy;
(V| el d))* + (65| VHe|6:) = Uipy,
Ui(Vil;)* + (6| VHe|6:) = Uipy,
Ui (i V|¢i) + (| VHe|6:) = Uip,
Uipji + (6| VH.|6:) = Uip;; (5.13)

and, therefore,

(Vo)
" U —-U;

(5.14)
which implies that non-adiabatic coupling becomes infinite when two adiabatic
states share a point of degeneracy.

For most systems, there will be regions of the PES where the adiabatic electronic
wavefunction changes rapidly as a function of the nuclear coordinates; for example,
at potential energy barriers, or regions of the PES near avoided crossings or points
of degeneracy between two surfaces. If a given collision involves passing through a
region of the PES where the electronic wavefunction is changing rapidly, there may
not be enough time for the wavefunction to adapt sufficiently quickly with respect
to the rapid nuclear motion. Thus, the system may evolve onto another PES that

is a smoother continuation of the character of the initial electronic wavefunction,

and a non-adiabatic transition is seen to take place.

5.3.3 The diabatic representation and the Massey param-
eter

As discussed previously, an adiabatic representation is achieved by solving Equation

(5.6)) for all states, using a diagonal potential-energy matrix in which the diagonal
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elements are the adiabatic PESs and the off-diagonal elements (which couple
them) are zero.

In a diabatic representation, the potential-energy matrix is no longer diagonal
since it now does not obey the Born-Oppenheimer approximation. Coupling
between the surfaces is achieved wvia the off-diagonal elements of the potential-
energy matrix (V};), and the nuclear kinetic-energy matrix is now diagonal, i.e.
the value of pj; goes to zero.

The Massey parameter [192, 193] gives an indication of how a given process
can be adequately described within the limits of purely diabatic and adiabatic
representations. It is defined as

ho - Dj;

&= U, — U,

: (5.15)

where ¥ is the nuclear velocity vector, and Uy is the adiabatic potential energy
of the k'™ state.

The adiabatic limit will be approached when ¢ — 0, 7.e. when the nuclear
velocity is small, the non-adiabatic coupling term is small, and/or the states are
greatly separated in potential energy. As discussed above, the nuclei are travelling
sufficiently slowly such that the electronic wavefunction has time to adapt to the
changing nuclear geometry and remain in the same adiabatic state.

In contrast, the diabatic limit will be reached as & — 1, 7.e. when the nuclei are
moving fast, are in a region of strong coupling, and/or are near a curve crossing.
The rapid motion of the nuclei vastly exceeds the ability of the electrons to adapt
to the new nuclear geometry, and the system may be forced to evolve onto a

different PES, as outlined above.

5.3.4 Adiabatic to diabatic transformation

Adiabatic and diabatic representations of PESs can often be linked by a simple
transformation. In changing from an adiabatic to a diabatic representation, the
singularity of the point of degeneracy described by Equation ((5.14)) is lifted, since the

coupling is quantified by discrete terms of the potential-energy matrix, rather than



5. 2D QCT surface-hopping calculations 145

a derivative function. Recalling Equation ({5.7]), and in the context of OH(A/X)+Rg
coupling systems, the electronic Schrodinger equation describing an adiabatic

representation of the PES can be rewritten as

d1a(T; R) ¢1ar(T; R)
He(r;R) | doar(riR) | = A | donr(r; R) | (5.16)
p1a7(T; R) p1a7(r; R)

in which the adiabatic potential-energy matrix, A, is

UIA/(T'; R) 0 0
0 Uy (7 R) 0 , (5.17)
0 0 Upar(r; R)

Alternatively, in the diabatic representation (with wavefunctions ¢;), the elec-

tronic Schrédinger equation is given by

en,, (r; R) o, (1 R)
He(r;R) | o5, (rR) | =D | ¢5,,(r R) |, (5.18)
om,. (r; R) om,. (r; R)

in which the diabatic potential-energy matrix, D, is

VHA/ (r7 R) ‘/12 O
Via Vs, (r; R) 0 ) (5.19)
0 0 VHA” ('T‘; R)

and the Vis elements quantify the potential-energy coupling between diabatic
surfaces. At this point, it is again important to note that the I, and II,~ labels
for the diabatic states described here do not represent the A-doublet levels.

If coupling is limited to being purely electrostatic in nature, states of different
symmetry cannot couple. Therefore, the A” state cannot couple to those of A’
symmetry, and it can be said to be equivalent in either the adiabatic or diabatic
representation, such that ¢, = ¢n,,. Conversely, the two states of A’ symmetry
can indeed be coupled, and so the adiabatic PESs can be related to the diabatic

potentials and couplings via the unitary transformation
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UlA, 0 O VHA/ VEA/ HA/ 0
0 U 0 [=Co|Voom, Va, 0 |ct, (5.20)
0 0  Upr 0 0 Vi,

where, as before, the coordinate dependence of the wavefunctions has been omitted

for the sake of clarity, and the rotation matrix, Cs, is expressed as

cosy siny O
Cy,=|—siny cosy O], (5.21)

0 0 1

where x is the mixing angle. A value of xy = £7% corresponds to complete mixing,
i.e. the diabatic limit, whereas a value of x = 0 corresponds to zero mixing, .e.
the adiabatic limit. At this point, the reader is referred back to Figure [5.4] which
shows plots of the two-state mixing angle, y, for the OH+Kr and OH-+Xe systems.

In the case where states of different symmetry are allowed to couple (see Section

5.4)), the transformation becomes somewhat more complicated:

Ua 0 0 Vo, Ve,om, Voom,
O UQA/ O - C3 VEA/HA/ VEA/ VEA/HA// Cg’? (522)
0 0 UlA” VHA/ 189N, VEA/ IIpn VHA//

and the rotation matrix, Cs, is expressed as

cosacos S —sinasinwsin S sinacosw  cosasin § + sin asinw cos 8
C;3 = | —sinacos B —cosasinwsin B cosacosw —sinasinf+ cosasinw cos 3

Y

— coswsin 8 —sinw cosw cos f3

(5.23)

where

e « is the mixing angle for states |X,/) and [I1,/),

[ is the mixing angle for states |TI5/) and I15~), and
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e w is the mixing angle for states |X,/) and T15~).

Notably, if 5 and w are set to zero, then we revert back to the situation described

by Equation ([5.20), with «

X.
5.3.5 Conical intersections

If we again consider the time-dependent Schrodinger equation that describes dynam-

ics on coupled adiabatic PESs, we can rewrite Equation (5.9)), in matrix form, as

ov

v — AU =ih—
(TN +U ) Zhat,

(5.24)

where I is the identity matrix, U is a diagonal matrix of adiabatic PESs, A is the non-
adiabatic kinetic-energy coupling matrix, and ¥ describes the nuclear wavefunction.

If, instead, the system is modelled in the diabatic representation — which, as
outlined previously, can be transformed into the adiabatic representation wvia a

unitary transformation — then the Schrodinger equation can be written as

oo

(NI +V)¥ =il

(5.25)

where V is the diabatic potential-energy matrix. The diabatic PESs are defined
by the diagonal elements of the matrix, which are coupled wvia the off-diagonal
potential-energy terms. The kinetic-energy matrix is diagonal and so does not
couple different diabatic states.

In a two-state system, the two uncoupled, diabatic states, ¢¢ and ¢¢, are mixed
together by a coupling term to create linear combinations of the diabatic basis

functions, i.e. the adiabatic eigenstates of the full Hamiltonian, such that

¢ = 161 + a5, (5.26)

where ¢; and ¢y are constants. This linear combination, in conjugation with the

Schrodinger equation, can be used to derive a set of secular equations:

Vi—F Vig &
=0, (5.27)
Vig Voo — B C2
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which will lead to a pair of solutions

1
Bs = 5| (Vir + Vo) &/ (Via = Vo) + 4V, (5.28)

By inspection, it can be seen that, if two adiabatic potentials are to be degenerate,
it must be true that V1 = Vi and that Vis = 0. To satisfy both these conditions, two
independent degrees of freedom for nuclear motion are needed: the tuning coordinate,
which brings the two adiabatic states closer in energy until a point of degeneracy is
reached, whilst maintaining that V5 = 0; and the coupling coordinate, which involves
motion in a given direction such that the symmetry of the system is reduced, and
Vi # 0. Together, the tuning and coupling coordinates define the branching space.

In a diatomic molecule with two diabatic states of the same symmetry, the
only geometric distortion that is possible is a change in the internuclear bond
length. A non-zero coupling term between the two states cannot, therefore, be
reduced to zero, since the symmetry is preserved whether the bond length extends
or compresses. Thus, since it is always true that Vi # 0, the two adiabatic states
are prevented from becoming degenerate, and the adiabatic PESs cannot cross —
this is the basis of the non-crossing rule.

If the diabatic states have different symmetries, the adiabatic states can share
a crossing. However, this is no longer true if the two diabatic eigenstates are
able to be mixed by a coupling term of the correct symmetry; in the present
case, this coupling remains unaffected by a symmetric bond stretch, so there is
no distortion-induced coupling of the adiabats.

This thesis is concerned with OH+Rg collision dynamics. This three-atom
system has a total of F'=3N — 6 = 3 degrees of freedom meaning that, once
motion along the tuning and coupling coordinates has been accounted for, there
is ' — 2 =1 degree of freedom remaining to facilitate curve-crossings, 7.e. there
are isolated points of degeneracy. In more complicated systems, with more degrees
of freedom — including, for example, the OH+H, system [105, 194-201] — there

can be seams (rather than points) of intersections.
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For the OH+Rg system, the tuning coordinate (g) corresponds to the motion of
the rare-gas atom towards and away from the OH radical when the three atoms
share a linear geometry; the coupling coordinate (h) describes a departure from
linearity. Figure shows cuts through the adiabatic 1A', 1A”, and 2A’ PESs for
OH+Kr [76, 78, 188] and OH+Xe [77] in the near-linear (y = 175°) geometry. Also
shown in the insert for the OH+Kr graph are the ¥ and II diabatic PESs [188].
The adiabatic potentials share an avoided crossing at 1.99 A for OH+Kr, and at
2.20 A for OH+Xe. The diabatic potentials for OH+Kr also share a curve crossing
at 1.99 A. The thermal collision energies for the experimental data quoted in this
thesis are 32907 cm™! for OH+Kr, and 32985 cm~! for OH+Xe. The barrierless
crossings of the PESs are located below these collision energies, so both systems are
expected to show significant quenching to the ground state. As noted earlier, the
HO(A)-Xe attractive potential-energy well is much deeper than that of HO(A)-Kr,
and the conical intersection with the ground state is also located much closer to
the bottom of the well in the former. In effect, conical intersections act as funnels
through which there can be non-radiative transfer of population from one adiabatic
state to another. It is, therefore, expected that the OH(A)+Xe system will display

significantly greater non-adiabatic effects than those involving the lighter rare gases.

5.3.6 Non-adiabatic roto-electronic coupling

The coupling of adiabatic states that has been discussed so far in this thesis has
been purely electrostatic in nature, facilitated by the off-diagonal elements of the
potential-energy matrix within the diabatic representation. As stated previously,
only states of the same symmetry are able to couple electrostatically, namely:
the upper 2A’ surface in the A 2X* state and the lower 1A’ surface in the X 2II
state. The second PES in the electronic ground state — of A” symmetry, and
which is degenerate with the 1A’ PES at linearity — is deemed to be the same
in both the diabatic and adiabatic representations, and is not involved in purely

electrostatic coupling schemes.
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Figure 5.5: Cuts through the adiabatic 2A’, 1A’, and 1A” PESs for OH+Kr |76, (78,
188] and OH+Xe [77] in the near-linear (v = 175°) geometry. The potential energy is
given relative to the asymptotic value of the OH(X)+Rg state at large R. Also shown
in the insert for the OH+Kr graph are the ¥ and IT diabatic PESs [188]. The adiabatic
potentials share an avoided crossing at 1.99 A for OH+Kr, and at 2.20 A for OH+Xe. The
diabatic potentials for OH-+Kr also share a curve crossing at 1.99 A. The thermal collision
energies for the experimental data quoted in this thesis are 32907 cm™! for OH+Kr, and
32985 cm ™! for OH+Xe.

Previous work published by Lehman and co-workers in reference [78] inves-
tigated OH(A)+Kr collision dynamics by using laser-induced fluorescence (LIF)
experiments to measure electronic quenching cross-sections and the OH(X) product
rotational-state distribution. They also modelled non-adiabatic dynamics using
QCT calculations run on the two surfaces of A" symmetry that were coupled
electrostatically. Though the theoretical electronic quenching cross-sections agree
qualitatively with the trend in the experimental data (i.e. that, generally, the
magnitude of the quenching cross-section decreases as the rotational quantum state
of OH(A) increases), the QCT calculations were found to consistently underestimate
the extent of electronic quenching. Given that the OH(X) product state distributions
published in reference 78] report an almost equal population of the 1A" and 1A”
states, it would appear that inclusion of coupling to the 1A” state is essential

for a full and accurate description of OH(A/X)+Rg dynamics (see also Section
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6.1.4). Neglecting this coupling may thus be responsible — at least, in part — for
the consistent underestimation of quenching cross-sections seen in the theoretical
models discussed therein.

Though purely electrostatic coupling cannot facilitate a transfer of population
between states of different symmetry, an antisymmetric rotation of the whole
triatomic OH+Rg system about an axis perpendicular to the O-H bond can make
the overall symmetry of the transition totally symmetric (and, hence, allowed)
since A’ x A” x A” = A’. Transitions between A’ and A” states therefore become
possible when coupling between the orbital angular momentum, £, and the total
angular momentum, J = j + £, is considered.

It is important to note that, whilst non-adiabatic electrostatic and roto-electronic
couplings both violate the Born-Oppenheimer approximation, they do so in different
ways. Electrostatic coupling involves a breakdown of the approximation in localised
regions where there is a coupling of electronic and nuclear motions. In contrast,
the Born-Oppenheimer approximation is inherently inapplicable to roto-electronic
coupling regimes, since electronic motion is occurring with respect to a nuclear
framework that is itself moving. For this reason, roto-electronic couplings are often
cited as examples of geometric couplings.

This thesis considers two types of roto-electronic coupling: Renner-Teller
coupling and Coriolis coupling. Renner-Teller coupling originates in the bending
of a linear complex (when v = 0° or v = 180°). At linearity, the projection of the
electronic orbital angular momentum on the internuclear axis, A, is a good quantum
number, and takes values of £A. However, as the triatomic complex bends, coupling
becomes possible for states with non-zero electronic orbital angular momentum.
Renner-Teller coupling has been a subject of interest for many systems — most
notably, in the NH; radical [202}204], and in the photolysis of HyO(B) [205] 206].
Conversely, Coriolis coupling is that which mixes states of different symmetry with
respect to reflection in the rotational plane. As such, it is only able to mix states with
electronic-angular-momentum quantum numbers that differ by AA = £1. Coriolis

coupling has also been investigated in many systems, including, but not limited to:
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« electronic quenching in NH(a)+H [207] and C+H, [208];

 quantum-mechanical studies of the reactive scattering of O(*D)+Hz [209];

and

« trajectory surface-hopping [204] and quantum-mechanical models [210] of

N(2D)+H,.

In the specific context of the OH(A/X)+Rg systems investigated in this thesis,

the contributions from various types of coupling can be summarised as:

o Electrostatic coupling links the surface of A’ symmetry that describes the

OH(A)+Rg system and that of A" symmetry that describes the OH(X)+Rg

system;

o Renner-Teller coupling links the two surfaces, of A’ and A” symmetry, that

describe the OH(X)+Rg system; and

« Coriolis coupling links the surface of A’ symmetry that describes the OH(A)+Rg

system and that of A” symmetry that describes the OH(X)+Rg system.

Work by Perkins [33] has shown that, in terms of generating theoretical quenching
cross-sections for OH(A)+Rg, the inclusion of Renner-Teller coupling in the surface-
hopping calculations is crucial in facilitating non-adiabatic quenching. Though less
important, the addition of Coriolis coupling also leads to a significant improvement
in the agreement between experiment and theory. The combined model is now

discussed in detail.
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5.4 Non-adiabatic effects in OH(A)+Rg
5.4.1 Basis sets and mixing angles

The rotational bases used in this work are the Wigner rotational functions, |K),

defined in reference [203] and [204],

JHK) = J(J + )R K),
Jo|K) = MF|K £1),

J.|K) = Kh|K), (5.29)

where

AE =R[J(J+1) - K(K £1)]7, (5.30)

and K is the projection of J, the total angular momentum, onto the O—H bond axis.
The diabatic electronic basis set used in this work is that of Drukker and Schatz
[209]. For a diatomic molecule, these states are eigenfunctions of the electronic

orbital angular momentum operator, f)z, such that

‘ + A> = C’ieim‘b,

L.| £ A) = £AR| £ A), (5.31)

where ¢ is the electron azimuthal angle. Notably, however, the | + 1) and | — 1)
states are not eigenfunctions of the inversion operator, the effect of which is the
same as the reflection operator, .., acting on a molecule lying in the triatomic

plane defined by xz. Therefore, a new diabatic basis is defined as

=) = [0),
1
L) = [A+) = \/ZH +1) + | = 1)] o< V2cos ¢,
I1,) = |[A=) = ﬁ“ +1) — | = 1)] & V2sin ¢. (5.32)

The states can be labelled according to their inversion/reflection symmetry

o2 |lly) = +|1L) = [TTyr),

s|1Ly) = —[I1,) = —[IIzn). (5.33)
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And so, the new basis set becomes

V2

1) = Y2 L) + ML), (5.34)
0) = |Z7), (5.35)
= 1) = 2L — i) (5.36)

The adiabatic electronic basis set, which comprises the 2A’, 1A’ and 1A” states,

is linked to the diabatic basis by the mixing angle, x, via

N ANy
|0y | =|sinx cosx O 12A") |, (5.37)
—n) N = 5
and, in this basis, the electronic Hamiltonian matrix is
Vet+n ’
| + 1> Dyum TA Daigr ‘ + 1>
N v v,
He| 10) [=]252 Ve || [0) | (5.38)
-1 Vern,, 1
’ > Ddiff % Dsum | >
where
1
Dsum == §(VHA/ + VHA//)J
1
Ddiff = E(VHA/ - VHA//)' (539)

Notably, the adiabatic and diabatic representations can be linked using a unitary
transformation, as described in Section [5.3.4], as a function of the three specific
mixing angles: «a, 3, and w. Recalling Equation (5.22)), it can be seen that

V2+n ,
UlA/ 0 0 Dsum \/EA Ddiff
V2+n f V2+n ’ T
0 Uy 0 =C; \/iA VEA/ \/iA C3 , (540)
0 0 Upr Dus VZ?A, D
i G} sum

where the rotation matrix, Cs, is still expressed as

cosacos B —sinasinwsinf8  sinacosw  cosasin S + sin asinw cos 3
C;3 = | —sinacos B —cosasinwsin 8 cosacosw —sinasinf + cosasinw cos 3

— coswsin 3 —sinw cosw cos f3

(5.41)
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Alternatively, C3 can be expressed as the product of three matrices, one in each

rotation angle, such that

cosa sina 0 1 0 0 cosf 0 sing
C;=|—sina cosa 0 0 cosw sinw 0 1 0 , (5.42)
0 0 1 0 —sinw cosw —sinf 0 cospf

where « represents the coupling between | + 1) and [0), S mixes | + 1) and
| — 1), and w couples |0) and | — 1). In the limit of purely electrostatic coupling,

a = —wand g =%

5.4.2 Matrix elements

The L, and L, operators in the | &= A) basis are involved in both Renner-Teller
and Coriolis coupling. Both operators transform as A” with &,. and, in the
adiabatic representation, their matrix elements are purely imaginary. The matrix

elements of L, are given by

(O]L 0) = (5.43)

(£1]La| F 1) = (5.44)

(1] 0] £ 1) = ifcos y (1A £ [TA") — sin x(2A/|E,|1A")],  (5.45)
(O1Lo] £ 1) = (£1|L.]0) = i\;_[s1nx<1A’\Lm\1A”>+cosx<2A’|Lx]1A”>]. (5.46)

where the L, operator can be replaced by the L, operator to yield an equivalent
set of expressions.
The operators ﬁxﬁz, 12, and L2 (= ZZ + IZZ + ﬁg), all transform as A’ under &,..

Their matrix elements are real in the adiabatic representation, and are given by
(0|L2|0) = sin? y (1A/|L?[1A") + cos? x(2A|L22A")
+ sin 2y (1A"| L2|2A), (5.47)

~ o N 1 ~
(O|L2| £ 1) = (£1|L2|0) = cos 2x (1A'|L2]2A") + 5 sin 2x((1A|L2|1A")

Al
V2
- (2AE324%)|, (5.48)
(£1L3 4+ 1) = (-1 L3 7 1) :;[0082 X(LA/[L2|1A") 4 sin? y(2A| L2|2A")

— sin 2y (1A'|L2|2A") + (1A"|L2|1A")].  (5.49)
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where, as before, ﬁg can be replaced by either the L,L, or the L2 operator.

5.4.3 Rotational perturbations to the full Hamiltonian

The coordinate system used in this work is that of Petrongolo, which makes use of
r-embedding, whereby the z-axis lies along the O-H bond (rather than along the R
vector) and the Rg-O-H system lies in the zz-plane. Recall that, for this system,
R, r, and ~ are the Jacobi coordinates, where r is the bond vector (pointing from
O to H), R is a vector which points from the centre of mass of the OH radical
towards the Rg atom, and -~y is the angle between these two vectors (such that
v=0 in the Rg—H-O linear geometry).

The full rotational Hamiltonian for a triatomic system is given by

B T T .9
Toe = —8 j (J2+ L +0b, (ﬁ —2J2 + [* —2L* 4+ 2L,L.coty — 2@hLy)
sin” 7y oy
+ b, | J. | J. cot —i—hg—i-zf + J_| J, cot —hg—if}
T + z Y 87 Y - z Y 87 Yy
oL [ I A S
2J,|b.(L, — L,cot~) — (b, + Br)— — L, + L,cot~y),
20 (e = Lecot) = (b + Be) 55 > (L + Locot)
(5.50)
where
1
b, =
2p0m7?
1
B -
f 2pRrg—onlR
" _ MRrgMoun
HeOft ng+mOH
fon = oML (5.51)
mon

The surface-hopping quasi-classical trajectory calculations (see Section |5.5])
carried out in this work rely on a separation of ‘fast’ and ‘slow’ coordinates such
that the electrons are modelled quantum mechanically whilst the nuclei are deemed

to obey classical mechanics. It is desirable to maintain the separation of electronic
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and nuclear motion as far as possible, so only the terms from Equation (5.50)) that
are necessary for Coriolis and Renner-Teller couplings are taken as a perturbation

to the electronic Hamiltonian, such that
H="H+H, (5.52)

where the operator that comprises the perturbation terms is given by

Br +0, .
REO 2br> +2J.L, (br -
sin? ~y

br + BR
sin?

H =b.L7+ Lg( > — b, J, L, cot y

b (Jy = J)iLy — b.(Jy — J ) (L + L. cot~) 4 2b, Lo L. coty.  (5.53)

In this equation, Renner-Teller terms are those in J,L, and J.L,. Inter-symmetry
Coriolis terms are those in jif}x and JAi[A,Z.

Assuming that K’ = K £ 1~ K if K >> 1 (which is a good approximation so

long as the three atoms are not in a linear configuration), and recalling Equation

(5.29), leads to the following expression:
ALK~ NIE = BJ(J +1) — K73, (5.54)
and, so, applying the above approximation when integrating over the rotational basis

gives

b, + Bgr

sin? v

(K| K) = b L2 + iﬁ( - 2br) + 9Lk cot

+9Khi, x (br— BRMT)

sin? v
— 20, KhL, coty — b N5 (Ly + L, cot 7). (5.55)

The resultant matrix element is then integrated over the {| £ A)} electronic
basis to give the final matrix elements, (A'|(K’|#. + H'|K)|A), shown in Table .
In this table, the grouping of terms in R;; and C;; shows the different contributions

from Renner-Teller and Coriolis couplings, respectively, where ¢ and j refer to the
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| £ A) basis, and can take values of +1,0,0or — 1. A;;, R;;, and C;; are defined as

o b 4B

Ay = b, 21 + ( - VR _ 2br> GIE215) + 2b, coty(il Eulalf),  (5.56)
be+ Br\ .+ .. o

Rij = 26| (b = 8 ) I Lalj) = b cot 1 (Il ). (5.57)
sin® vy

Cij = — N b cot (| L.|5) + (i|L.[5)], (5.58)

where the relevant diabatic matrix elements are derived from the appropriate
transformation of the matrix elements of these operators in the adiabatic repre-
sentation (see Equations to (5.49)). The corresponding matrix elements
of the full Hamiltonian in the diabatic |A) basis are then used to calculate the

mixing angles from

1 2H.10
a =—arctan (), 5.9
2 Hi1 01— Hopo ( )
1 2H 11,
=—arctan ( : ), 5.60
b 2 Hir—Hor (60
1 27‘[0 —1
w =— arctan () 5.61
2 Hoo—H-1,-1 (5:61)

Figure [5.6] shows the matrix elements used in this thesis for theoretical calcula-
tions involving the OH+Kr system. The elements, which were calculated by Ktos
126, 78, [188, |211] at the CASSCF (complete active space self-consistent field) level
of theory, are plotted for a single value of v (the near-linear Kr—O-H geometry),
and are grouped by the surfaces that they couple. Recall that the OH radical
and the Kr atom lie in the zz-plane.

At the time of writing, only a selection of matrix elements had been calculated
for the OH+Xe system [26] [211]. These elements are compared to their counterparts
for OH+Kr in Figure 5.7, A comparison of the calculated elements for the two
systems suggests that the remaining elements for OH+Xe could be estimated by
applying a shift in R, the Rg—OH separation, to those already obtained for OH+Kr.

As can be seen in the figure, elements concerning angular momentum about the
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Figure 5.6: Calculated matrix elements for OH+Kr in the near-linear Rg—O-H geometry
(v = 175°). The label ‘Im’ indicates that the imaginary part of the matrix element is
plotted. Note the difference in scale on the y-axes.

- or y-axis are to be shifted by +0.29 A in R; those concerning the z-axis are to
be shifted by +0.24 A. Notably, the shift in R applied to elements of the L.L,
operator was based on that of L..

Figure [5.8 shows the adiabatic PESs used in three-state TSH QCT calculations
for OH+Xe along with selected off-diagonal matrix elements which couple them.
The elements chosen follow an approximation made originally by Goldfield et al.
[203] (and later adopted by Zhou et al. [212] and Grebenshchikov [213]) which
states that L, = ﬁy — 0 and that L? ~ IE These approximations were applied
to both the OH+Kr [26] and OH+Xe systems [33], however, it was found that
they contributed to a consistent underestimation of the magnitude of non-adiabatic
effects in these systems. As a result, the surface-hopping data presented in this

thesis are the result of calculations that include all the relevant matrix elements

outlined in Equations (5.56))-(5.58)).
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Figure 5.7: Comparison of the calculated matrix elements for OH+Kr and OH+Xe in
the near-linear Rg—O-H geometry (v = 175°). Note that the label ‘Im’ indicates that the
imaginary part of the matrix element is plotted. Using this plot, the radial component
of the remaining matrix elements for OH+Xe are estimated by applying a shift in R of
+0.29 A for elements along z and y, and of +0.24 A for those in z. Note that the latter
shift is used to estimate the elements of the ﬁxﬁz operator.
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Figure 5.8: The 1A', 2A’, and 1A” adiabatic PESs (calculated by Klos at the
MRCISD+Q level of theory ), and a selection of non-adiabatic matrix coupling
elements used in the QCT calculations carried out for the OH+Xe system. The layout of
the figure is intended to mimic that of Equation in that the PESs, which lie along
the diagonal, are coupled by the matrix element found at the appropriate intersecting
off-diagonal element. The numbers on the PESs give the potential energy, in 103 cm™!,
relative to the asymptotic energy for each state at large R. Note that thermal energy for
this system is 32985 cm~!. The z-axes of the matrix-element plots are scaled arbitrarily
for the sake of clarity; red suggests a positive value, and blue suggests a negative value.
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5.5 Quasi-classical trajectory surface-hopping cal-
culations in two- and three-state models

Quasi-classical trajectory (QCT) calculations are so named because, over the course
of a single trajectory, the system is modelled both classically and (approximately)
quantum mechanically. The system originates in a state that is quantised with
respect to its rotational energy. In this chapter, the bond length of the OH radical,
r, is fixed in all calculations, such that the molecule is restricted to its ground
vibrational state, v = 0, and quantisation of this variable need not be considered.
The decision to fix the OH bond length has been validated in many previous studies
[6, 25, [26] 28], |76, 214]. At the start of the calculation, the relative-velocity vector,
k, and the Z-axis are separated by the impact parameter, b (see Figure , and
the velocity of the rare-gas atom is set to coincide with the trajectory collision
energy. Once initiated, the trajectory runs classically on the PES and terminates
with an unquantised angular momentum. However, this momentum is then binned
to the nearest discrete level, such that the trajectory both begins and ends in a
quantised state. The QCT method, including the use of surface-hopping algorithms
to model non-adiabatic transitions, is now discussed in detail.

A single trajectory is initiated and moves over a single PES. At its beginning, each
trajectory has a specified collision energy (FE.qp), impact parameter (b), rotational
state (), separation (R), and values of 8, ¢, and 1 (see Figure[5.9). At a given time
step, At, Hamilton’s equations of classical motion are integrated numerically using
a Hamming predictor-corrector method that is initialised by a fourth-order Runge-
Kutta integration [215]. Simultaneously, the time-dependent Liouville equation for
the density matrix, p, is also integrated for the adiabatic state populations such that

th]k = Z[plk(Hﬂ — ihRdﬂ) — pﬂ(Hlk — ZhRdlk)}, (562)
l

where Hy, = (I|H.|k), the matrix elements of the electronic Hamiltonian in the
adiabatic representation. These correspond to the adiabatic potentials when [ = k,

and take values of zero when [ # k. The non-adiabatic coupling vector is expressed as

dji = (I|VE|k), (5.63)
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>N

b

Figure 5.9: The space-fixed coordinate frame used in QCT calculations. N is the
rotational-angular-momentum vector of the OH radical, and 6 and ¢ are the polar and
azimuthal angles of OH, respectively. The azimuthal angle, 5, of the OH radical, which
defines the rotational phase of OH, is not shown for the sake of clarity.

where djj, = —dj;,, and R is a collective term for the positions of the nuclei. i) =

11),]2),and |3) correspond to the 1A’ 2A’, and 1A” adiabatic states, respectively.

The non-adiabatic coupling matrix, d, is given by

d = C3VzCT, (5.64)
which results in [216]
dl,g =sin WVRB - VROé, (565)
di 3 =—coswcosaVgf —sinaVgw, (5.66)
ds 3 =coswsinaVgf — cosaV gw. (5.67)

where «, 3, and w are as defined in Equations —. From the above
equations, it is important to note that setting 5 = 0 and w = 0 removes contributions
from Renner-Teller and Coriolis couplings, respectively, and this will affect both
the magnitude of the quenching cross-sections and the product rotational-state
distributions of OH(X). However, in the limit where w = 0 and § # 0, Renner-
Teller coupling can provide an indirect link that leads to transfer of population

between the 2A’ and 1A” surfaces.
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This thesis makes use of Tully’s fewest-switches algorithm (FSA) [193] to model
non-adiabatic dynamics for OH(A)+Rg. For a transition from the current state,

|k), to a final state, |j), the switching probability, Pj;, calculated at a given

time step, At, is given by
2Re(pt, Rdji) At

P = ) 5.68
7k Pkk ( )

where p is the density matrix for a given electronic adiabatic state population,
R are the position vectors of the nuclei, and d denotes one of the non-adiabatic
coupling matrices outlined above.

Note that, if its numerical value is negative, the probability is set to zero.
If a random number is less than the probability, a transition occurs. The FSA
computes the transition probability by minimising the number of hops that occur

in a given time interval to ensure that

no transitions occur in regions of zero coupling;

« if the integration time step is reduced, the switching probability per step is
diminished by the same factor; however, there will also be proportionately
more steps such that, overall, the switching probability through a finite region

or a finite time is independent of step size;
o at any given time step, the probability of switching is small; and

o the FSA generates the correct statistical distribution of the resultant energy

states.

Hops to higher-energy states (i.e. from OH(X) to OH(A)) are deemed ‘frustrated’
and are not allowed if the translational energy of the trajectory is not sufficient
to overcome the potential-energy barrier. When a hop does occur, the change in
potential energy is accompanied by an adjustment of the system’s linear momen-
tum to comply with energy conservation. Importantly, a trajectory is only ever

propagated on a single, adiabatic PES at any given time.
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Non-adiabatic effects were investigated using both two- and three-state models.
In the first instance, only electrostatic coupling between the 2A” and 1A’ surfaces
was considered [25] 78], before later expanding the coupling regime to include
roto-electronic couplings to the 1A” state [26]. To date, spin-orbit coupling has
been neglected in the quasi-classical surface-hopping code, such that non-adiabatic
effects are essentially modelled as '3 —! II transitions. In the past, the lack of
spin-orbit coupling has not been considered a major source of disagreement between
theory and experiment [25| 26, 78, 204, [210], however, it is possible that spin-orbit
coupling is a necessary component of any model that can accurately predict the
magnitude of theoretical quenching cross-sections for OH(A)+Kr/Xe.

To quantify spin-orbit coupling, it would be necessary to consider the coupling

of definite states defined by |AXQ) wia a spherical perturbator, given by [217, 21§]
(NS FsolAS) = 3 di_ o (1) HSS,_ oy (R) (5.69)
)

where the ﬁzgz term couples the different Il states, and the ﬁyg’y and ﬁxgx
terms couple the ¥ and II states. In OH+Rg complexes with linear geometry;,
the AQ2 = 0 terms are non-zero (and give rise to A-doublet splitting), whereas
the AQQ = £2 terms are zero. For non-linear complexes, it is possible for any

of these terms to be non-zero.

5.6 Calculation details

For calculations on a single surface, the QCT methods employed in this thesis are
identical to those outlined in previous works [24] 25]. The basis of this method, and
the modifications needed to introduce surface-hopping capabilities, are discussed
in the following subsections.

Before any further discussion of quasi-classical methods, however, it is important
to recognise that the classical treatment of trajectories implies a number of approx-
imations. There is no consideration of strictly quantum-mechanical phenomena,
including, but not limited to: zero-point energy, tunnelling, quantum-mechanical

resonances, and electron spin. However, previous studies [26, {28, [76, 78] have
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shown that these factors are unlikely to play a significant role in the adiabatic
dynamics of OH(A, v = 0)+Rg systems, and so are not anticipated to undermine

the appropriateness of the QCT method.

5.6.1 Running a trajectory

Batches of 1 x 10° trajectories were run for each initial N. Within the space-fixed
frame, the origin of the coordinate system is taken to be the centre of mass of
the OH radical. The initial velocity of the rare-gas species lies parallel to the
Z-axis, in the Y Z-plane, and the distance between the Z-axis and the atom is the
impact parameter, b. The value of b is sampled uniformly between 0 and b2, using
the expression b; = & 5bmax, where b; is the initial impact parameter, and & is a
constant between 0 and 1. This treatment weights the sampling to high-b values,
which agrees with the fact that the probability of collision between b and by, is
given by 27bdb. The value of by, is set such that the probability of a rotationally
inelastic collision taking place at this impact parameter is approximately zero.
The experimental data referenced in this thesis [33] were collected under thermal
conditions (at 300 K). In earlier QCT calculations, the collision energy for each
trajectory was fixed at 0.039 eV (or =~ 315 cm™!, calculated as the mean collision
energy, %kT, at 300 K). In later calculations, and to better model experimental
reality, the collision energy was sampled randomly in the range 0.001 — 0.125 eV

(~ 8 — 1008 cm™1), with byax calculated accordingly as
bnax (Er) = 2.8 x 1078[5.8 x 107 + E;*?], (5.70)

where byax(E¢) is in cm and E; is in eV.
The space-fixed, classical Hamiltonian for the system is given by the sum of

the kinetic- and potential-energy contributions

ZP2

P? +V(R,r, 5.71
2,MBC 2,MABC Z (Br.7), (5.71)
where A, B, and C are assigned to the rare-gas, hydrogen, and oxygen atoms,

respectively, u, are the relevant reduced masses, and P;_g are the conjugate momenta
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of the Cartesian coordinates. Notably, the three coordinates/momenta (Q; and P;,
i =7 —9) that describe the motion of the centre of mass of the system (which is
a constant as a function of the motion of the system) have been neglected. The
potential energy is expressed as a function of the Jacobi coordinates.

In this coordinate system, Hamilton’s equations of motion are given by [219)

- OH 0T

Qi = op. ~ op. (5.72)
. ov oV OoR 0V or oV Ocosy
P"__aQZ-__(mzaQﬁaraQﬁacom 9Q; ) (5.73)

At the beginning of a trajectory, when ¢t = 0, the rare-gas species and the OH radical
are separated by a distance, R, such that their potential energy of interaction is
negligible (usually 12 A). The polar and azimuthal angles,  and ¢, and 7, the angle
that defines the rotational plane of the diatom, are sampled randomly. The initial
rotational-angular-momentum quantum number, N, is fixed, as is the magnitude
and direction of the initial velocity vector, k.

The method of Lagrange multipliers is used to force a rigid-rotor constant in
the integration [24] to keep the OH internuclear separation fixed at its equilibrium
value, 7, = 1.012 A [121]. The time integration step was 0.05 fs, ensuring an
energy conservation better than 1 in 10° for trajectories that do not hop, and
better than 1 in 5 x 10° for those that do.

After the collision, integration of the Hamilton’s equations continues until the
potential energy of interaction is once again negligible. The final rotational angular
momentum of OH is equated to A[N’(N’ + 1))z and then undergoes histogram
binning to the nearest integer. If the trajectory undergoes a hop, such that it ends
up in a different electronic state from that in which it began, the final rotational

state is influenced by the change in bond length. Equating the rotational energies

of OH(A) and OH(X) gives

BxN{(Nyg + 1) = BANA(Ny + 1), (5.74)
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where By and B, are the rotational constants for the X and A states, respectively.
Therefore, the adjusted final rotational state after quenching from OH(A) to
OH(X) can be given by

1 1 ]\[//2 N//
NI =_—Z - A A 5.75
X 2 + J 4 + T, + T, ( )

5.6.2 Momentum rescaling and numerical stability

As discussed previously, whenever a given trajectory hops from a higher-energy,
initial state, |7) to a lower-energy, final state, |j), the nuclear velocities must be
scaled in order to conserve total energy and momentum. The linear momentum
is factorised into two components, corresponding to the conjugate linear momenta

of the R and r coordinates, as

Db, =D; — Vijd€j7
P;=P; —v;d;

(YR

(5.76)

where d;; is the non-adiabatic coupling vector, and the scaling factor, v;;, is

determined from the need to conserve energy by

Visai; — i — (U = Uj) = 0, (5.77)
where
o=l [!d\ N Id\] |
2| pBc  MaBC
by — ;[ri “dl, + R, d). (5.78)

Notably, if Equation (5.77)) is insoluble, then the hop is said to be frustrated, and
the velocities are reversed. Otherwise, the solution to Equation (5.77) is given by

b

= S [bij + /b2 + dai; (Ui — Uy) | (5.79)
ij

Yij

The positive sign is used when b;; < 0, and the negative sign is used when b;; > 0.
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Recalling Equations (5.56]) to , it can be seen that they contain terms in
1/sin? and cot 7y, which can lead to numerical instabilities as v — 0 in the near-
linear Rg—H-O geometry. Instabilities may also arise when K — 0, as the splitting
between the Hyi 41 and H_; _; terms becomes negligible, and their difference
appears in the denominator of Equation . In both these cases, the roto-
electronic couplings outlined above should vanish. The 1A’ and 1A” PESs become
degenerate at linearity as the two (ITp, and IT,~) components of the IT diabatic
state. Notably, diabatic states of X and II states cannot couple by symmetry, and,
when K = 0, the Renner-Teller coupling should also be zero (see Equation )
Following reference [204], damping functions are applied to the mixing angle, 3, to

prevent unphysical behaviour; no such treatment is needed for angles o and w:
p=p"(1-5,)(1-Sk) (5.80)

where * is the undamped mixing angle, and

sin?
S’Y = exXp ( - 52 )
¥

Sk :exp(— Kz), (5.81)

0%

and ¢, and 0, are set to (0.05)/2 and 0.25, respectively, by trial and improvement.

5.6.3 Generating theoretical cross-sections

Once a trajectory has finished, and the final angular momentum has been binned to
the nearest quantum number, it is possible to extract a number of cross-sectional
quantities that can then be compared to those measured experimentally. Classically,
the spatial distribution of the angular-momentum vector after collision, j', can be
related classically to the initial angular-momentum distribution, 7, by

2k+1

P(0;;) = ; ( 5 )a(k)(j,j')Pk(COS 0;jr), (5.82)

where Py (cosf;;/) are the classical Legendre polynomials and the depolarisation

moments, a*)(j,j/), are given by

a®(j. j") = (P(cos 05)). (5.83)
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These depolarisation moments are a measure of the transfer of population from
the initial to the final state; odd-k£ moments correspond to the transfer of oriented
population, and even-k£ moments correspond to the transfer to aligned population
(see Section . For the empirical data reported in this thesis, which were
collected using (1+1)-LIF spectroscopy, the experiment is sensitive to the k = 1

and k = 2 depolarisation moments only, which have the following classical limits:

—1<aV <1, (5.84)

—-05<a? <1 (5.85)

aV) =1 if the orientation remains unchanged over the course of the collision and
a) = —1 if the extent of orientation is conserved whilst the sense of rotation
has been reversed. Similarly, a/® = 1 if the alignment of the angular-momentum
distribution is unaltered by the collision and a(®?’ = —0.5 if the extent of alignment
is the same, however, the distribution of j' is perpendicular to that of j. If
a®(j,5) =1 and a*79(j, j') = 0, there is absolute randomisation of the angular-
momentum distribution following the collision such that the distribution of j' is
completely isotropic to that of j.

A link can be made between the classical and quantum-mechanical descrip-
tions of the angular-momentum distribution by defining the tensor cross-sections,

o) (3. 5"), as 28, 143
o (4,7) = a® (4, 1) (5.86)

Specifically, these quantum-mechanical tensor cross-sections define the extent to
which the original angular-momentum distribution population is transferred to the
final state over the course of the collision. Thus, if ./\/jj/ collisions from a total of Nt
result in a given |j) — |j’) transition, the tensor cross-section can be expressed as

b2 'N}j’

o1 () = = 3 Pel(cos b)), (5.87)
ot 4=1
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and, according to Alexander and Davis [220] 221], as

. m y )
a;k>(j,3):]€2§%;(2j+1)(2J +1)(—1)H I+ (5.88)

VA N A
x Tiloi T
JoJ )\

Note that, unlike in the classical treatment, the limits of the quantum-mechanical
a®(j,4") moments are j- and j-dependent.

The experiments carried out on the OH(A)+Kr and OH(A)+Xe systems measure
the loss of OH(A) polarisation that is brought about by collisions with rare-gas
atoms. Indeed, since the tensor cross-section quantifies the extent to which the
initial angular-momentum distribution is preserved, the theoretical collisional-

depolarisation cross-section is calculated as [28] 43]

o®(4,§") = o35 — o34, §")

= a5 [1— a5, 7). (5.89)
5.6.4 The tensor opacity formalism

Within a QCT treatment, the OH(A)+Rg systems are treated as closed-shell: it is
assumed that the electron spin is a spectator to the collision that does not influence
the observed outcome. However, it is important to recognise that the total rotational
angular momentum, j, is not equal to the nuclear rotational angular momentum,
N, since the former incorporates coupling to the electron spin, S.

The classical tensor opacity, PX(N, N’) |28, 222], is proportional to the proba-
bility that a given collision that involves a transfer of angular momentum, K, also
involves a change in the nuclear rotational-angular-momentum quantum number

from N to N’. The value of K can be expressed classically as
|K|? = |N|* 4+ |N'|> = 2|N*|N'|* cos Oy, (5.90)

where the notation | X |? = X (X + 1)h? is used and 6y is the angle between the
vectors N and N', as shown in Figure [5.10, A modified expression for the integral
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Figure 5.10: The relationship between the N, N’, and K vectors as defined by the
ONN’ angle.

cross-section that includes a consideration of K is then given by [2§]

Ty = Wbilaxw, (5.91)
where N (K; N, N') is the number of trajectories (of the total, M) with specific
K, N, and N’ quantum numbers. It is then possible to calculate a value of
PE(N,N’) from closed-shell, dynamical calculations — such as those reported in

this work — using the equation [28]

k2
PE(N,N') = 2L [N]o\&), (5.92)

where k; = p/h (the wavevector number).
Extension of the above theory to a quasi-open-shell treatment is achieved by
coupling IN to S quantum mechanically, using the following expression for ¢;; in

the energy-sudden (spin-independent) limit |28, [222/-224]:

2
T, N NK)T /
o ==+, PE(N,N'), (5.93)
i k |7 7 S

where j = N £S5 is the initial and j* = N’ £ S the final spin-rotation level and {- - - }
is a 65 symbol that accounts for the coupling of the three angular momenta. Thus,
it can be seen that the expression for o;;; can be factorised into two contributing
parts: all the dynamical information about an OH(A)+Rg collision is contained
within the tensor opacity function; the remaining terms in Equation comprise

the geometric contribution to the open-shell cross-section.
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The summation of the o;; cross-sections for collisions originating in the f; = N 4+ S
and fo = N — S levels of a given N (excluding the elastic collision, for which j = j')
will give a value for open-shell oggr. Once 0;; has been determined, it is possible

to extract values of a®)(j,j/) using [28]

i j kY(N N K)°
s (U Y

jmg K)oy s

N N KY)°
YK PE(N,N’)
jg i 8

D(.4) = (DRI

Y

(5.94)
where the notation [z] = /22 + 1 has been used and the various parameters are
as previously defined. Thus, it has been shown that it is possible to obtain the
open-shell polarisation moments, a* (4, j"), from a closed-shell calculation of the
tensor opacities which, in turn, can be used to calculate j’-resolved depolarisation

cross-sections, 0](-?,) , using Equation (5.89)).

5.7 Summary

This chapter has provided a detailed outline of the development of novel, 2D
trajectory surface-hopping quasi-classical trajectory (TSH QCT) algorithms that
are employed in this thesis to investigate the non-adiabatic collision dynamics
of the OH(A, v = 0)+Kr and OH(A, v = 0)+Xe systems. The most complete
models used in this work incorporate all three PESs that are needed to describe
OH(A/X)4Rg systems, as well as the full range of electrostatic and roto-electronic
couplings between them, for the first time. The theoretical data generated by these
models are subjected to rigorous comparison with experimental cross-sections

in the subsequent chapter.



2D models of OH(A, v = 0)+Rg:
comparing experiment and theory

This chapter presents a detailed comparison of experimental and theoretical data
relating to electronically and rotationally inelastic collisions of OH(A, v = 0) with
Kr and Xe. Data are reported for a number of processes, namely: non-adiabatic
electronic quenching, rotational energy transfer (RET), and the collisional depo-
larisation (total and elastic) of angular momentum. Particular emphasis is placed
on quantifying the competitive relationship between adiabatic and non-adiabatic
processes in the collision dynamics of these relatively simple gas-phase systems.

The experimental data referenced here have been published previously [25] 26,
33, |76, |78, 225, 226], and the focus of this thesis is, therefore, to compare these
results with new theoretical data from the extended trajectory-surface-hopping,
quasi-classical trajectory (TSH QCT) model described in Chapter 5.

Data are presented concurrently for both the OH(A)+Kr and OH(A)+Xe
systems. Although the collision dynamics of both show similar behavioural trends
with increasing rotational excitation of OH(A), the results also reveal that non-
adiabatic effects play a much more significant role in the OH(A)+Xe system than
in that of OH(A)+Kr. The theoretical data are generated from various models,

and clearly demonstrate the improved agreement between experiment and theory

175
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as the treatment of non-adiabatic effects becomes increasingly sophisticated. It
can be seen that, whilst the most complete TSH QCT model presented in this
work has achieved near-quantitative agreement between experiment and theory
for the OH(A)+Kr system, there remains a considerable level of disagreement for
OH(A)+Xe. The nature and origin of the observed discrepancies, and suggestions

for how they may be resolved, are discussed at the end of this chapter.

6.1 Electronic quenching

Though largely unimportant in the OH(A)+He and OH(A)+Ar systems [6] |7,
225, 227, [228], non-adiabatic electronic quenching effects have been shown to play
a fundamental role in the collision dynamics of the OH(A)+Kr and OH(A)+Xe
systems |25} 26, |33} 226]. This phenomenon, which competes directly with single-
state, adiabatic processes such as RET and angular-momentum depolarisation, has
been observed in experimental data reported previously. Therefore, it is essential to
develop theoretical models that are able to generate cross-sectional quantities for non-
adiabatic quenching if they are to accurately predict experimental outcomes. Earlier
work on the OH(A)+Kr and OH(A)+Xe systems has also shown that single-surface,
adiabatic calculations consistently overestimate cross-sectional values for RET and
the depolarisation of angular momentum because they fail to take non-adiabatic
loss of OH(A, j) into account. The emphasis of this section is on demonstrating
the improved agreement as the non-adiabatic model is expanded and refined.

In experiments described in references [25], 26, |33, 76, |78, 225, |226], rate constants
were collected for the electronic quenching of selected OH(A, j) states with Kr
or Xe at thermal collision energy (300 K), and were then converted to thermal
flux-averaged cross-sections. Notably, the experimental data reported here are
consistent with those reported by Hemming et al. [225], and show no significant

difference between quenching from f; or f, levels within experimental error.
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6.1.1 OH(A)+Kr

Figure presents a comparison between experimental and theoretical quenching
cross-sections, oq, for the OH(A)+Kr system. The theoretical data shown were

generated using three different models that are summarised as:

1. Two-state model, run at a fixed collision energy of 0.039 eV, that considered

only purely electrostatic coupling in OH(A)+Kr [25];

2. Three-state model, run at a fixed collision energy of 0.039 eV, that included
electrostatic coupling and the (2A|L,[1A”) and (1A’|L,[1A") calculated roto-

electronic coupling matrix elements for OH(A)+Kr [26], 33];

3. Three-state model, run at variable collision energies in the range 0.005 —
0.125 eV, that included electrostatic coupling and all the calculated roto-

electronic coupling matrix elements for OH(A)+Kr.

The numerical labels assigned to each model are referenced throughout this section.

Generally, the magnitude of the experimental quenching cross-section is seen to
fall with increasing rotational excitation of OH(A). Classically, it can be said that,
as the rotational angular momentum of the OH(A) radical increases, it becomes
progressively more difficult for the Kr atom to reach the conical intersection on
the excited-state PES that facilitates transfer of population to the ground OH(X)
electronic state. For OH(A)+Kr, the quenching cross-section is largest for N = 0
and falls to zero by N = 10.

As can be seen in Figure [6.1] there has been a gradual improvement in
the agreement between experimental and theoretical quenching cross-sections for
OH(A)+Kr as the models developed. A comparison between Models 1 and 2
reveals the most significant modification to the TSH QCT code: the addition of
the OH(X)+Kr 1A” PES and a number of associated coupling matrix elements.
These modifications made the agreement between experiment and theory largely
quantitative for many of the N measured. However, at N > 6, the theoretical data

underestimate the extent of experimentally observed quenching, and the converse is
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true for N = 0. Here, the theoretical data were found to overestimate the magnitude

of the experimental quenching cross-section by a considerable margin.

20 T T T T T T T T T T T
---0-- Model 1
oo e Model 2
<§ —o— Model 3
15} A Expt, f, .
; v Expt, f,
® Expt, Hemming

Figure 6.1: Comparison of experimental [25| [26] 33, 226] and theoretical quenching
cross-sections, oq, for the OH(A)+Kr system. Upward-pointing, red triangles denote
f1 spin-rotation levels and downward-pointing, blue triangles denote fs spin-rotation
levels. Experimental data collected by Hemming et al. are shown as black squares, since
they did not specify the spin-rotation level of their data in reference [225]. The scatter
points connected by lines refer to theoretical quenching cross-sections generated from
three different TSH QCT models. See text for details.

For Model 3, the inclusion of the remaining, calculated matrix elements for
OH(A)+Kr and the use of a Boltzmann distribution of collision energies (rather
than a single, fixed value) led to an increase in the quenching cross-section by
around 7%. In this case, the theoretical cross-sections for N < 4 are significantly
larger than the corresponding experimental values and, as before, the calculated
data for N > 6 remain relatively small in magnitude. The relative increases in the
magnitude of oq on progressing from Model 2 to 3 confirms that the use of the
variable-collision-energy algorithm led to a significant growth in the magnitude of
the electronic quenching cross-section. This may have important consequences for

the OH(A)+Xe system, as discussed in the subsequent section.
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One further, important feature of Model 3 is that the magnitude of the quenching
cross-section for the N = 0 state is reduced to close to that of the two-state model,
and is thus found to be in better agreement with the experimental data point. The
origin of this change lies in an alternative, semi-classical treatment of the OH(A)
angular momentum, whereby |[N| = (N + 1) (rather than [N| = [N(N + 1)]z2h),
and the Maslov index takes a value of 0.5. In principle, the former, Bohr-Sommerfeld
quantisation is also suitable for an open-shell molecule such as OH(A) and, for
the N = 0 state, this results in the radical possessing non-zero rotational angular
momentum prior to collision. In this instance, such a treatment also results in
better agreement between theory and experiment. To that end, it is recommended
that future work consider a similar treatment of higher OH(A) rotational states
so that the data are self-consistent.

Figure shows a comparison of oq cross-sections obtained from Models 2 and
3 and those obtained from a subset of Model-3 calculations where the (1A’|L,2[2A"),
(1A'|L,2|2A"), (1A|L?]2A"), and (1A/|L,L.|2A") elements were removed for a se-
lection of N. For all the rotational states sampled, there is a noted increase in
the magnitude of og on progressing from Model 2 to the version of Model 3 in
which the above elements have been omitted. The subsequent addition of these
elements to form the complete version of Model 3 does little to increase the size
of the quenching cross-section and, indeed, for N = 2 and N = 4, the magnitude
of oq actually decreases. This somewhat surprising observation is discussed in
more detail in Section [6.1.3

In summary, the most complete model of the non-adiabatic collision dynamics
of the OH(A)+Kr system — which makes use of all three PESs and the full range of
electrostatic and roto-electronic couplings between them — manages to successfully
account for 93% of the quenching observed experimentally. However, although the
agreement between experiment and theory is very good and, indeed, quantitative
for N < 5, it can be said that the overall trends in the magnitude of quenching
cross-sections with increasing N are still somewhat different for experiment and

theory for the OH(A)+Kr system. To that end, Section will consider further
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Figure 6.2: Comparison of theoretical quenching cross-sections, oq, for the OH(A)+Kr
system. The data were obtained from fixed-energy and variable-energy TSH QCT
calculations run using Models 2 and 3, as well as a subset of Model-3 calculations in
which a selection of coupling matrix elements was omitted. See text for details.

analysis of the data shown here to assess the relative importance of and possible

issues with different aspects of the models discussed here.

6.1.2 OH(A)+Xe

Figure presents a comparison of experimental and theoretical

quenching cross-sections for the OH(A)+Xe system. The theoretical data shown

were generated using three further models that can be summarised as:

4. Two-state model, run at a fixed collision energy of 0.039 eV, that considered

only purely electrostatic coupling for OH(A)+Xe [33] [226];

5. Three-state model, run at a fixed collision energy of 0.039 eV, that included
electrostatic coupling and the (2A’|L,|1A”) calculated roto-electronic coupling

matrix element for OH(A)+Xe [33];
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Figure 6.3: Comparison of experimental [25, [26, 33, |226] and theoretical quenching
cross-sections, oq, for the OH(A)+Xe system. Upward-pointing, red triangles denote
f1 spin-rotation levels and downward-pointing, blue triangles denote fs spin-rotation
levels. Experimental data collected by Hemming et al. are shown as black squares, since
they did not specify the spin-rotation level of their data in reference [225]. The scatter
points connected by lines refer to theoretical quenching cross-sections generated from
three different TSH QCT models. See text for details.

6. Three-state model, run at variable collision energies in the range 0.005 —
0.125 eV, that included electrostatic coupling, all the calculated roto-electronic
coupling matrix elements for OH(A)+Xe, as well as those roto-electronic
coupling matrix elements that were estimated by applying a shift in R to the

corresponding OH(A)+Kr elements.

The reader should note that models for the OH(A)+Xe system are outlined sepa-
rately here because they are similar, though not identical, to those of OH(A)+Kr.

As for OH(A)+Kr, the magnitude of oq for OH(A)+Xe is seen to fall as N
increases. However, in contrast to OH(A)+Kr, the experimental cross-sections

for OH(A)+Xe are seen to peak at N = 4, and quenching is still significant at
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the highest values of N. Thus, it appears that OH(A)+Xe collisions are at least
able to sample part of the H-O(A)—Xe potential-energy well for all N recorded,
owing to a greater force of attraction and a more accessible conical intersection.
As such, the considerable anisotropy of the OH(A)+Xe PES is not washed out by
the rotation of the OH(A) molecule in the same way that it is for lighter rare-gas
systems. The larger quenching cross-sections recorded for OH(A)+Xe relative
to lighter rare-gas systems can also be explained by the location of the conical
intersection on the PES. For the OH(A)+He, OH(A)+Ne, and OH(A)+Ar systems
[33, 188], the conical intersection is located at a collision energy much higher
than that available from a thermal distribution of kinetic energies at 300 K. For
OH(A)+Kr, the intersection is found near the beginning of the repulsive wall and,
for OH(A)+Xe, the crossing is at the bottom of the H-O(A)-Xe well, meaning
the route to quenching is energetically accessible.

To demonstrate this observation, Figure [6.4] shows the location of non-adiabatic
hops on the excited 24’ adiabatic PES of OH(A)+Xe for a total of 4 x 10?
trajectories that originated in the N = 2 rotational state. The plot demonstrates
that most of the hops between the excited- and ground-state PESs take place in the
H-O(A)—Xe potential-energy well, where the PESs are most strongly coupled. This
finding, which has also been confirmed in work carried out by Perkins on OH(A)+Kr
[33], has important consequences for OH(A)+Rg systems, since electronic quenching
will thus compete directly with other inelastic processes that occur predominantly
in the highly attractive region of the 2A" PES.

Further consideration of Figure reveals that there is a significant increase in
the magnitude of the theoretical cross-sections on going from Model 4 to Model 5,
i.e. adding in the 1A” PES. There was also a significant increase in the magnitude
of the quenching cross-section on introducing a variable-collision-energy algorithm
and adding the remaining, estimated matrix elements, as shown in the comparison
of data from Models 5 and 6. Figure presents the magnitudes of oq for Models
5 and 6, along with those from subsets of calculations run using modified versions

of these models. The introduction of a variable-collision-energy algorithm to the
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Figure 6.4: Location of surface hops on the OH(A)+Xe 2A’ adiabatic PES [77] for
quenched trajectories that originated in the N = 2 rotational quantum level. The green,
dotted line indicates a potential energy of 0 cm™!; the red, dotted line denotes a potential
energy of —1200 cm~! (that which delimits the potential-energy wells; see Section .
The numbers that label the black contours give the potential energy in 10 cm™!. A total
of 4 x 103 trajectories were run, of which 218 underwent surface-hopping.

code for Model 5 led to a significant increase in the quenching cross-section and,
for all the N shown here, accounts for most of the difference in the results from
Models 5 and 6 (see the excitation functions and discussion thereof in Section [6.1.4).
Subsequent addition of the calculated (1A’|L,|1A”) element for OH(A)+Xe and the
full range of estimated OH(A)+Kr elements led to a further, more modest increase
in the magnitude of og. As a check, a subset of Model-6 calculations were also run
in which the calculated and estimated coupling matrix elements were multiplied by
a factor of two to exaggerate the non-adiabatic effects observed — see Figure [6.6]
The resultant data from these calculations also showed a notable increase in the
quenching cross-section for the N shown in Figure [6.5 as would be expected.
As noted previously, the OH(A)+Xe experimental data are unique amongst the
OH(A)+Rg systems investigated in that electronic quenching is seen to extend to

the full range of N measured. The data published in reference [25] give values of
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Figure 6.5: Comparison of theoretical quenching cross-sections, oq, for the OH(A)+Xe
system. The data were obtained from fixed-energy and variable-energy TSH QCT
calculations run using Models 5 and 6, as well as those from subsets of modified Model-5
and Model-6 calculations. See text for details.

oq up to, and including, N = 10, and Hemming reported values as high as N = 20
in reference , with oq > 10 A2 for all rotational states. In contrast, for all the
theoretical models employed, the magnitude of the quenching cross-section falls
gradually with N, becoming negligible at around N = 8 for Model 4, and at N = 13
for Models 5 and 6. The fact that the experimental data plateau at a non-zero value
of 0q, whereas the various theoretical models all predict a vanishing magnitude
at high N, further suggests that there are inherent issues with how well currently

available PESs are able to model non-adiabatic transitions.

6.1.3 Further discussion

A consideration of Figure which shows the proportion of experimentally observed
quenching that is recovered by different theoretical models, confirms that, whilst

there is now near-quantitative agreement for many of the rotational states recorded
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Figure 6.6: Calculated and estimated matrix elements for OH+Xe in the near-linear
Rg-O-H geometry (v = 175°). The label ‘Im’ indicates that the imaginary part of the
matrix element is plotted. Note the difference in scale on the y-axes. The majority of
the elements for OH+Xe in red are generated by applying the relevant shifts in R to the
corresponding element for OH+Kr. The elements in blue are the result of multiplying the
red matrix elements by a factor of two.

for the OH(A)+Kr system, the most complete theoretical models continue to
underestimate the full magnitude of the quenching cross-section for OH(A)+Xe.
What is more, the previous discussion has revealed that, for both systems, the
trends in the experimental and theoretical data differ slightly at low and high
N. This is particularly true for OH(A)+Xe, where the theoretical results fail to
predict a non-zero limit for og as N increases.

At first glance, a particularly surprising result of the calculations described
above has been that the addition of the (1A’|L,2|2A"), (1A"|L,2|2A"), (1A’|L.2|2A),
and (1A'|L,L.|2A) matrix elements failed to significantly increase the magnitude
of the calculated quenching cross-sections for the OH(A)+4Kr system. The upper
panel of Figure presents cross-sectional plots of the 2A” and 1A’ PESs for the

OH+KTr system, along with a selection of the matrix elements that couple them. It
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Figure 6.7: Proportion of experimentally observed quenching that is recovered by various
theoretical models for the OH(A)+Kr and OH(A)+Xe systems. The trapezium rule is
used to calculate the area under the line that links the theoretical cross-sections for a
given model, which is then is expressed as a fraction of the graphical area under the line
that links the experimental data over a given range of N.

can be seen clearly that the peak in the magnitudes of the different coupling matrix
elements for OH+Kr coincides with the conical intersection of the corresponding
2A" and 1A" PESs. Thus, it should be expected that the inclusion of greater
numbers of elements, particularly those with the largest magnitudes, should lead
to a corresponding increase in the quenching cross-section.

It may be the case that the majority of non-adiabatic transitions between the
upper and lower surfaces of A’ symmetry have already been accounted for by purely
electrostatic coupling. Thus, on addition of those roto-electronic coupling matrix
elements that also link the two surfaces of A’ symmetry, there is little change in
the magnitude of the resultant quenching cross-section. Indeed, though this was
not necessarily a problem for the OH(A)+Kr system, for which the agreement
was already near-quantitative without these additional matrix elements, it had
previously been hoped that there would be an improvement in the agreement
between experiment and theory for OH(A)+Xe.

The previous discussion outlined that, since only a few coupling matrix elements

for OH+Xe had actually been calculated at the time of writing, it was decided
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Figure 6.8: Upper panel: Comparison of the 2A” and 1A’ PESs, and a selection of
matrix elements that couple them, for the OH+Kr system. The plot clearly shows that
the peak in magnitude of the coupling matrix elements largely coincides with the location
of the conical intersection (in terms of R) between the PESs. Lower panel: Comparison
of the 24’ and 1A’ PESs, and a selection of matrix elements that couple them, for the
OH+Xe system. The matrix elements shown in bold colour are the result of taking the

faintly-coloured elements (for OH+Kr) and shifting them in R. See text for details.
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to estimate the remaining elements by shifting those of OH+Kr in terms of R to
generate the full range of elements needed in Model 6. The shifts were chosen
specifically so that the peak (with respect to R) of the matrix elements would sit
directly on the conical intersection, as shown in the lower panel of Figure [6.8f These
shifts, when applied to all the estimated matrix elements that comprise Model
6, were found to produce only a modest increase in the magnitude of calculated
quenching cross-sections. The reasons for the lack of a significant increase in g on
inclusion of the exaggerated matrix elements are, as yet, not well understood.
One explanation could potentially lie in the different levels of theory at which the
bases of the OH+Xe PESs and OH+Kr coupling matrix elements were calculated.
The OH+Kr PESs and associated coupling matrix elements were all calculated
at the the MRCISD+Q level of theory using a CASSCF/aVTZ-DK (complete
active space self-consistent field /augmented valence triple zeta Douglas-Kroll-Hess
Hamiltonian) basis. In contrast, although the OH+Xe PESs and coupling matrix
elements were also generated at the MRCISD+Q level of theory, a CASSCF /aVQZ-
PP (augmented valence quadruple zeta with pseudo-potentials for heavy atoms)
basis set was used. It is, therefore, possible that the OH+Kr coupling matrix
elements, which were calculated using a less rigorous theoretical treatment, are not
able to successfully facilitate coupling between the higher-level OH+Xe potentials.
For this reason, it is recommended that a focus of future theoretical work should be

to calculate and implement a full set of coupling matrix elements for the OH+Xe

at the same (CASSCF/aVQZ-PP) level of theory as the PESs.

6.1.4 Post-quenching product-state distributions

It is important to determine the extent to which TSH QCT calculations are able to
predict the relative populations of the A-doublet levels within the OH(X) electronic
state following quenching from OH(A) [78]. However, as noted in Chapter 5,

the 1A’ and 1A” PESs are not the same as the II4 and II4» A-doublet levels.
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As a reminder, the symmetry labels of the PESs refer to reflection in the body-
fixed three-atom plane, whereas the A-doublet symmetry labels describe reflection
in the plane of OH rotation.

In reference [229], Jambrina et al. outlined a method by which the PES on
which a given trajectory terminates can be linked to the A-doublet it populates.
The flux between the two concurrent PESs in the OH(X)+Rg electronic ground

state implies that, following quenching:

UN”(HA’) = WAIO'N//(A/> -+ (1 — WA//)O'N//(AH)7 (61)

O'NH(HA//) = (1 — WA/)O-N” (A/) + WA//O'NH (A”), (62)

where onn(I1/) and onn (I1p~) are the rotational-state-resolved cross-sections for
quenching into each of the ground-state A-doublets; oxv(A") and oyn»(A") are the
rotational-state-resolved cross-sections for quenching onto each of the ground-state
PESs; and Wy, and W,» are the correction factors that are used to obtain the
A-doublet populations from a given terminal-PES distribution. Note that, in this
section: N is the initial rotational state in OH(A) and N” is the final rotational
state in OH(X). The correction factors are trivial to calculate via [229]

1
2

2 1
Wy~ 1— [a52><N") +-| (6.3)

3 3

where the polarisation moments — aéQ)(N "), the second Legendre moment, in cosine,

of the angle between the N and k’ vectors — have been calculated on the 1A’ PES.
An equivalent expression for Wy~ is generated when using polarisation moments
calculated on the 1A” PES. As such, it can be seen that the stereodynamics of the
OH(X) product can be used to directly relate the population of a given A-doublet
to the PES onto which quenching took place. Classically, a(()Q)(N ") can take values
in the range [—0.5,1]. Values close to -0.5 indicate that N is perpendicular to
k', whereas values close to 1 indicate that N’ is parallel to k’. As such, for
a(()Q)(N”) ~ —0.5, the correction factor tends to 1 and products on the 1A’ PES

also populate the IT,, A-doublet; for a(()2)(N ") & 1, the correction factor tends
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Figure 6.9: Left panel: correction factors that relate the ground-state PES on which a
quenched OH(A)+Xe trajectory terminates to the A-doublet level it populates. Right

panel: polarisation parameters for quenched trajectories that terminate on each of the
ground-state OH(X)+Xe PESs.

to 0 and products on the 1A” PES populate the I1,» A-doublet. An equivalent
relationship can also be established for the 1A” PES.

Figure shows the correction factors and polarisation moments for two sets of
Model-6 OH(A)+Xe calculations that began in the N = 2 and N = 8 rotational
states of OH(A) and terminated in a range of N” states in OH(X). For almost all
final N states, the value of a(()2)(N ") is close to -0.5, indicating that IN” is strongly
polarised perpendicular to k’. As a consequence, the corresponding correction
factors take values close to 1 on both surfaces.

Figure [6.10] shows the effect of inserting the calculated correction factors into
Equations and . It can be seen clearly that, because the values of W are

uniformly close to 1, there is a very strong correlation between the terminal-PES
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Figure 6.10: Left panel: Product rotational-state distributions for quenched OH(A)+Xe
trajectories that began in the N = 2 and N = 8 initial rotational states of OH(A) and
terminated on each of the ground-state PESs in OH(X)+Xe. Right panel: product
rotational-state distributions for quenched OH(A)+Xe trajectories that began in the
N = 2 and N = 8 initial rotational states of OH(A) and terminated in each of the
ground-state A-doublets of OH(X).

and terminal-A-doublet product rotational-state distributions. Similar behaviour is
seen for the full range of initial N states for both the OH(A)+Kr and OH(A)+Xe
systems. Thus, it can be inferred that, for the OH(A)+Rg systems investigated in
this work, the rotational plane of the OH radical coincides strongly with the O-H-Rg
triatomic plane (at least in the quenching exit channel). Such behaviour presents a
stark contrast to that observed for the O(* P)+Dy system in reference [229], which
shows significant transfer of population from the A” PES to the 115, A-doublet.
Although not measured experimentally in the work reported here, the TSH QCT
calculations performed in this thesis allow for a determination of the OH(X) product

rotational-state distribution following quenching of OH(A) by Rg. To that end, it is
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also helpful to determine a quantitative measure of preferential A-doublet population
by calculating the degree of electron alignment (DEA), which is defined as

O’N//(HA/) — O'N//<HA//)
O'N//(HA/) + O'N//(HA//) '

DEA = (6.4)

As such, positive values of the DEA (that range between 0 and +1) imply a
preference for population of the IT4 A-doublet and the 1A’ PES; negative values
(that range between 0 and —1) imply a preference for population of the IT4~
A-doublet and the 1A” PES.

Figure[6.11]shows the OH(X) product rotational-state distributions of OH(A)+Xe
trajectories that originated in designated excited-state OH(A, N) levels before
quenching to a distribution of ground-state OH(X, N”) levels and terminating
in either of the A-doublet levels. The figure shows the rotational-state-resolved
cross-sections for specific OH(X, N”) «— OH(A, N) transitions, oyy~, as well as
the DEA. These variable-collision-energy (300 K) calculations were run using
three-surface TSH QCT algorithms that incorporated all possible electrostatic and
roto-electronic couplings (Model 6).

In general, the OH(X) product rotational-state distribution following quenching
in OH(A)+Xe is found to be vibrationally cold (the vast majority of collisions
terminate in v” = 0) and rotationally hot, reflecting the strong torques experienced
by the OH molecules on passage through the conical intersection. Summing the
cross-sections for quenching into the I14 and IT4» A-doublets would produce a
bimodal distribution of intensity with respect to the N” population. Indeed, such
behaviour has been reported experimentally for a number of OH(A) collision systems
[230], including, for example: Kr [78], Hy and Dy [194-196], No [231], and O, [232].
For CO, [232], the distribution is significantly colder, and this may be a consequence
of the collision partners forming a long-lived complex. It can also be said that, in
general, the rotational-state distribution in the II4» A-doublet is markedly broader
than that in II4,. This is likely due to the fact that the I14» A-doublet is populated
exclusively by roto-electronic coupling mechanisms, whereas the 14, A-doublet is

also populated by electrostatic coupling to give a sharp peak at medium N” [33].
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Figure 6.11: Upper and middle panels: Theoretical rotational-state-resolved cross-
sections, oy, for the non-adiabatic transfer of population from OH(A, N) + Xe to
OH(X, N") + Xe. The cross-sections are further resolved in the terminal A-doublet (1T 4/
or I14#). These data were generated from variable-collision-energy (300 K) TSH QCT
calculations run using three-surface TSH QCT algorithms that incorporated all possible
electrostatic and roto-electronic couplings (Model 6). Note the difference in scale of the
y-axes in the upper and middle panels. Lower panel: DEA for OH(X, N”) + OH(A, N)
transitions.

The integral cross-section falls as N increases, reflecting the trend shown by
the non-adiabatic quenching data discussed earlier. It can also be seen that, as N
increases, the mean value of the ground-state rotational quantum number becomes
larger, since collisions need to become increasingly head-on in nature if they are
to bring about a change in the magnitude of N. This trend is seen for both
the IT4 and II4» A-doublets. Moreover, for all the IV sampled, trajectories that
terminate in the I, A-doublet also tend to show greater rotational excitation
— however, the difference between the two A-doublets decreases as N becomes

larger. To illustrate these observations more clearly, the plot on the left of Figure
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Figure 6.12: Left panel: Mean value of N” for trajectories that originated in a range
of OH(A, N) levels and terminated in each of the two A-doublet levels of OH(X). Right
panel: Total DEA, summed over all final N”, for OH(X, N”) «— OH(A, N) trajectories
that originated in a selection of rotational levels across the full range of N sampled in
this work. A line of best fit has been added to guide the eye.

shows the mean value of the final rotational quantum level, N”, resolved
in the terminal ground-state PES, for OH(A)+Xe trajectories that began in the
full range of N sampled in this work.

The lower panel of Figure shows the DEA calculated from Equation .
A consideration of the data shown reveals that, for all initial N, the IT4» A-doublet
is preferentially populated by collisions that terminate in N” < 15; conversely,
the 114 A-doublet is preferentially populated by collisions that end in N” > 15.
Recalling Equations and , it can be shown that the strength of both
Coriolis and Renner-Teller roto-electronic coupling is dependent on K, the projection
of the total-angular-momentum vector, J, onto the OH internuclear axis. The
strength of Coriolis coupling, which populates the I14» A-doublet exclusively during
quenching, is proportional to K2. In contrast, the strength of Renner-Teller coupling,
which can facilitate the transfer of population between the nearly-degenerate II 4/
and IT4» A-doublets, is proportional to K. Since J = j + £, it follows that the

strength of roto-electronic coupling should also vary as a function of the impact
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parameter, b, since this will affect the magnitude of the orbital-angular-momentum
vector, £. Thus, collisions at high impact parameter, with larger orbital angular
momenta, are particularly likely to induce energy transfers that are facilitated by
Coriolis coupling. As such, the II4» A-doublet (coincident with the 1A” PES) is
populated most efficiently by collisions at high b. Since these collisions are more
glancing-blow in nature, and require the Xe atom to deviate less from its original
trajectory, they induce less torque on the OH radical and result in colder OH(X)
product rotational-state distributions than transitions that terminate in II4/,. This
rationalisation is further confirmed by the data relating to the mean value of N”
that are shown in Figure which report consistently colder distributions of N”
in the II4» A-doublet for all N. Of course, it is also important to remember that
electrostatic coupling, the strength of which does not depend on K, populates the
IT4r A-doublet exclusively, and this has a resultant impact on both the product
rotational-state distribution and the DEA.

To investigate the trend in DEA further, the plot on the right of Figure |6.12
shows the total DEA, summed over all final N”, for OH(A) + Xe trajectories that
originated in the full range of NV sampled in this work. In general, there is very little
preference for one A-doublet to be populated over another, however, if anything,
there does exist a slight propensity for 114 that decreases as N becomes larger. In
the first instance, it is important to recognise that, since there is no strong preference
for either terminal A-doublet (or PES), it is essential to include all three PESs in
any model that will accurately describe the collision dynamics of OH(A)+Xe.

To further probe the observed dependence of total DEA on N, Figure [6.13
shows opacity functions, resolved in the terminal PES, that were calculated from
Model-6 calculations for OH(A)+Xe in which the OH(A) radical began in the N = 4
and N = 8 rotational levels. The opacity functions confirm the trends outlined
by the product rotational-state distributions and total DEA shown earlier: as N
increases, the magnitude of the quenching cross-section falls, and the proportion
of trajectories that terminate in the IIy» A-doublet (coincident with the 1A”
PES) increases, even though the 1A’ PES (coincident with the T, A-doublet)
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Figure 6.13: Opacity functions, P(b), resolved in the terminal PES, that were calculated
from Model-6 calculations for OH(A)+Xe in which the OH(A) radical began in the N =4
and N = 8 rotational levels.

remains dominant. Interestingly, although the magnitude of the opacity function
for trajectories that terminate in the I, A-doublet falls considerably at higher
N, this is not the case for the I1y» A-doublet, for which the magnitude of P(b)
is notably similar for both N shown.

To rationalise these observations, it is important to consider the relative strengths
of different types of coupling at low and high N. The Model-4 quenching data shown
in Figure [6.3| demonstrated that the magnitude of the cross-section for non-adiabatic
transitions that are facilitated by electrostatic coupling falls considerably as N
increases: the relatively fast rotation of OH at high N diminishes the anisotropy of
the OH(A)+Xe PES, meaning trajectories are less likely to sample the attractive
H-O(A)—Xe potential-energy well where the conical intersection with the ground-
state is located. Thus, at high N, there are fewer trajectories that are liable to
undergo quenching to the ground state. However, as N increases, so too will the
magnitude of the OH total-angular-momentum vector, 7, and, by extension, the
magnitude of the total-angular-momentum vector for the triatomic system, J. As
noted earlier, this will predominantly favour Coriolis coupling (the strength of which
has a K%-dependence), rather than Renner-Teller coupling (the strength of which
has a K-dependence) or electrostatic coupling (which does not depend on K). As
such, those trajectories that do enter the H-O(A)—Xe well are increasingly likely to
quench to the 1A” PES as N increases. Therefore, since the relative influence of

electrostatic and Renner-Teller coupling on the product rotational-state distribution
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Figure 6.14: Excitation functions — plots of oq(E;) vs. E; — for non-adiabatic quenching
for batches of OH(A)+Xe trajectories that began in various N. The histogram bins have
been split into contributions from trajectories that terminated in each of the OH(X)
A-doublets. The calculations from which the excitation functions were extracted were run
using Model 6.

falls off more quickly with rotational excitation than that of Coriolis coupling, there
is an increase in the proportion of trajectories that terminate in the I1,» A-doublet,
and this produces a lower total DEA at high N. Of course, to understand the
observed trends more fully, it would be helpful to compare product rotational-state
distributions and the DEA from batches of trajectories run using various models in
which different combinations of couplings were included. This has been carried out
previously for the N = 0 level in OH(A)+Kr system 33|, and it is recommended
that future theoretical work should aim to do the same for OH(A)+Xe.

Figure m presents excitation functions — histogram plots of oq(E;) vs. E; —
for non-adiabatic quenching for batches of trajectories that began in a selection of

rotational quantum states of the OH(A)+Xe system. The data shown were generated
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from Model-6 calculations. First and foremost, the data clearly demonstrate the
importance of using the variable-collision-energy algorithms described earlier in
this chapter when modelling non-adiabatic effects in the OH(A)+Xe system. The
plots show that the magnitude of the cross-sections remains high over the full range
of collision energies sampled (0.005 — 0.125 V) and, as such, using fixed-energy
algorithms in which all trajectories are assigned a collision energy of 0.039 eV risks
undermining the extent of quenching considerably. As such, it is also not surprising
that the data reported in Figure [6.5) showed such a significant difference in the
magnitude of the quenching cross-sections extracted from Model-5 calculations that
were run using both fixed- and variable-collision-energy algorithms.

In agreement with the data reported in Figure [6.12] resolving the excitation
functions suggests that the proportion of trajectories that terminate in the II4»
A-doublet decreases slightly as IV increases. As such, it can also be said that the
excitation functions infer that low-collision-energy trajectories are, by extension,
more likely to terminate in the I14» A-doublet than their high-energy counterparts.
This observation lends further support to the earlier statement that high-b tra-
jectories, which do not require high collision energies to come about, are more

likely to populate the Il4» A-doublet.

6.2 Rotational energy transfer

Experimental RET cross-sections were measured previously [25] 26| 33, 226] by
using a monochromator to resolve the fluorescent emission from a particular OH(A,
Jj) state both in the absence and presence of a rare-gas quencher (as outlined in, for
example, references [6-8, 25, 133]). The loss of population from a particular j state
is measured as a function of the rare-gas concentration and a pseudo-first-order
rate constant is extracted for the loss of excited-state population: k, = ko + k1[Rg],
where kg is the inverse of the fluorescence lifetime (7p), k1 is the rate constant for
the collisional loss of population, and [Rg] is the rare-gas concentration. If the
fluorescent emission is unresolved in 7, then k; corresponds to the rate constant for

quenching; for rotationally resolved fluorescence, k; is the sum of both the quenching
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and the RET rate constants. Thus, it is possible to determine rate constants for
both quenching and RET and convert them to absolute cross-sections. Notably,
the RET process described here involves all collisions for which N’ # N, as well
as those for which N = N; j’ # j — so-called ‘purely spin-rotation-level-changing’

collisions. See references [6-8, 25, [33] for further details.

6.2.1 RET: experimental data

By comparing Figures and it can be seen that the magnitude of orpr is
smaller for the OH(A)+Kr system than for OH(A)+Xe. Since the reduced masses
of these two triatomic systems are relatively similar, any difference in the observed
dynamics can largely be attributed to differences in the PESs rather than any
kinematic effect. It has been shown (see Figure that the OH(A)+Xe system
has a much more anisotropic PES than OH(A)+Kr. In the former, the deeply
attractive potential-energy wells in the near-linear H-O(A)-Xe and O-H(A)-Xe
geometries exert strong torques on the OH radical, and often lead to a transfer
of rotational energy to/from OH(A) over the course of a collision. It is also of
crucial importance that the extent to which the attractive potential extends in R is
significantly greater for OH(A)+Xe than for OH(A)+Kr. Thus, even trajectories
with relatively large impact parameters are liable to sample the attractive regions
of the OH(A)+Xe PES, leading to an increase in the RET cross-section.
However, further comparison of oggr for the OH(A)+Kr and OH(A)+Xe systems
also reveals that the two sets of data share more similar magnitudes than is seen
for electronic quenching. This is likely due to the fact that, even though there
is a stronger propensity to undergo RET in the OH(A)+Xe system, electronic
quenching also competes more effectively with adiabatic energy transfer than it
does in OH(A)+Kr. In both cases, a gradual decrease in the magnitude of ogrpr
at higher N is anticipated, owing to the fact that the separation between adjacent
rotational levels increases with N. This is seen clearly in the experimental data
for OH(A)+Kr. In contrast, the longer-range, more attractive PES for OH(A)+Xe

results in relatively constant magnitudes for orgr across the range of N sampled.
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Figure 6.15: Comparison of experimental [25| 26, |33, [226] and theoretical RET cross-
sections, orgr, for the OH(A)+Kr system. Upward-pointing, red triangles denote f;
spin-rotation levels and downward-pointing, blue triangles denote fs spin-rotation levels.
The scatter points connected by lines refer to theoretical RET cross-sections generated
from TSH QCT Models 1-3. See text for details.

6.2.2 RET: comparison with theory

Figure presents a comparison of experimental [25| [26| 33, [226] orgr cross-
sections for the OH(A)+Kr system with those calculated using Models 1-3 [25, |26,
33, [226]. Note that, for the more complete theoretical models, data are only included
for N < 10, since electronic quenching is negligible for higher rotational states.

For the OH(A)+Kr system, there is near-quantitative agreement between
experiment and QCT TSH theory for virtually all the values of N sampled. The
agreement is especially good for N < 5. The development of the QCT TSH code
has not led to a significant change in the magnitude of ogrgr, in accordance with the
relatively modest changes seen in the magnitude of oq whilst gradually improving
the accuracy of the models for OH(A)+Kr.

In comparison, the agreement between experiment and theory is considerably
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Figure 6.16: Comparison of experimental [25| 26, |33, [226] and theoretical RET cross-
sections, orgr, for the OH(A)+Xe system. Upward-pointing, red triangles denote f;
spin-rotation levels and downward-pointing, blue triangles denote fs spin-rotation levels.
The scatter points connected by lines refer to theoretical RET cross-sections generated
from TSH QCT Models 4-6. See text for details.

poorer for the OH(A)+Xe system: the QCT TSH calculations continue to over-
estimate the magnitude of the experimental RET cross-section, though there has
been a significant improvement in agreement between the two with employment
of the more sophisticated theoretical treatments [33, [226]. Figure shows a
comparison of OH(A)+Xe experimental data with those generated by Models 4-
6. In Section |6.1.2], it was reported that even the most complete model of the
OH(A)+Xe system fails to reproduce all of the experimental quenching, meaning the
theoretical RET data points are not lowered enough by competitive non-adiabatic
collisions to agree well with experiment.

Figure [6.17) presents a comparison of four different data sets for both the
OH(A)+Kr and OH(A)+Xe systems: experimentally determined total-removal
cross-sections, which correspond to the sum of quenching and RET cross-sections |25,

33, 226]; RET cross-sections from fixed-energy, adiabatic QCT calculations run on
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Figure 6.17: Comparison of: experimental total-removal cross-sections, which correspond
to the sum of quenching and RET cross-sections [25| 33, 226]; RET cross-sections from
fixed-energy, adiabatic QCT calculations run on the upper OH(A)+Kr and OH(A)+Xe
2A" PESs with E.,; = 0.039 €V (25, 33, [226]; total-removal cross-sections from Model-3
and Model-6 TSH QCT calculations run at 300 K; and RET cross-sections from fixed-
energy, adiabatic quantum-mechanical calculations run on the upper OH(A)+Kr and
OH(A)+Xe 24’ PESs with E. = 0.039 eV [226].

the upper OH(A)+Kr and OH(A)+Xe 24’ PESs with E.,n = 0.039 eV [25] 33} 226];
total-removal cross-sections from Model-3 and Model-6 TSH QCT calculations run
at 300 K; and RET cross-sections from fixed-energy, adiabatic quantum-mechanical
calculations run on the upper OH(A)+Kr and OH(A)+Xe 24" PESs with E., =
0.039 eV [226]. In the first instance, the figure confirms the excellent agreement

between the data generated from both adiabatic and non-adiabatic QCT calculations
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and those from a more rigorous quantum-mechanical treatment. This validates the
use of a quasi-classical treatment for the systems investigated in this thesis.

The figure also highlights that experimental total-removal cross-sections are in
excellent, fully quantitative agreement with adiabatic and non-adiabatic theoretical
RET data, for which there is no consideration of electronic quenching. Thus, it
can be said that, in any TSH QCT models that attempt to model non-adiabatic
dynamics, it is the accuracy with which quenching is treated that determines the level
of agreement between experiment and theory. Since non-adiabatic transitions and
inelastic energy transfer take place in the same regions of the PES (see below), any
TSH algorithms that underestimate the extent of quenching will necessarily generate
RET data that overestimate the magnitude of corresponding experimental quantities.

To investigate the trend shown in the magnitude of RET cross-sections with
respect to N, and to elucidate the competitive interaction between adiabatic and
non-adiabatic dynamics, a set of calculations was run that output the time spent
by rotationally inelastic trajectories in the H-O(A)-Xe potential-energy well, where
the conical intersection with the electronic-ground-state PES is found [226]. To this
end, the potential-energy well was defined as any region of the OH(A)+Xe PES
for which the potential energy, V, has a value of V' < —1200 cm™! and v > 90°.
The angular restriction ensures that any time spent in the well generated in the
O-H(A)—Xe geometry — which, as demonstrated in Figure does not facilitate
electronic quenching — does not count towards the ‘time in well” discussed below.

Figure shows the time spent in the H-O(A)-Xe well by trajectories originat-
ing in the N = 2,10, and 20 rotational quantum levels. Notably, the proportion of
inelastic trajectories that enter the well increases with N: since it is more difficult
to bring about a change in |IN| in higher rotational states, such a process requires
trajectories that sample the most attractive regions of the PES. Furthermore, a
consideration of the variation in time-in-well reveals that, for low N, there is a
unimodal peak at relatively high time-in-well; for medium values of N, there is a
bimodal distribution; and, for high /N, the distribution once again becomes unimodal,

however, the peak occurs at much lower time-in-well than for low N.
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Figure 6.18: Integral cross-sections vs. time-in-well for rotationally inelastic trajectories
that originated in N = 2,10 or 20. The H-O(A)-Xe well is defined as a region of the
OH(A)+Xe PES in which V' < —1200 cm™! and v > 90°.

Following this, a number of individual classical trajectories were projected onto
the OH(A)+Xe PES, for various NV, to elucidate the contrasting behaviours shown
in the time-in-well analysis. These projections are reported in Figure [6.19 At low
N, the repulsive region in the T-shaped geometry directs trajectories to the bottom
of the H-O(A)—Xe well, where they spend a relatively long period of time before
exiting again. This gives a single peak with a high time-in-well (105 fs). For medium
values of N, the peak at higher time-in-well (76 fs) corresponds to trajectories that
sample the full depth of the H-O(A)-Xe well. However, it is important to note
that the time-in-well is generally less than that experienced at low N by virtue of
the higher rotational energy of the system. The inner peak at lower time-in-well
(34 fs) corresponds to trajectories that merely sample the well edge and leave soon
after entering. At high N, when the OH(A) radical is rotating very fast, the rate of
change of v is sufficiently great such that the trajectory cannot be directed into
either the H-O(A)-Xe or the O-H(A)-Xe well exclusively. Equally, the trajectory is
unable to access the deepest part of the H-O(A)—Xe well without also having to
surmount the repulsive barrier generated in the T-shaped geometry. As a result, the
trajectories tend to only sample the outer regions of the potential-energy well, and

spend relatively little time there, giving a unimodal distribution at low time-in-well.
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Figure 6.19: Pictorial projections of individual trajectories that began in a selection
of N onto the OH(A)+Xe PES. Each of the four panels corresponds to a single peak in
Figure The time, t, is the cumulative time spent in the H-O(A)—Xe well, a region of
the PES defined by V < —1200 cm™! and v > 90°.

6.3 Depolarisation of angular momentum

Much like for RET, collisions that bring about the depolarisation of the angular-
momentum distribution of the OH(A) radical are most likely to occur in the
potential-energy wells generated in the O-H(A)-Rg and H-O(A)-Rg geometries.
This section first considers the total depolarisation of angular momentum: that is,
the sum of the rotationally elastic and rotationally inelastic contributions to the
depolarisation cross-sections, and then considers the trends shown in the j-resolved
elastic cross-sections. These are defined as [110]:

Total: o = Zajj/<1 —a® (j,j')), (6.5)

J

Elastic: 0y = 0y (1= a®(j, ), j =4 (6.6)
where k£ = 1 and k = 2 for disorientation and disalignment, respectively.

6.3.1 Total depolarisation: experimental data

Figures [6.20] and [6.21] compare experimental total depolarisation cross-sections
, , with those from QCT TSH calculations run using Models 1-6.
Note that the f5 spin-rotation level does not exist for N = 0 and that there is
no data point for disalignment of the 5 = 0.5 level. Both total disorientation

and total disalignment data are presented for OH(A)+Kr. For the OH(A)+Xe
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Figure 6.20: Comparison of experimental [25, 26, 33, 226] and theoretical total
disorientation cross-sections, ¢(!), and total disalignment cross-sections, o, for the
OH(A)+Kr system. Upward-pointing, red triangles denote f; spin-rotation levels and
downward-pointing, blue triangles denote f; spin-rotation levels. The scatter points
connected by lines refer to theoretical RET cross-sections generated from TSH QCT
Models 1-3. Note the difference in scale of the y-axes. See text for details.

system, only disalignment cross-sections were determined experimentally, so no
disorientation data are presented for this system.

Some general comments can be made about the trends shown by the total
disorientation and total disalignment data for both rare-gas systems. Unlike for
RET, there is a significant difference in the magnitude of the depolarisation cross-
sections for OH(A)+Kr and OH(A)+Xe, and in the trend they exhibit with respect
to rotational-level excitation. In general, the depolarisation cross-section is uniformly
larger for the f5 level since, for a given 7, N will be higher for the f; spin-rotation level.
Thus, a collision that is sufficient to bring about a change at higher N will also likely
be depolarising. It is also the case that the difference in the cross-sections for the f;

and fy levels becomes less noticeable as N increases and S makes a proportionally
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Figure 6.21: Comparison of experimental [25, 26| |33, 226] and theoretical total
disalignment cross-sections, o), for the OH(A)+Xe system. Upward-pointing, red
triangles denote f; spin-rotation levels and downward-pointing, blue triangles denote
f2 spin-rotation levels. The scatter points connected by lines refer to theoretical RET
cross-sections generated from TSH QCT Models 4-6. See text for details.

lower contribution to the total spin-rotational-angular-momentum number, j.

Indeed, it is important to bear in mind that the magnitudes of experimentally de-
termined depolarisation cross-sections are exaggerated by dephasing, a phenomenon
that originates in that fact that, on going from j — j’, there is a change in the
g-value of the spin-rotation level. Thus, the angular-momentum distributions before
and after the collisions precess at slightly different rates, leading to destructive
interference and reducing the intensity of the recorded fluorescence decay in much
the same way as depolarisation does. However, detailed simulations have revealed
that dephasing contributes less than 10% to the total cross-section [33,|112], and
so it is not considered further in this thesis.

The general trend shown by the experimental data is that the magnitude of the
total disorientation and total disalignment cross-sections increases with rotational

excitation. For the OH(A)+Kr system, the trend appears to level off at higher
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N, though this is not the case for OH(A)+Xe. Indeed, the behaviour of heaviest
rare-gas system contrasts sharply with that exhibited by lighter rare-gas collision
partners (such as OH(A)+He [7]) for which the magnitude of ¢®) is seen to fall
with increasing N. In these systems, the increasing rotational angular momentum
of the OH(A) radical leads to an averaging out of the PES such that it appears
markedly less anisotropic. As a result, collisions in which there is sufficient transfer
of angular momentum to bring about a change in the magnitude and/or direction

of N occur less frequently as N increases.

6.3.2 Total depolarisation: comparison with theory

The use of TSH QCT models succeeds in reducing the magnitude of the theoretical
depolarisation cross-sections beyond that predicted by adiabatic calculations [25,
20|, 33} [226], however, the decrease is generally not sufficient to bring the theoretical
data into agreement with experimental values. As with RET, the underestimation of
non-adiabatic effects in the TSH QCT code means that the theoretical calculations
over-predict the extent of depolarisation by suppressing the number of trajectories
that undergo competitive quenching. The agreement between experiment and
theory is thus seen to improve at higher N as the magnitude of the quenching
cross-section falls.

The TSH QCT calculations for the OH(A)+Xe system show a marked improve-
ment in their agreement with theory as the models become increasingly sophisticated.
Indeed, for Model 6, there is quantitative agreement between the experimental and
theoretical disalignment cross-sections for many of the N reported in Figure [6.21]
This suggests that, as quenching has been modelled with increasing accuracy, the
magnitude of the total depolarisation cross-sections has fallen accordingly. However,
although the underestimation of quenching is believed to cause the majority of
the observed discrepancy between experiment and theory for OH(A)+Xe, this
cannot be the case for OH(A)+Kr. For this system, the TSH QCT quenching
cross-sections agree almost quantitatively with those measured experimentally, and

yet there remains a considerable level of disagreement between experiment and
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| N | T /fs | Modal time(s)-in-well / fs |
2 404.48 90
10 94.47 10, 90
20 48.34 15

Table 6.1: Comparison of the rotational time period, T, of an OH(A) radical in a
selection of rotational quantum levels, defined by N, and the approximate modal time(s)-
in-well for trajectories that begin in the same rotational quantum levels. The rotational
time periods have been calculated using a rotational constant of B = 17.355 cm ™! for the
OH(A) radical.

theory for the depolarisation cross-sections. It is possible that these issues arise
from inadequacies or inaccuracies in the PESs and the couplings between them.
This will be discussed further in Section [6.4]

Table [6.1] presents a comparison of the modal time(s) that a given OH(A)+Xe
trajectory spends in the H-O(A)—Xe potential-energy well and the rotational time
period, T', of the OH(A) radical at that particular N. The data reveal that the
magnitude of the depolarisation cross-section is virtually independent of the time-
in-well. In many systems, such as the S(* D)+H, insertion reaction [233], following
collisions — those in which the collision partners form a rotational complex that
survives for several rotational periods — are those that most often result in the
depolarisation of angular momentum. For the OH(A)+Xe trajectories shown in
Figures and [6.19] and included in Table [6.1, N = 10 is the only rotational
quantum level for which 7" is of a comparable magnitude to the time-in-well. For
N = 2, the rotational time period of the rotational quantum level is much greater
than the modal time-in-well. This is also true for the N = 20 rotational quantum
level, however, the difference between the rotational time period and the modal
time-in-well is reduced here. Nonetheless, in both cases, the depolarisation of
angular momentum remains a very efficient process, and this notable behaviour
(supported by the experimental results) is attributed to the highly anisotropic
nature of the OH(A)+Xe PES.
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6.3.3 Elastic depolarisation: experimental data

As outlined at the beginning of this section, the use of a monochromator allows
fluorescent radiation to be resolved into a single j’ spin-rotation level, meaning it is
possible to obtain experimental cross-sections for elastic depolarisation, i.e. that
which comes about during collisions for which j' = j. Since these resolved cross-
sections can also be extracted from the TSH QCT calculations, it is then possible
to ascertain whether the disagreement between experiment and theory for the total
depolarisation cross-sections can be attributed wholly or in-part to either rotationally
elastic or rotationally inelastic collisions. By extension, calculating j-resolved cross-
sections allows for a clearer characterisation of the interaction of quenching and
depolarisation, since non-adiabatic effects are known to compete most effectively with
inelastic collisions, and occur in different regions of the PES to elastic trajectories.

Figures [6.22] and [6.23| present a comparison between experimental elastic

depolarisation cross-sections for the OH(A)+Kr and OH(A)+Xe systems and those
generated from QCT TSH Models 1-6 [25] [26] |33, 226]. As before, both elastic
disorientation and elastic disalignment data are reported for OH(A)+Kr, however,
only elastic disalignment cross-sections are presented for OH(A)+Xe.

Within experimental error, the magnitude of the elastic disalignment cross-
sections is constant as a function of increasing rotational excitation. This behaviour
is also seen for the OH(A)+Ar system [6} 7, [227], and is assigned to the highly
anisotropic nature of the OH(A)+Kr and OH(A)+Xe PESs. Rotational excitation,
even at relatively high N, will not succeed in completely averaging out the anisotropy
of the PES, and inelastic RET is achievable at all the N sampled in this work. The
slight reduction in elastic depolarisation cross-section at low N is attributed to
the fact that a higher proportion of collisions are rotationally inelastic in nature

for trajectories that originate in low-energy rotational states.

6.3.4 Elastic depolarisation: comparison with theory

A comparison of experimental [25, 26, 33, [226] and QCT TSH cross-sections

for elastic depolarisation reveals that, in general, the two share good agreement,
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Figure 6.22: Comparison of experimental [25 26, 133, [226] and theoretical elastic

— . . 1 Lo . 2
disorientation cross-sections, Uél), and elastic disalignment cross-sections, ng), for the

OH(A)+Kr system. Upward-pointing, red triangles denote f; spin-rotation levels and
downward-pointing, blue triangles denote f; spin-rotation levels. The scatter points
connected by lines refer to theoretical elastic depolarisation cross-sections generated from
TSH QCT Models 1-3. Note the difference in scale of the y-axes. See text for details.

especially for the OH(A)+Kr system. It can thus be inferred that, in contrast to
the trends shown by the RET and total depolarisation data, elastic depolarisation
is relatively unaffected by electronic quenching. This is principally a result of the
fact that the two processes are thought to occur in very different regions of the PES,
with elastic depolarisation occurring at larger impact parameters and away from
the H-O(A)-Rg potential-energy well, where the majority of quenching takes place.
The trends established by the data shown in Figures thus confirm that the
disagreement between the experimental and theoretical total depolarisation cross-
sections can likely be attributed to poor modelling of the competitive interaction
between inelastic depolarising collisions and those that undergo quenching.

A consideration of the closed-shell opacity functions for RET, elastic disalign-



212 6.3. Depolarisation of angular momentum

50 50
N
<L
S 25 - 4 25 8
bo
A  Expt 1 i v Expt
--a-- Model 4 --0-- Model 4
f e Model 5 f eenyeee Model 5
1 —o— Model 6 2 —o— Model 6
O\HH\HH\HH\ O\HH\HH\HH\
0 5 10 15 0 5 10 15
N N

Figure 6.23: Comparison of experimental [25, 26 33, [226] and theoretical elastic

disalignment cross-sections, ag), for the OH(A)+Xe system. Upward-pointing, red

triangles denote f; spin-rotation levels and downward-pointing, blue triangles denote
fo spin-rotation levels. The scatter points connected by lines refer to theoretical elastic
disalignment cross-sections generated from TSH QCT Models 4-6. See text for details.

ment, and quenching can help elucidate the interaction of these three dynamical
processes. The opacity function, P(b), expresses the probability that a particular
type of collision event will take place as a function of impact parameter, b. Since
the opacity function for elastic collisions does not converge in b, it is necessary to

define the opacity function for elastic disalignment as [110]
PR (b) = P(b)|1 — a® (N, N")], (6.7)

where P(b) is the closed-shell opacity function and a® (N, N') is the k = 2 Legendre
moment for closed-shell elastic (N = N’) disalignment, both as a function of b |110].

In Figure [6.24] it can be seen that, for both systems, the range of impact
parameters that is able to bring about elastic disalignment is considerably greater
than that which can effect inelastic RET or electronic quenching. The latter

two processes involve larger changes in energy and so require trajectories with
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smaller impact parameters that sample the most anisotropic regions of the PES,
where the conical intersection is also located. It can also be seen that the peak
in the elastic disalignment opacity function occurs at higher b than those for
RET or electronic quenching, since the proportion of collisions that are elastic
in nature increases in regions of the PES where inelastic/quenching collisions are
energetically inaccessible. Furthermore, with increasing N, the magnitude of the
quenching and RET opacity functions is seen to decrease, whereas that for elastic
disalignment increases, in agreement with the cross-sections reported in the figures
shown previously. A consideration of these opacity functions further confirms that
it is the accuracy with which the competition between electronic quenching and
adiabatic processes is modelled that fundamentally determines the quality of the
agreement between experiment and theory.

Ultimately, it is rather surprising that the total depolarisation cross-sections
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and, even more so, the elastic depolarisation cross-sections for both the OH(A)+Kr
and OH(A)+Xe systems show such good agreement between experiment and theory.
Given that this is not the case for quenching and RET, it can be inferred that the
depolarisation of angular momentum takes place in different regions of the PES,
away from the potential-energy wells that govern non-adiabatic and rotationally
inelastic collisions. Thus, the accuracy with which electronic quenching is modelled
has little effect on theoretical depolarisation cross-sections, which show invariably
good agreement with experimental data. This is demonstrated particularly well
by the total and elastic depolarisation data for OH(A)+Kr: the difference in
the magnitudes of the depolarisation cross-sections generated by Models 1-3 is
significantly less than that seen for quenching and RET. For the OH(A)+Xe system,
the PES of which has much deeper potential-energy wells and extends to larger R,
quenching and depolarisation are seen to interact more strongly and, as a result,
there is a greater difference in the magnitudes of the theoretical total and elastic

depolarisation cross-sections generated by Models 4-6.

6.4 Possible sources of error in current TSH QCT
models

The data reported in this chapter have highlighted that, at present, there is
still an unsatisfactory level of disagreement between experimental and TSH QCT
data. Despite a number of major modifications to increase the completeness
and accuracy of the quasi-classical models being used, the theoretical treatments
currently available are unable to account fully for the experimentally observed
collision dynamics of the OH(A)+Kr and OH(A)+Xe systems. A number of factors
are believed to be responsible for the continued discrepancy between theory and
experiment, and each of these is now discussed in turn.

As noted previously, spin-orbit coupling has been ignored in the different quasi-
classical surface-hopping codes used to date, meaning that non-adiabatic effects
are essentially modelled as 'Y — 'II transitions. In the past, the lack of spin-orbit

coupling has not been considered a major source of disagreement between theory and
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experiment [25, [26, |78, [204, [210]. However, it is possible that spin-orbit coupling is
a necessary component of any model that can accurately predict the magnitude
of theoretical quenching cross-sections for OH(A)+Kr/Xe. Spin-orbit coupling
originates in the interaction of the magnetic moment of an electron (associated with
its spin) with the magnetic field generated by its orbital motion. Non-adiabatic
transitions in bimolecular collisions can then be mediated by spin-orbit coupling
when either a reactant or a product has non-zero electronic orbital and spin angular
momenta. This is certainly true for collisions that involve OH(A), an open-shell
radical [41]. Indeed, recently, a combined experimental and theoretical study of the
O('D)+Xe system by Garofalo et al. [234, 235] has successfully incorporated spin-
orbit coupling into quantum-mechanical calculations for comparison with empirical
DCSs. Since (for atoms) spin-orbit coupling has a Z* dependence, where Z is the
effective nuclear charge, it is entirely possible that neglecting spin-orbit coupling
is not appropriate for the heavier rare-gas systems investigated in this thesis. It
is, therefore, recommended that future theoretical work investigate the effect of
spin-orbit coupling on OH(A)+Kr/Xe dynamics.

Section described how the method of Lagrange multipliers |24] is used
to force a rigid-rotor approximation, such that the bond length of the OH(A)
radical is assumed to remain fixed at its equilibrium value over the course of a
trajectory. Though this approximation has worked well in terms of predicting
the dynamics observed when OH(A) collides with lighter rare gases, it is possible
that this is not the case for OH(A)+Kr/Xe.

Work by Perkins [33] involved investigating both rotationally and vibrationally
inelastic collisions of the OH(A, v = 1)+Kr collision system. The aims of these
experiments were: to quantify the vibrational energy process (VET) taking place, to
assess whether vibronic coupling would affect the rate of electronic quenching, and,
by extension, to study the resultant impact of vibrational excitation on the adiabatic
processes with which quenching competes directly. Indeed, the introduction of
vibrational excitation will add an r-dependence to the PES that describes the

system and, as a consequence, could allow the quasi-classical trajectories to access
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regions of the PES where non-adiabatic couplings are either enhanced or diminished.
Although the conclusions drawn from Perkins’ work [33] suggest that including
a single quantum of vibrational energy does significantly increase the magnitude
of oq, it does not amplify the range of N over which quenching is observed. It
is, therefore, possible that allowing for vibrational excitation in the OH(A)+Rg
calculations could improve the agreement between experiment and theory at low N.
However, it may not recover the lack of quenching currently predicted by theory
at high N, where the disparity is largest. Novel QCT models, which consider
the effect of the vibrational degree of freedom on the observed collision dynamics,
are discussed in detail in Chapter 7.

As noted previously, although the adiabatic PESs and coupling matrix elements
used in the TSH QCT models presented in this chapter were all calculated at
the MRCISD+Q level of theory, the data for OH+Kr were generated using a
CASSCF /aVTZ-DK basis and those for OH+Xe used a CASSCF/aVQZ-PP basis
[236]. At the ab initio level, calculations at the CASSCF level can be used to
perform single-point surface hops. A limited number of orbitals is selected to
define the active space, which are then optimised (along with the corresponding
expansion coefficients), to yield the CASSCF wavefunction. As such, the CASSCF
wavefunction is able to account for the static interaction energy arising from
electron-correlation effects and give a reasonably accurate description of electronic
dynamics at conical intersections. However, the CASSCF method is largely unable
to properly predict dynamic correlation effects that may prove important in OH+Rg
systems where the nature of these effects can change rapidly with electronic state.
Though the use of a larger active set does improve the outcome, this solution is
often impeded by vastly increased computational demands and costs [236]. It is
possible that the levels of theory used to generate the surfaces and elements for
the calculations reported here are not sufficiently rigorous and/or compatible to
accurately reproduce experimental observations, and it is recommended that future

work should aim to address this uncertainty.
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6.5 Summary

This chapter has outlined the results of a rigorous theoretical investigation into the
dynamics of hydroxyl radicals in the first electronically excited state, OH(A), when
they undergo collisions with heavy rare-gas atoms (Kr and Xe). Electronic quenching
dynamics, and their competitive interaction with rotationally inelastic, electronically
adiabatic processes have been the primary focus of this chapter. To this end, a
range of 2D quasi-classical trajectory surface-hopping calculations have provided an
informative insight into the dynamics that underpin OH(A, v = 0)+Rg collisions.

For many of the dynamical quantities that describe the OH(A, v = 0)+Kr system,
quantitative agreement between experiment and theory has been achieved for the
first time. For the OH(A, v = 0)4Xe system, theory continues to underestimate the
extent of electronic quenching observed experimentally, and this impacts negatively
on the resultant agreement between experiment and theory for the adiabatic
processes with which quenching is seen to compete. A number of suggestions
that may explain the persistent discrepancies for the OH(A, v = 0)+Xe system have
also been outlined in detail. It is, therefore, hoped that the conclusions drawn from

this chapter will inform future theoretical work on the OH(A, v = 0)+Rg systems.
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Developing 3D models of
OH(A, v = 0/1)+Kr collision dynamics

All the ab initio calculations that have been reported previously in this thesis were
run with the OH bond length fixed at its equilibrium value in the A electronic state:
1.012 A. It was noted in the preceding chapter that, even though the most complete
2D QCT model of OH(A, v = 0)4+Kr successfully recovers 93% of experimentally
observed quenching, there is significant disagreement between experiment and theory
for the data relating to the total depolarisation of angular momentum. It can thus
be inferred that, regardless of how well the current QCT algorithms are able to
predict non-adiabatic dynamics in the OH(A)+Kr system, there remain issues with
how adiabatic processes (such as the depolarisation of angular momentum) are
modelled on the excited-state OH(A)+Kr PES.

It is possible that the use of the rigid-rotor approximation for the OH(A) radical
is at least partly responsible for the disagreement between experiment and theory.
To that end, this chapter considers the effect of introducing an additional degree of
freedom into the QCT models described previously by allowing the OH bond length,
r, to vary prior to (and, in later models, over the course of) a given trajectory.
The development of these theoretical models, which will consider the effect of

vibrational excitation on rotationally inelastic collisions of OH(A)+Kr for the first
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time, are intended to complement experimental data already collected by Perkins
[33]. The work presented here was carried out in collaboration with Dr Pablo
Jambrina at Universidad Complutense de Madrid.

It is thought that the introduction of a quantum of vibrational energy into
the current QCT models of the OH(A)+Kr system could potentially influence
the outcome of calculations in two main ways: firstly, through vibronic coupling
and, secondly, from the r-dependence of the PES(s). The work presented in the
previous chapter outlined how the inclusion of roto-electronic coupling in current
TSH QCT models has led to almost quantitative agreement between experiment
and theory for a number of dynamical processes in the OH(A, v = 0)+Kr system.
It is, therefore, possible that vibronic coupling may be responsible for the enhanced
cross-sections observed experimentally for inelastic processes in OH(A, v = 1)+Kr
dynamics. It could also be the case that changes in r allow trajectories to access
regions of the PES where coupling to the grounds state is enhanced or diminished.
If this is the case, the magnitude of the electronic quenching cross-section will
vary accordingly, as will the cross-sections of other inelastic processes with which
non-adiabatic effects have been shown to compete. This chapter will focus on

improving our understanding of the r-dimension of the PESs.

7.1 r-dependent adiabatic PES

Figure [7.1{ shows contour plots of 3D MRCISD+Q 2A’ and 1A’ PESs for the OH+Ar
[237] and OH+Kr [238] systems where the angle, , between the OH bond vector, r,
and the vector between the centre-of-mass of the OH radical and Rg, R, has been
fixed at v = 175°. The plots on the right of the figure show the same PESs over a
much smaller range of r. The dashed, white lines on the figures on the right delimit
1 for isolated OH(A) as well as the equilibrium values of r in the v =0 and v =1
vibrational levels. The relevant bond lengths were obtained using the vibrational-

state-dependent rotational constants, B, quoted in Huber and Herzberg [115], with

h

v = -
8m2cl,’

(7.1)
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where I, is the vibrational-state-dependent moment of inertia and the other constants
have their usual meaning.

For both systems, the depth of the near-linear H-O(A)-Rg potential-energy
well is seen to decrease with increasing r, emphasising that, as the OH radical
becomes vibrationally excited, the conical intersection with the ground-state 1A’
surface will occur closer to the bottom of the H-O(A)-Rg well. A consideration of
the 1A’ surface shown for the OH(X)+Kr system reveals that there is very little
variation in the ground-state surface with r. This agrees with the semi-empirical
surfaces for OH(X)+Kr reported by Sumiyoshi and co-workers in reference [239).
Thus, any dynamical effects that result from vibrational excitation can largely be
attributed to changes in the excited-state 2A’ surface.

Figure shows slices through the 3D OH(A)+Ar and OH(A)+Kr PESs at
v = 175° for various values of r. As in Figure[7.I] the plots presented here clearly
show that the H-O(A)-Rg potential-energy well becomes shallower as the OH bond
length increases with vibrational excitation. This may facilitate an increased rate
of electronic quenching by shifting the conical intersection between the excited-
state and ground-state PESs to a more energetically accessible position. From
a comparison of the plots for OH(A)+Ar and OH(A)+Kr, it is clear that: the
H-O(A)-Kr well is consistently deeper than that of H-O(A)-Ar for the three values
of r sampled, and that the effect of changing r is somewhat less significant for the
well depth of H-O(A)-Kr than it is for that of H-O(A)—Ar.

It can be seen in Figures and that the effect of changing r over the course
of a trajectory will have an impact on the dynamics of both the OH(A)+Ar and
OH(A)+Kr systems. It is also true that an enhancement in electronically and/or
rotationally inelastic cross-sections may be brought about by the increase in the
capacity for vibronic coupling on increasing r. At the time of writing, vibronic
coupling matrix elements were not available for the newly generated surfaces, and
so they are not considered further in this thesis. It is recommended that future

theoretical work should focus on including this coupling in the TSH code.
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Figure 7.1: Comparison of MRCISD+Q adiabatic PESs for the OH(A)+Ar and
OH(A)+Kr [238] systems as a function of r and R in the near-linear H-O(A)-Rg geometry
(7 = 175°). The values on the surfaces give the potential energy in 10% cm~!. Note the
difference in colour scales of the Ar and Kr contour plots. Upper and middle panels: The
excited-state 2A” PESs for OH(A)+Ar and OH(A)+Kr. For both systems, the depth of
the H-O(A)-Rg potential-energy well is seen to decrease with increasing r. Lower panel:
The 1A” PES for the OH(X)+Kr system. The plot shows that the variation in potential
energy with r is much less pronounced in the electronic ground state of OH than in the
first excited state.
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Figure 7.2: Cross-sectional slices through the 3D OH(A)+Ar and OH(A)+Kr 2A’ PESs
at v = 175° for various values of r.

7.2 Theoretical results: rotational energy trans-
fer

The experiments reported in reference [33] measured three different dynamical
processes in the OH(A, v = 1)4+Kr system: quenching, RET, and vibrational energy

transfer (VET), where the latter can be summarised as
OH(A, v = 1) + Kr 225 OH(A, v = 0) + K. (7.2)

This work revealed that, over the range of rotational states investigated by Perkins
(N =0 — 7), the magnitude of the VET cross-section is small (around ¢ = 0.5 A?)
and generally constant within experimental error. In comparison to the quenching
and RET cross-sections, those for VET may be deemed to have near-negligible
magnitude; indeed, at low N, oq and orgr are nearly two orders of magnitude
larger than oygr. As such, electronic quenching and RET are seen to dominate
the inelastic collision dynamics of OH(A, v = 1)+Kr.

It has also been confirmed by others that the magnitude of oygr is largely
independent of both the nature of the monatomic collision partner and the rotational
state of the OH radical in OH(A, v = 1)+Rg systems [240-242|. The negligible
degree of VET in these systems can be explained by considering the timescale of
the translational and vibrational motions involved. If a molecule that is vibrating

on a femtosecond timescale is to convert its vibrational energy into the translational
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Figure 7.3: RET cross-sections generated from batches of adiabatic, fixed-r QCT
calculations run on the 2D and 3D PESs for the OH(A)+Kr system with fixed values
of Feon = 0.039 eV and r = 1.012 A. Data are shown for both the f; (j = N 4+ S) and
f2 (j = N — S) manifolds.

energy of a monatomic collision partner, the collision between the two species must
also take place on a femtosecond timescale |41} 243]. Data reported in reference
[226] have confirmed that the OH(A)+Kr collisions investigated in this thesis occur
over a period of nanoseconds and, therefore, they fail to generate the energy-sudden
conditions necessary for efficient VET. In contrast, effective VET (with cross-sections
of the same order of magnitude as oq, if not larger) has been reported in collisions
between OH(A, v = 1) and diatomic molecules such as Oy [242, [244], Ny [240,
242, 244], Hy [240, 241], and D, [240, |241]. For these systems, the rotational and
vibrational degrees of freedom of the diatomic collision partner are able to undergo
femtosecond-scale energy transfer and so facilitate VET from OH(A, v = 1).

In this section, RET cross-sections from calculations run on the new 3D
OH(A)+Kr PES are presented and, where possible, these are compared both
with those run on the 2D surface and with experimental data |33]. By examining
the effect of increasing r on the magnitude of cross-sections for RET, it is possible
to better understand the r-dimension of the PES and its influence on rotationally

inelastic OH(A)+Kr dynamics.



7. 3D adiabatic QCT calculations 225

In the first instance, it was necessary to probe the agreement between theoretical
data from adiabatic QCT calculations run under identical conditions using the
2D OH(A)+Kr PES of Ktos and the 3D OH(A)+Kr PES of Zanchet. Figure
shows a comparison of open-shell RET cross-sections from calculations run on both
surfaces at a fixed collision energy of 0.039 eV and with r = 1.012 A (r. in the
OH(A) state) for a range of N. As can be seen in the data for both the f; and f,
manifolds, the agreement between the two sets of theoretical results is very good,
though it is worth noting that the points shown were generated from running 1 x 10°
trajectories on the 2D surface and 5 x 10? trajectories on the 3D surface. Error bars
are not included for the sake of clarity. Based on the good agreement between the
two sets of data, it was decided to run calculations at larger, fixed values of r on the

3D surface to probe the effect of vibrational excitation on the system’s dynamics.

7.2.1 Fixed-r QCT calculations on 3D PES

Before considering variable-r algorithms, it is helpful to model OH(A, v)+Kr
dynamics on a set of vibrationally averaged PESs, where the value of r is fixed at
that corresponding to the appropriate vibrational state and does not change over
the course of a given trajectory. Figure shows RET cross-sections generated
from adiabatic QCT calculations run on the 3D PES for OH(A)+Kr at various,

fixed values of r:
e r=1.012 A, r, in isolated OH(A);
o r=1.024 A, the equilibrium value of 7 for v = 0; and
o r=1.048 A, the equilibrium value of 7 for v = 1.

The data show the effect of vibrational excitation on the probability that a given
collision will be rotationally inelastic in nature. As such, it can be seen clearly that,
as the OH bond lengthens, the magnitude of ogrgr increases.

As for the adiabatic calculations run the 2D surface previously, it is not possible to

achieve quantitative agreement between theory and experiment when cross-sections
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Figure 7.4: Upper panels: Comparison of experimental RET cross-sections for the
OH(A, v = 0) + Kr system with those generated from batches fixed-r adiabatic QCT
calculations at F.o = 0.039 eV. Data are shown for both the f; (j = N + S) and
f2 (j = N — S) manifolds. Lower panels: Comparison of experimental RET cross-sections
for the OH(A, v = 1) 4+ Kr system with those generated from batches of fixed-r adiabatic
QCT calculations at E.,; = 0.039 eV. Data are only shown for the fi (j = N + 5)
manifold since fo data (j = N —.S) were not recorded.

for RET alone are compared directly. Indeed, as before, failing to include non-
adiabatic surface-hopping in the QCT code means that the calculated RET data from
the 3D surface consistently overestimate those measured experimentally. However,
as shown in Figure [7.5] the theoretical adiabatic RET data are generally in better
agreement with experimental ‘total-removal’ cross-sections, i.e. those generated by
summing the cross-sections for quenching and RET to quantify the total depletion
of population from any given OH(A, v, j, f;) state. Note that, in this instance,
the total-removal cross-sections did not include VET, since the magnitude for this

process is negligible [33]. The agreement shown here emphasises that the discord
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Figure 7.5: Upper panels: Comparison of experimental total-removal cross-sections for
the OH(A, v = 0) + Kr system with theoretical RET cross-sections generated from batches
fixed-r adiabatic QCT calculations at E.,; = 0.039 eV. Data are shown for both the
fi(j=N+S)and fo (j = N —S5) manifolds. Lower panels: Comparison of experimental
total-removal cross-sections for the OH(A, v = 1)+Kr system with theoretical RET cross-
sections generated from batches of fixed-r adiabatic QCT calculations at F.q = 0.039 eV.
Data are only shown for the f; (j = N +S5) manifold since fo data (j = N — S) were not
recorded.

between the experimental and theoretical RET cross-sections reported is most likely

due to the lack of surface-hopping in the adiabatic QCT model of OH(A)+Kr.

7.2.2 Variable-r QCT calculations on 3D PES

Figure presents the first sets of RET cross-sections generated from adiabatic
QCT calculations, run on Zanchet’s 3D OH(A)+Kr surface, during which the value
of r was allowed to vary over the course of the collision [245]. At the start of each
trajectory, the initial value of r, r;, was set for the appropriate vibrational level; it

was then allowed to vary as the trajectory was propagated over the PES. As such,
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Figure 7.6: Upper panels: Comparison of experimental RET cross-sections with those
generated from batches of variable-r and fixed-r (with r = 1.012 A) adiabatic QCT
calculations for the OH(A, v = 0)+Kr system at E.o; = 0.039 eV. Data are shown for
both the f; (j = N+ 5) and f2 (j = N — S) manifolds. Lower panels: Comparison of
experimental RET cross-sections with those generated from batches of variable-r and
fixed-r (with r = 1.048 A) adiabatic QCT calculations for the OH(A, v = 1)+Kr system
at Feon = 0.039 eV. Experimental data are only shown for the fi (j = N + S) manifold
since fp data (j = N —S) were not recorded.

these calculations constitute the first set of variable-r trajectories that were used
to model the r-dependence of inelastic processes in both the OH(A, v = 0) + Kr
and OH(A, v =1) + Kr systems.

In Figure [7.6] the theoretical RET data are compared to experimental RET
cross-sections that were measured in the v = 0 and v = 1 vibrational states, and
also to fixed-r calculations in which the bond length was set at » = 1.012 A and
r =1.048 A, respectively, over the course of the entire trajectory. In addition,

Figure [7.7 shows a comparison of experimental total-removal cross-sections with
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Figure 7.7: Upper panels: Comparison of experimental total-removal cross-sections with
those generated from batches of variable-r and fixed-r (with r = 1.012 A) adiabatic QCT
calculations for the OH(A, v = 0)+Kr system at Eo; = 0.039 eV. Data are shown for
both the f; (j = N+ S) and f2 (j = N — S) manifolds. Lower panels: Comparison of
experimental total-removal cross-sections with those generated from batches of variable-r
and fixed-r (with r = 1.048 A) adiabatic QCT calculations for the OH(A, v = 1)+Kr
system at E.o = 0.039 eV. Experimental data are only shown for the f; (j = N +.5)
manifold since fo data (j = N —.S) were not recorded.

the same theoretical RET data that are reported in Figure [7.6]

From the theoretical data, it can be seen that there is a significant decrease
in the magnitude of orgr for all N when r is allowed to vary over the course of a
trajectory in variable-r calculations. Moreover, the trend shown by these data with
respect to rotational excitation in OH(A, v = 1) is also different: for the fixed-r
calculations, there is a gradual decrease in the magnitude of oggr with increasing
N; in contrast, the variable-r cross-sections are seen to peak at N = 6 — 7, and

fall off slightly at both lower and higher V.
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Interestingly, the variable-r RET data lie almost within the error bars of the
v =1 experimental RET data shown in Figure [7.6] In contrast, the variable-r
calculations consistently underestimate experimentally observed RET in v = 0,
especially at low N. In terms of the comparison of experimental total-removal cross-
sections with variable-r theoretical RET data, the agreement is generally poorer:
for both the v = 0 and v = 1 states, the variable-r calculations fail to reproduce the
full magnitude of the experimental total-removal cross-section, particularly at low
N. As discussed previously, it would be expected that adiabatic RET cross-sections
should show the best agreement with experimental total-removal cross-sections,
since the former do not account for the quenching that is observed experimentally
in both the OH(A, v = 0) + Kr and OH(A, v = 1) + Kr systems. As such, it is
somewhat surprising that the variable-r calculations show slightly better agreement
with experimental RET cross-sections than with experimental total-removal data.

It is possible that there are inherent issues with how well these quasi-classical
calculations are able to model the vibrational degree of freedom in OH(A). As noted
previously, the quantum of vibrational energy with which the OH radical begins
can leak out into other (rotational) degrees of freedom during the classical regime
of the trajectory and give rise to unphysical RET that violates the requirement
for vibrational zero-point energy. To that end, it may prove helpful to develop a
semi-classical treatment of this system in which, for example, vibration and rotation
are treated quantum mechanically and translation is treated classically [246}250].

Previously, and independently, Bowman and coworkers [251] and Miller and
coworkers [252] outlined a method by which to include a zero-point energy constraint
in QCT calculations: the sign of the momentum vector is changed when the energy
of any vibrational mode approaches the zero-point energy. Though this method did
prevent energy from going below the zero-point energy, the instantaneous change in
momentum (equivalent to an impulse of infinite magnitude) was found to be too
abrupt, and led to noise in the classical correlation functions. Alternatively, Xie and

Bowman suggest turning off coupling to a particular vibrational mode if the energy
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drops below the zero-point energy [253|. Indeed, it would certainly prove interesting
to investigate the application of such treatments to the OH(A, v = 1)+Kr system.

In general, it should also be stressed that the effect of vibration on the magnitude
of the experimental RET cross-sections reported in reference [33] is minimal: indeed,
the cross-sectional values reported for the v = 1 state lie within the margins of error
of those recorded for v = 0. It is, of course, also important to bear in mind that, since
only three data points were measured experimentally for RET in (v =1, f;), and
no data were recorded at all for the (v =1, f;) manifold, it is difficult to properly
assess the extent of agreement between experiment and theory for vibrationally
excited OH(A). Thus, it can be said that RET may not be the most useful metric
with which to try to understand the impact of vibrational excitation; instead, the 3D
code must be expanded to include vibrationally dependent non-adiabatic coupling.
To that end, it is recommended that future work should aim to develop a set of
variable-r TSH QCT algorithms to generate theoretical quenching cross-sections

that can undergo rigorous comparison with experimental data.

7.3 Summary

This chapter has reported a novel investigation into the role played by the vibrational
degree of freedom of the OH radical on rotationally inelastic collisions in the
OH(A, v = 1) + Kr system. In the first instance, a set of newly calculated, variable-
r PESs [238] for OH(A)+Kr and OH(X)+Kr are presented and discussed. The
excited-state surface was also compared to a previously calculated, 3D surface
for OH(A)+Ar [237].

Following this, a comparison was drawn between experimental RET and total-
removal data collected by Perkins [33] and novel adiabatic calculations that were
run on the newly calculated OH(A)+Kr surface. Firstly, RET cross-sections from
calculations that were run on the 2D surface of Ktos were compared to the results of
a set of fixed-r (r = 1.012 A) calculations on the 3D surface of Zanchet to confirm
that the two were in good agreement. Secondly, RET and total-removal experimental

cross-sections were compared to data drawn from adiabatic calculations in which
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the OH bond length was fixed at several different values to reflect the change in r
on vibrational excitation. It was found that increasing the OH bond length led to
modest increases in the magnitude of oggr and that the calculated data generally
lay within experimental error for both RET and total-removal data.

Finally, experimental data relating to both RET and total removal in the
OH(A, v =0) + Kr and OH(A, v = 1) 4+ Kr systems were compared to the first
results of novel, variable-r calculations in which the bond length of OH was allowed
to vary over the course of the trajectory. However, as the experimental data for
RET from v = 1 are relatively sparse, it is recommended that future work should
aim to devise a set of variable-r TSH QCT algorithms to generate theoretical data
that can be compared to the more extensive set of v = 1 experimental quenching

cross-sections reported in reference [33].



Conclusions and future outlook

This chapter summarises the main conclusions drawn from the experimental and
theoretical work reported in this thesis, and highlights a number of suggestions

for future lines of investigation.

8.1 Conclusions

The primary aims of this thesis were two-fold. Firstly, the major experimental goal
was to commission, characterise, and optimise a crossed-molecular beam machine,
including a hexapole state-selector apparatus, that could be used to investigate the
fully quantum-state-resolved, rotationally inelastic collisions of simple molecules
with rare-gas partners. Secondly, a principal aim of this work was to continue
the development of novel, trajectory surface-hopping, quasi-classical trajectory
algorithms that probed non-adiabatic effects in the electronically and rotationally
inelastic collisions of the OH(A, v = 0) + Kr and OH(A, v = 0) 4+ Xe systems. In
addition, this thesis also reported provisional, theoretical rotational energy transfer
cross-sections that were calculated on a novel, variable-r PES for the OH(A)+Kr
system. In these calculations, the bond length of the OH radical was allowed
to vary over the course of the trajectory, allowing for an investigation into the

r-dependence of the PES for the first time.
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Chapter 3 of this thesis reported experimental and theoretical data relating
to the rotationally inelastic scattering of NO(X)+Ar at three different collision
energies: 469 cm™!, 1480 cm ™!, and 2210 cm™~!. This non-reactive collision system,
which has been studied extensively in other work [15, 21, |22, |35, |38, [79-96], was
chosen to calibrate and characterise a newly commissioned CMB machine. To that
end, the data collected at 469 cm~! and 1480 cm ™!, which came about from the first
scattering experiments to be conducted on this apparatus, were used to: maximise
the overlap of the molecular beams and probe lasers in time and space, refine the
ion-optics, detector, and camera settings necessary for decent velocity-map imaging,
and determine the numerous input parameters for the analysis programs that were
used to generate fitted images and experimental DCSs. The empirical data collected
were subjected to rigorous comparison with quantum-mechanical calculations and
were generally found to be in good agreement with theory in that the calculations
successfully reproduced the number, angular distribution, and relative intensity of
the peaks in the fitted DCSs (within the limit of current experimental resolution).

Following this, an extensive set of experimental images (which included scat-
tering into the full range of energetically accessible rotational states for spin-orbit-
conserving and spin-orbit-changing collisions) were collected at a collision energy
of 2210 ecm™!. This energy is considerably higher than any other reported in
the literature and, as such, provided a unique opportunity to study high-energy
dynamics of the NO(X)+Ar system by probing the repulsive region of the PES.
Fully quantum-mechanical calculations were found to reproduce the trends shown
in the empirical data relatively well. Detailed consideration was given to the various
input parameters for both the simulation and fitting procedures used in this work
in an attempt to account for currently observed discrepancies at low and high 6
in the DCSs. To that end, it is recommended that future work continue to refine
and optimise the instrument function used in the simulation and fitting algorithms
in order to model experimental reality more accurately.

Chapter 4 of this thesis presented a combined experimental and theoretical

study of the rotationally inelastic scattering of ND3(X) + Ar at a collision energy of



8. Conclusions and future outlook 235

405 cm~!. These experiments were the first to involve the use of a newly commis-
sioned hexapole state-selector apparatus, which required meticulous calibration to
ensure that the voltages applied to the hexapole rods generated a high-density gas
pulse of optimal rotational-state purity. The experimental images that were recorded
were subjected to rigorous analysis and interpretation, including, but not limited to:
a direct comparison with experimental data collected previously at a similar collision
energy |160], an assessment of the agreement between the experimental data and fully
quantum-mechanical calculations |46, 160], and a number of additional, in-depth
analyses that aimed to confirm the accuracy of the fitting algorithms used elsewhere
in this work. Ultimately, the experimental data showed good agreement with those
collected previously and with the output of quantum-mechanical calculations, in
that each data set confirms that the k—k’ distribution is intensely forward-scattered
for all the states that are readily detectable by REMPI-VMI techniques.
Chapters 5 and 6 outlined the continued development of novel theoretical treat-
ments of non-adiabatic effects in the OH(A, v = 0) + Kr and OH(A, v = 0) + Xe
systems. In this work, currently available 2D, three-state, TSH QCT algorithms
[25, |26}, 33, 1226] were expanded to include the full range of electrostatic and roto-
electronic couplings for the OH(A, v = 0) + Kr system. Combined with the use of
variable-collision-energy (rather than fixed-energy) algorithms, the most complete
QCT model of OH(A, v = 0) + Kr has produced near-quantitative agreement be-
tween experiment and theory for a range of dynamical processes. Indeed, calculated
cross-sections for electronic quenching recovered 93% of the non-adiabaticity ob-
served experimentally. Moreover, QCT cross-sections for rotational energy transfer
and the depolarisation of the angular momentum of the OH radical have shown
decent agreement with experiment. An estimation of the matrix elements that
have not yet been calculated for the OH(A, v = 0) + Xe system, along with the
use of variable-collision-energy algorithms, led to a considerable improvement
in the agreement between calculated and empirical data (such that the most
complete model is able to recover 63% of experimentally observed quenching).

However, theoretical calculations continue to underestimate the magnitude of the
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non-adiabatic effects observed in the empirical data and it is recommended that
future work should seek to resolve this discrepancy.

Chapter 7 of this thesis expanded on the QCT models discussed in earlier
chapters by probing the r-dependence of the OH(A) + Kr and OH(X) + Kr PESs
for the first time. The theoretical data complemented previous experimental work
by Perkins on quenching and RET in the OH(A, v = 1) + Kr system [33]. In
the first instance, a number of calculations were run on vibrationally averaged
surfaces in which the bond length of the OH radical was fixed at various values that
corresponded to different vibrational quantum states [238]. The data generated
from these calculations were shown to be in good agreement with experimental RET
cross-sections and, in many cases, in quantitative agreement with experimental
total-removal cross-sections. Following this, variable-r calculations were run on the
new PES for the first time [245]. The resultant agreement between these data and
those measured experimentally was found to be generally poorer than that for the
fixed-r data. As such, it is recommended that future work aim to consider how to
best avoid unphysical energy transfers (such as those which violate the vibrational
zero-point energy requirement of OH) during the classical regime of the trajectories.
It is also hoped that future studies will further probe the accuracy of the new
PESs by developing a set of variable-r TSH QCT algorithms. The theoretical data
generated from these models can then be compared to the more extensive set of

v = 1 experimental quenching cross-sections reported in reference [33].

8.2 Future outlook

The experimental and theoretical work presented in this thesis naturally lend
themselves to continual development, refinement, and expansion. The experimental
investigations described herein have resulted in a newly commissioned CMB machine
that is capable of imaging the products of the rotationally inelastic scattering of
fully quantum-state-selected molecules by atomic collision partners. To that end,

complementary theoretical simulations of the various apparatus have been developed
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and rigorously optimised, such that experimental data can be accurately and reliably
simulated from quantum-mechanical or quasi-classical calculations.

The theoretical methods devised in this work are also amenable to a wide
range of applications, some of which may prove complementary to current and
future experimental investigations. To that end, a number of suggestions are

outlined in the text that follows.

8.2.1 Experiment

+ Characterisation of the quenched products of OH(A)+X — where X
is, for example, a rare gas or H; — using REMPI [187, 254-257] and
VMI. In the case where X = Kr or Xe, the resultant data could be compared
to the calculated OH(X) product rotational-state distributions reported in
Chapter 6 and elsewhere |26, [78]. Data for the OH(A)+H, system would
also provide a welcome extension to recent studies of angular-momentum

depolarisation carried out by Seamons [105, [258].

« Imaging the products from the OH(A)+H, reaction using REMPI
detection of H,O and Rydberg tagging of H atoms [194-201]. It may
also prove particularly interesting to employ coincidence techniques [259, 260)

to probe correlations between pairs of reaction products.

« Determination of the k — k' vector correlation (DCS) for the ro-
tationally and vibrationally inelastic scattering of OH(A)+Kr and
OH(A)+Xe. Such experiments, which could make use of a novel REMPI
scheme for detection of OH(A) (see Appendix A), would provide a natural
extension of previous studies referenced in this work [25, 26, 133, [226] and
would complement the extensive theoretical investigation of non-adiabatic

effects described in Chapters 5-7.

o Investigation of the inelastic scattering of bond-oriented, hexapole-
state-selected polar molecules by rare-gas atoms. In an extension of

the experimental work presented in this thesis, strongly polar molecules,
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such as ammonia and methyl iodide, could be hexapole-state-selected and
then oriented in space prior to collision with rare-gas atoms. If, in addition,
polarised laser light is used for product REMPI detection, the full four-
vector (r — k — k' — j’) correlation for the collision system can be measured

experimentally [35] |81}, 261-268].

8.2.2 Theory

e Fully quantum-mechanical calculations for non-adiabatic transitions

in the OH(A)+Kr and OH(A)+Xe systems. Though computationally
demanding and costly, there are recent examples of quenching studies that
employ three-state TSH quantum-mechanical calculations [33, [269]. The de-
velopment of fully quantum-mechanical non-adiabatic models would certainly
provide an interesting extension of the quasi-classical treatments discussed in

this work.

Application of the TSH QCT models described in Chapters 5-7 to
atmospherically important systems that also display significant non-
adiabatic dynamics. A potential candidate system is found in O(*D) + H,
(270, 271]).

Development of the variable-r QCT calculations described in Chap-
ter 7 to include surface-hopping capabilities. This would allow for a
more complete comparison of theory with the experimental data reported
in reference [33]. A semi-classical approach may also be pertinent to these
studies to avoid unphysical energy transfers into and out of the vibrational

degree of freedom of OH [246-250].

Extension of the current 2D and 3D QCT algorithms to investigate
diatom + diatom scattering. Many systems, such as OH(A)+Hs,, provide
new and exciting challenges since both collision partners can gain or lose
angular momentum over the course of a trajectory [196, 201} [272-277]. Careful

attention must, therefore, be paid to the binning methods used in QCT
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calculations [105] and to the conservation of vibrational zero-point energies in
variable-r calculations. Of course, in addition to electronic quenching, thought
would also need to be given to how to account for the reactive channel that
accounts for 80% of the products emerging in the ground-state OH(X)+H,
PES [195] 199].
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Towards a new experiment:
CMB studies of OH(A)+Rg systems

Chapters 5-7 of this thesis outlined the development of quasi-classical trajectory
algorithms that model non-adiabatic dynamics in OH(A, v = 0/1)+Kr/Xe collisions.
The experimental data to which the theoretical calculations were compared were
taken from LIF-ZQBS experiments and, as such, they offer absolute cross-sections
for scalar processes such as electronic quenching and RET, as well as for the
two-vector correlation between the initial (j) and final (3/) angular momentum
vectors of the OH radical.

A key aim of building the new, compact, CMB machine described in this thesis
is to further our understanding of non-adiabatic dynamics in OH(A) systems. To
this end, it is anticipated that the newly commissioned apparatus will be used to
investigate the k — k’ correlation in the OH(A)+Kr/Xe systems. To our knowledge,
no previous work has been published on the DCSs that result from the inelastic
scattering of OH(A) radicals and much of the work in this thesis has been driven
by a desire to build a machine capable of realising these experiments in the near
future. To achieve this, a source of OH radicals and a suitable product-detection

scheme are required — both of which are now discussed in detail.
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A.1 Pulsed-discharge source of OH radicals

Because of their short lifetimes and high reactivity, OH radicals must be generated

in situ. Common methods to achieve this include

1. the photolysis of parent molecules such as hydrogen peroxide [6} 7, 278|, and
nitric acid [25] 26 78} 230, 279, [280],

2. radiofrequency discharge [281],
3. chemical reactions [282], and
4. direct current (DC) discharge [187, 255-257| 283, 284].

There are notable issues with using photolysis or chemical reactions to generate
OH, which include the premature decomposition of parent molecules and the
formation of unwanted (and often corrosive) by-products. Of the discharge sources,
the DC method is the simplest and most cost-effective.

To that end, a pulsed-discharge source of OH radicals was designed and built in-
house, largely on a model published in reference [285], with elemental contributions
from reference [187] and reference [286]. Directly in front of the molecular-beam-
valve face-plate are mounted four discs, shown in Figure two stainless steel
electrodes, and two insulating spaces (made from MACOR®). The spacers and
metallic discs are mounted alternately and encased in a MACOR® housing to isolate
the conducting plates from each other and the metallic face-plate.

The spacer and electrode closest to the valve nozzle each have a central hole
of diameter 2 mm and the pair further away from the face-plate both have holes
of diameter 4 mm. The larger diameter of the downstream discs is intended to
accommodate the increase in beam width that comes about as a result of the
supersonic expansion.

As noted in Chapter 3, the primary-molecular-beam valve used in this thesis
produces a gas pulse with a full-width half-maximum (FWHM) of ~ 150 us. After

the valve opens, a pulsed voltage of around —1.5 kV is applied to the downstream
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MACOR®

Stainless steel

Figure A.1: Diagram showing the four discs that constitute the pulsed-discharge source
of OH radicals. The discs are mounted in front of the primary-molecular-beam-valve
face-plate, from left to right in the order they are shown. A negative voltage is applied to
the stainless-steel electrode on the right; the electrode on the left is grounded. The pair
of electrodes is separated by insulating spacers.

electrode for a period of tens of microseconds. The electrons then discharge to
the upstream electrode (which is grounded) and, in the process, some are used
to dissociate one of the O—H bonds in the water molecules present in the gas
mixture. Notably, the direction in which the discharge electrons are accelerated
counterpropagates that of the molecular beam, since this produces a more stable
discharge [285)].

Whilst the discharge is in operation, 3 A of DC are passed through a tungsten
filament that is held in position just below the molecular-beam valve. The presence of
the filament acts to further stabilise the resultant discharge at short pulse durations.
In doing so, it reduces the voltage that is needed to generate a sufficient population
of OH radicals, meaning the nascent beam is also rotationally colder. As discussed
in reference [285], the discharge pulse duration is intentionally much shorter than
that of the molecular-beam valve. Reducing the time during which the discharge is
supplied causes a further decrease in the rotational temperature of the beam. As
the aim of these experiments is to investigate the rotationally inelastic scattering of
low-7 OH radicals, it is crucially important to generate the coldest beam possible.

At the time of writing, the newly built pulsed-discharge source is being incorpo-
rated into the experimental apparatus, and it is hoped that experiments relating
to the inelastic scattering of OH(X) and OH(A) will begin shortly.

Chapter 4 described the design, implementation, and characterisation of a

hexapole-state selector to generate and isolate polar molecules in a specific quantum
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state. If similar scattering experiments are to be carried out on hydroxyl radicals
in the first-excited electronic state — whereby a primary beam of OH(A) radicals
undergoes collision with a secondary beam of heavy rare-gas atoms — a method is
required by which to populate a single quantum state in the OH(A) molecule and,
furthermore, a state-selective technique is needed to detect post-collision OH(A).

A number of potential detection schemes are now discussed in turn.

A.2 Novel REMPI detection scheme for OH(A)

The combined use of a pulsed-discharge source and hexapole state-selector allows
for the preparation of a significant population of OH(X, v = 0, j = 1.5, QH%, f)
radicals |187, [254-257, [287]. From this starting point, a number of options are now
outlined for the quantum-state-selective preparation and detection of OH(A, v, j, fi)
radicals. Figure[A.2] which has been adapted from references [288] and [289], shows
the potential-energy curves for the OH radical in various electronic states, all of
which are discussed in the sections that follow. As an aside, although the detection
of OH(X) via the D state is well-documented [187}, 254257, 287, no consideration
is given to the D state as a viable resonant intermediate for the REMPI detection

of OH(A), since the required D*Y+ « A 2X% transition is symmetry-forbidden.

A.2.1 (14+1) REMPI detection of OH(X *II) via the
OH(A 2X7T) state

This method, published in reference [280] and reproduced in Figure[A.3] is primarily
used as a (14 1") REMPI scheme for the detection of ground-state OH(X) radicals
via the A electronic state. The OH(X) radicals absorb a single photon from a tunable
laser at around 282 nm to access a specific OH(A, v =1, j, f;) quantum state, and
then a single photon at 118 nm is used to ionise from OH(A). Photoionisation from
OH(A) initially accesses the OHT (A Il 3d) Rydberg state, which then undergoes
Auger decay [290, 291] to the ground, cationic OH' (X 3% 7) state. Importantly, the
energy from the VUV photon is sufficient to reach the OH™ (A 3II 3d) state from

OH(A, v = 1), however, there is not enough energy available to access this state from
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Figure A.2: Potential energy surfaces, adapted from those reported in references [288]
and [289)], for various electronic states of the OH radical.

OH'
8.50 eV 118.0 nm
OH(A, v = 1)
4.40 eV 282.0 nm
OH(X, v = 0)

Figure A.3: Established detection scheme for the OH(A, v = 1) radical based on direct

ionisation from OH(A, v = 1) [280]. The numbers and arrows in red indicate the energy
separation of successive states; those in blue show the suggested energies of the photons

used to achieve the desired transition.

OH(A, v = 0). Thus, this method would be suitable for investigating the inelastic

scattering of vibrationally excited OH(A), and could potentially complement the

experimental and theoretical data already discussed in Chapter 7.

In the method published in reference [280], 282 nm light is generated by frequency
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doubling the output of an Nd:YAG-pumped tunable dye laser. After a 20-ns delay,
a fixed-frequency 118 nm laser beam, counterpropagating to the initial UV pump
beam, is used to ionise the OH(A) radicals. 118 nm light is generated by frequency
tripling the third harmonic of an Nd:YAG laser in a phase-matched 1:10 Xe/Ar gas
mixture. The 355 nm output of the Nd:YAG laser is focused with a quartz lens
into a stainless steel cell, and a magnesium fluoride lens is then used to selectively
focus the VUV beam into the centre of a free-jet expansion of OH radicals. Beames
et al. report that OH(A, v =1, j = 8.5, f1) is the highest rovibrational state that
can be detected using this method. It is also noted that the relative intensities
of OH(A, v = 1) + OH(X, v = 0) transitions detected by (1 + 1) REMPI are
different to those observed in LIF experiments.

It would be possible to carry out CMB experiments on OH(A, v = 1) + Kr/Xe
dynamics and detect the scattered OH(A) products using the method outlined
above by increasing the time delay between the 282 nm and 118 nm lasers. In
previous LIF-ZQBS experiments on OH(A)+Kr dynamics, conducted by Chadwick
et al. |25, |33], fluorescence signal was recorded from 200 — 300 ns after the pump
laser was fired. The initial delay was to avoid the effect of scattered light on the
fluorescence intensity observed; the fluorescence signal after 300 ns was ignored
so that the data were not influenced by secondary inelastic collisions. In future
CMB experiments on this system, where the effects of scattered laser light are
unimportant, it may be possible to use a 100-ns delay between firing the 282 nm
and 118 nm lasers to allow enough time to observe the results of primary scattering

events before ionisation takes place.

A.2.2 (1+1) REMPI detection of OH(A ?Y") wvia the
OH(B ?%*) state

This section presents a possible alternative to the direct ionisation of OH(A) outlined
above. Note that, in this and subsequent sections, the energies of the various

electronic states are those reported by Herzeberg [115]. A significant population of
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+

OH

4.39 eV 278.0 nm

OH(B, v = 0)

4.46 eV 269.0 nm

OH(A, v = 0)

4.05eV 308.6 nm

OH(X, v = 0)

Figure A.4: Potential REMPI detection scheme for the OH(A, v = 0) radical that
utilises OH(B) as a resonant, intermediate. The numbers and arrows in red indicate the
energy separation of successive states; those in blue show the suggested energies of the
photons used to achieve the desired transition.

the desired OH(A, v, j, f;) state is first prepared from a beam of hexapole-state-
selected OH(X, QH%, v =20, j =15, f) radicals. The desired OH(A) A < X
transition can be achieved using the frequency-doubled 308 nm output of a tunable
dye laser pumped by the second harmonic of an Nd:YAG laser at 532 nm and
containing Rhodamine 6G dye in methanol.

After around 100 ns, during which time the nascent OH(A) radicals are free to
undergo collisions with Kr or Xe atoms, it is suggested that the OH(A) molecules
are detected using one-colour (14+1) REMPI, via the B state, at around 269 nm, as
shown in Figure [A.4] This wavelength can be produced by frequency doubling the
output of a dye laser pumped by an Nd:YAG laser at 532 nm and containing
Rhodamine 575 dye.

The Frank-Condon factors for various OH(A, v') + OH(B, v) transitions
were reported by Bergeman et al. [288], and are reproduced in Table . In
general, transitions from the OH(B, v = 0) state show the strongest overlap with
low OH(A, v') states, and are uniformly high for v < 4. In contrast, the most
favourable overlap factors for the OH(B, v = 1) state are seen for transitions

to higher OH(A, v') states.
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v
OH(A)
0 1 2 3 4 5 6 7 8 9
OHB,v=0) | 527| - |674|896|7.53|4.17|1.53|3.49 | 3.78 | 6.21
OHB,v=1) | 1.21]6.09| 1.29 | 1.50 | 1.04 | 4.28 | 9.21 | 5.37 | 5.16 | 6.27

Table A.1: Frank-Condon factors, reported by Bergeman et al. [288|, for selected
OH(A, v') + OH(B, v) transitions.

Bergeman et al. report lifetimes of 2 us for the OH(B, v = 0) state, and 3 us
for the OH(B, v' = 1) state, which are more than sufficient for them to act as
resonant intermediates for REMPI detection. Notably, the lifetime of the B state
was found to be three times larger than that of OH(A). This is unsurprising, given
that the B state consists of a weakly bound hydrogen atom attached to an O(1S)
atom, for which radiative decay to form H(*P) and H('D) is highly forbidden
at the atomic limit [288]. Bergeman et al. also note that OH(B) is unlikely to
be affected by predissociation. However, it should be borne in mind that the
potential-energy curve for the B state is much shallower than that of the A and X
states, and there is a considerable risk that population of the B state will ultimately

lead to molecular photodissociation.

A.2.3 (1+1) REMPI detection of OH(A ?Y") via the
OH(C ?%*) state

As before, a significant population of radicals in the desired OH(A, v, j, f;) state is
first prepared from a beam of hexapole-state-selected OH(X, 2IT 3, V= 0, 7=15, f)
radicals. However, in this instance, the suggested detection method is REMPI, via
the OH(C) state, using a (241) scheme at 358.3 nm, as illustrated in Figure [A.5]
Photons at this wavelength can be generated by pumping a dye laser containing
LDS 698 dye in methanol with the third-harmonic output of an Nd:YAG laser.
The Frank-Condon factors for given OH(A, v') <« OH(C, v) transitions,
as reported by Bergeman et al. [288], are shown in Table [A.2] In contrast to
the trend shown by the OH(A, v') <+ OH(B, v) data, it appears as though the
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"N
+
OH
1.93 eV 358.3 nm
A 4
OH(C, v=0) \
6.92 eV A 2 x 358.3 nm
OH(A, v=10) —%—
4.05eV 308.6 nm
OH(X,v=0) —¥%

Figure A.5: Potential REMPI detection scheme for the OH(A, v = 0) radical that
utilises the OH(C) state as a resonant intermediate. The numbers and arrows in red
indicate the energy separation of successive states; those in blue show the suggested
energies of the photons used to achieve the desired transition.

OH(A)
o | 1] 2|3 4|56 7|8]09

OH(C,v=0) | 537 | 3.97| 1.45| 3.49 | 6.33 | 9.21 | 1.09 | 9.44 | 4.47 | 3.83

OH(C,v=1) | 1.28 | 7.91 | 2.34 | 4.38 | 5.75 | 5.52 | 3.72 | 1.37 | 7.90 | 3.09

Table A.2: Frank-Condon factors, reported by Bergeman et al. [28§|, for selected
OH(A, v') + OH(C, v) transitions.

strongest overlap is seen for transitions between OH(C, v = 0) and intermediate/high
OH(A, v') states, and between OH(C, v = 1) and low/intermediate OH(A, v’) states.

Table reports lifetimes, in ns, for the OH(C, v' = 0) and OH(C, v' = 1)
states. In general, the lifetimes published by Bergeman et al. |288], Quickenden et
al. [292], and Smith et al. [293] are in good agreement. Notably, a much shorter
lifetime for the A <— C transition (of around 2 ns) is reported by Smith et al. in the
1700 — 1950 A region, however, this is not inconsistent with the assignment of at
least part of these bands to X < C transitions. In contrast, Remy [294] reports a
significantly higher lifetime of around 80 ns. They also quote an instrumental decay
time of 15 ns, meaning that, in any case, the transitions observed by Bergeman

et al., Quickenden et al., and Smith et al. would have been prevented from being
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OH(C, v') lifetime / ns
V=0 v =1
Bergeman et al. [288] 42408 3.54+0.8
Quickenden et al. [292] 3.9+0.5 3.7+£0.6
Smith et al. [293] 59+1.2 6.1 +1.2
Remy [294] 80.0 £5.2 -

Table A.3: Lifetimes for the OH(C, v = 0) and OH(C, v’ = 1) states.

recorded. Interestingly, in the experiments conducted by Remy, as in those proposed
in this thesis, the OH radicals are generated by passing a pulsed discharge through
water vapour, and Remy subsequently attributes the longer lifetime of OH(C) to
the presence of molecular hydrogen in the gas mixture.

Smith et al. [293] also note a lack of predissociation in the OH(C, v’ = 1) state,
since crossings with repulsive potential-energy curves are situated well above that
for v/ = 1, and no appreciable kinetic isotope effect is seen in the comparison of
data for OH and OD. This claim is supported by Bergeman et al. [288]. Notably,
although Easson and Pryce [295] assert that the C state is crossed by many
repulsive potentials that would facilitate efficient predissociation, none of these
are energetically accessible in the first-excited vibrational state. However, whilst
low-pressure sources only show transitions from OH(C, v" = 1), higher gas pressures
allow the measurement of transitions from OH(C, v' = 3) [289], and so the effects of
predissociation may become more noticeable here. In any case, Smith et al. report
that absorption into the C state will ultimately result in photodissociation. This
is compounded by the fact that lifetimes for the A < C region showed effects
of blending and cascading. Moreover, the A state is also predissociated for all
rotational levels of the vibrational states of the electronic transitions lying in the
region observed in reference [293], which, together with the other factors discussed

in this section, makes it an unfavourable candidate for OH(A) REMPI detection.
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A.2.4 (2+1) and (3+1) REMPI detection of OH(A ?%T)
via the OH(3 2II) state

(3+1) REMPI detection of OH(X), via the OH(3 %II) state, has already been
reported in reference [296], and is based on the absorption of four photons at
293 nm, generated by frequency doubling the output of an XeCl excimer-pumped
dye laser. This section focuses on possible REMPI schemes (shown in Figure

for the detection of OH(A) via the same resonant, intermediate state; these include:

o one-colour (2+1) detection at 286.8 nm, produced by frequency doubling the
output of a dye laser pumped by the third harmonic of an Nd:YAG laser and

containing Rhodamine 6G dye in methanol;

 one-colour (341) detection at 430 nm, produced by frequency doubling the
output of a dye laser pumped by the third harmonic of an Nd:YAG laser and

containing Coumarin 440 dye in methanol.

Although quantitative values of the Frank-Condon factors for the overlap of
the A and 3 2II states were not found in the literature, based on the comparable
shapes of the OH(X) and OH(A) potential-energy curves in Figure it can
be assumed that the relative overlap of the X and A states with the 3 2II state
is similar. Thus, since REMPI detection of OH(X) wia the 3 2II state is viable,
it may be assumed that the same can be said for OH(A) in terms of the overlap

of the initial- and resonant-state wavefunctions.

A.2.5 Summary

The preceding sections outlined a number of proposals for REMPI schemes that
could be used for the detection of OH(A) radicals in CMB experiments that also
employ a newly commissioned pulsed-discharge source of OH radicals. The suggested
methods include a modification to a scheme used previously in reference [280], as
well as several novel procedures that would involve REMPI detection of OH(A)

via the B, C, or 3 2II states for the first time.
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. 286.8 nm
OH 430.0 nm

1.93 eV =%
OHBM, v=0) |

6.92 eV 2 x 286.8 nm 3 x430.0 nm

OH(A, v=0)—%—=

4.05eV 308.6 nm 308.6 nm

OH(X, v=0) —¥

Figure A.6: Potential REMPI detection scheme for the OH(A, v = 0) radical that
utilises OH(3 2II) as a resonant, intermediate. The numbers and arrows in red indicate
the energy separation of successive states; those in blue show the suggested energies of
the photons used to achieve the desired transition.

REMPI detection via the C state is deemed to be the least favourable, owing to:
poor Frank-Condon overlap factors, a relatively short lifetime in the C state, and a
tendency for excitation to the C state to lead to photodissociation. A scheme that
involves excitation via the B state may prove more successful. The Frank-Condon
factors for B — A transitions are considerably more favourable than those for C — A,
and the B state has a significantly longer lifetime (some 2 — 3 us). The B state
is also not believed to be affected by predissociation, and B — A transitions are
favoured by a smaller energy gap than for C — A.

The 3 211 state is also a viable option as a resonant intermediate in the detection
of OH(A). A (3+1) scheme for the ionisation of OH(X) that proceeds via the 3 2II
state is already available [296] and, based on the potential-energy curves shown
in Figure [A.2] there should also be favourable Frank-Condon overlap between the
A and 3 ?II states. One notable drawback of this scheme is that the suggested
wavelengths require the absorption of either three or four photons. Multi-photon
absorption demands considerably more laser power, owing to the fact that the cross-
section for absorption is appreciably lower. As such, it is possible that this smaller

absorption cross-section will counteract any benefit of having better Frank-Condon
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overlap than for B — A transitions.

In summary, it is recommended that REMPI detection of OH(A) could be
attempted either by modification of the method described in reference [280], or
via novel schemes that utilise the B or 3 2II states as resonant intermediates. The
relative efficiency of the latter two schemes will depend largely on molecular-beam

densities and ionising laser power.
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ds $°691 = A ON wyyj :: Iojewered ‘(ds)[ear
weaq se3 ON — sofrjord weeyg |
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B. Input files for simulation algorithms

I19qoweied
I990wered
I199oweied
I91oweied

¢ 19899 u1
‘ 19893u1
¢ 19809 uI
I989ajul

(T+6xproxewn )« ((g+oz1s” Swl)+T)*((g*xozis” Swl)+71) = sjuowo[o gJuwrord
((gxozts™ Swt)+171)((gxozis Swl)+1)x((g*xozls Swi)+7]) = pg sjuawo[d Jul
((g*ozts” Swr)+1)*((g*xozls” SwWl)+]) = pg SIULWO[O Jul

(g*xozis  Swi)+] = sjuowole  Suul

CxWIPWIPXRW = SWIWIPWIPXEU

(T+g*uwIpxeu ) x (14 ¢+ WIPXeW ) = WIPWIPXeW

Qg+ WIPXeW = ()ZUWIPXeU

T+uwpxew = jdwrpxewt

6] = S038}S wWNU

dsT (1 = 3erds aop 3s

dsT 000 = ySem g

ds Gg0'0 = Inyg 9101,

gribsaur x gQIy = gs[eglribsaur

gribsaur x [QTy = [s[egiibsaurn

ds™ 0 09¢/1dxdp (- g+Sue 3y yumy = (9gAarprdsuesyuymyy

dsT0'09¢/1dxdp ( g*xSue ON yumj = (g9garprdsurouwmiymyy ::
siojowrered O[IR)) OJUOIN |

dp 0081 / 1d % dp 006 =®10U)I

dp 01

dpo'¢ / dp—

¢iabs / dp 01

0

= 10991381

= #U.Hﬁﬂ&@

= ¢tibsaur

dp 8050c€L' T = ¢3ibs

¢Yibs x dp G0

= g31ibsaur

dp 0660£L€C9GETICHIF T = ¢1ibs

I9towered ¢ 1089juUl
19roweied ¢ 1939jul
191owered ¢ 103809)UI
I9roweied ¢ 19389jul
191owered ¢ 103899)UI

siojowrered eje( |

1ogowered ¢ (ds)eor
1oremered ¢ (ds)ear
1ogowered ¢ (ds)eoar

sorgrguenb inyg

Iojoweled ¢ (ds)[ear
1ojowered ¢ (ds)eax
Iojowered ¢ (ds)ear
1ojowered ¢ (ds)yeax

1ogowered ¢ (dp)eor
1orewered ¢ (dp)ear
siogowered ysinbg

1ogowered ¢ (dp)
Ierewered ¢ (dp)
1ogowered ¢ (dp)ear
Ierewered ¢ (dp)
Iojowrered ¢ (dp)



B.1. NO(X)+Ar

0 = THUNOS[I®} i WIDAINI

TISNDIS (V) YTDHINI

M1 (§) YHDHEINI

gpuewwiod (GOT=uo[ )YAIDVIVHD
puewros  (0g=wo[ ) AIDVIVHD

aI0Y puewmod (g=uol )YAIDVIVHD
US| Jewrio] (¢=ud] )YAIDVIVHD
s1seq jewIo} (Lg=uo[ )gAIDVIVHD
(¢)owreu ofewt (Fg=uol )YAIDVIVHD
89171 (g=Ud] )YATOVIVHD

(1:0) Surays (gg=uo[ ) YAIOVUVHD
oppdiy  (12=uoT ))gAIDVIVHD
1oy (RT=ud[ )YAIOVIVHD

00201] (RT="Ud] )YAIDVIVHD
ysew(y (8T=uo[ ) YAIOVIVHD
(z)gindino (g1=ud] )YAIDVIVHO
(¢)sndino (OT=uol JHATLOVUVHD

Loxe (I=uol )YALOVIVHD

(WITpXeu : WIPXRW — WIPXeU : WIpXewW —) 1599 sop (dp)[eal
ouou j1o1duwI
s19jouweied asn

S9[qeIieA O[NpPOW

siojowered o[npow pud
suorjtutjop O[qRLIBA |

264

(T+pioxewn ) (T+0z1s” SWlxg)*([+0zIS SWIxg) = WIpPseq :: 1or0wmered ¢ 10307Ul
(T+gxproxewn ) (]+ ploxew ) (]+pIoXewxg) = wWIpwowy :: Iojowered ¢ 10803ul
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B. Input files for simulation algorithms

o

PoosT YIOHINI

110 dutr YIOHINI

jaeys Swr YAOLINI

pus Swl YHOHINI

Swt YHDHLNI

819911 VADHINI

199 [0 YIDHHINI

I991T YIOHINI

P10 T YHOHINI

NS 1Tt T YADHINI

xew Swl 1dxo YAOHINI
OYIIM ™ 110 YIOHINI

soppd 110 YIDHHINI
o1YpPuUd YADHINI

193UN0d YHOHINI
(upxew: () pureoo YIOHLINI
(&) AMMVI MIDAINI

dANAN HHOHAINI

dXNXN YIDHINI

ssned N YIDHLINI
ﬁmOmo@NdE \mMUEZH

T YIOHINI

AN YIOHINI

XN YIOHINI

10 LN YIOHINI

ANA M2 YIOHINI
LUVIS MO YAOHAINI

prwrp anyg YIOALINI

= pjunoojrey :: YIOHINI
= gjlunoojrey :: YIOALNI
= giunoojrey :: YIOHINI



SdL YIOHIINI

duwrey owry 31eys YADHAINI
owIr} j1e}s YIOHAINI
drys YIOHAINI

I93UNnoos mmwm,HZH
119pedI YIDHHINI

oIy 1 YHHHINI

drod YHAHHALNI

[“ 3% s ° b dyIOIINI
wow ¢ dAU O INI

dxu YHOHINI
(¥:0)e0ownu YADOHINI
sjuowow Il wnu YIOHINI
wnsu HHTOHLNI

Mo YHOHINI

ju‘ 1u YIOEINI

[TopIow YIDHINI
Jroprou YHIOHHINI

1991 dwnu YHOHINI

[0 YIDHINI

wipu YTOHLNI

[0oU YHDHLNI

(F:0)3ur ropiowr WIOHHINI
W YHOHINI

W YIOHINI

1se] YIDHLINI

1oy [ YHOHINI

(0 YIOHINI

(ouoSw) 18091 YADAINI
QQSOOﬁdﬁpprw mmwmrﬁé
Suriu YHOHINI

B.1. NO(X)+Ar

260
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B. Input files for simulation algorithms

dp 00 = ouzp (dp)reo1
dp—0'0 = oufp (dp)ead
dp 00 = ouxp (dp)reoz
dwey £ (dp)[eer

dwrogf1 ¢ dweyxr (dp)yeor

A£19911083119 TYDIOHOT
3e[ys TVOIDOT

wis TyOIDOT

mrqer TyDIOT

Seyy jepsod TyDIOOT
SeryIno TyOIOOT
soppdirydiuo TyDIOOT
sopyrjAruo TyPIDOT
stseqA(uo TYDIOOT
Se[go TVIIDOT
Ly1a1g00I03UT TYOIDOT
($:0) Iopiowr I18809ul
Seryp (dp)rear
Seydwod TYDIOOT
pojuemM” pris8  in[q TyOIOOT
Sej TVIIDOT
pojues TN TVOIDOT
HONVYI TVOIDOT

[eryu (=pury ) IOEINI
03U (8=PUuLY ) YIOHLLINI
001030 (8= Puly ) HAOHAINI
(7:0) 200081 YADEINI
QIO jrun WAOHAINI

[10P 101 YAOAINI

(6:0) 910y 10p10} YIDHINI
o107 e3oYl YAOHAINI



B.1. NO(X)+Ar
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dp 00

(
(

¢)
¢)
(¢
(¢
(¢

YOHAON ®A
YOHXON ®A
)Z YOH %A
JA HOH %A
)X HOH A

d 8 A

USTH®IY T,

(£)ONdTY

mpq [eIpey

drya
(€)1SIPON
100 14y

Iouqiedo

A THM

A £ysueguy
H 4rsuajug

¢S HOOH
s HOOH
(z°08T1:0° ploxew : pioxew—)Idxe jUeWOW |

(g ‘ ploxew : proxew—)1ysom  JXH

PPLOYH
PLOYH

ILOYH
spun

ALOYH

g4

g1oey do(q

190%] da(q

(81:1)0I13U0)

AO ‘HO ‘ATCV ‘HZeV ‘HOTV ‘A0TV

WNS[[0DA
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B. Input files for simulation algorithms

(proxew:T—)bstyo
prory»
wiprygo

MmyouRIq

(pIOXeW : PIOXRUW — ‘WIPXRW : () ) WIS]

(

Igouriq
(g)Juyoueq

[eAa youwelq

®v19(q

(g)ga xue

(¢)ga xne

(g) 12 xue

eydre

A SoI Zge

H sol gge

A SoI Tge

H sol 1ge

A SoI (ge

H soI (ge

A SoI TTe

H sor T1w®
(¢)we1HZZ
(¢)11007

(€)ON 1°DA

(€) 10D A
(¢)dsggg 103907
(€)7Z 9gg 10300/
(€)X 9gg 10390
(€)X 9z 103997
€)1 93¢ 103904
(€)HOHZON ®A



B.1. NO(X)+Ar

270

(g:0)wns dxo

(g ‘ proxew : proxew—)ibs— dxo
dieiae

[9IAD

Koump

XSYMp

oulp

Sy

Iap

(oz1s™ Swil:ozls” SwWI—‘097zIs” SWI:eZIs JWI—)WOUIP
P

80€P

9¢cP
(g+pIioxeur:()) 0oAd

uroovIVY) S0D

Qe219Yy) so0d
®9)9Y) SOD
yd™—soo
o[3ueo  soo
1sdg™ soo
ydyg ™ soo

(pIoXew : ()¢ PIOXRUI:()) 09AD0D
(pIoxeu:()) MOUD0D
(proxew:()) 41J000

(proxeur:()‘ §) U1jo 0o

(g proxew:()) wifjjo0o
(pIoxeur:()) u1)soqjjo0o
(proxeur:()) 1s0qJJo00
(proxeu:()) Jjooo
(pioxew:()) 000

(T+g*PIOXeW [ 4 PIOXRU ) e [OD

ICER
[eo1
ICER
[eo1
[eoa1
[eo1
[eo1
[eoa1
[eo1
[eoa1
[eo1
ICER
R
[eoa1
[eo1
[eo1
ICER
[eo1
[eoa1
[eo1
[eoa1
[eo1
ICER
[eoax
[eoa1
[eo1
[eoa1
[eo1
[eo1
[eo1
[eol

T S I T O T T T T I I T T T T O T N T T T e T O N O T - = e e T e T e T =
pelielsololisolisolisc oo lololiscliscBc o lololisc o Bc BN BoBo o BN NN B o Bio Jso o)
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B. Input files for simulation algorithms

ATgzreqoxd
qrgeqord
AQgrqoxd
qogeqord
ATTRqOxd
qrreqord
axewrxid
yxewxid
rogxtd
sejargrd
wootyd
jor 1yd
11ed
19pgoed
19p9ged

(owodwr) 313p10

o[suyo

d 3ue ou
o007
19007
pury

(oueSw‘ () T)ouad
(G*ploxeuw : ()¢ pIoXeu : ()¢ PIOXRU : PIOXBUI— ) U UIOUL]

(81) 90071}

(owoSur) ssou)I1]

1

(pIoxew : proxew — ‘wipxew:() ) ¢dxoj
(pioxew : proxew — ‘wipxeut:()) gdxaj
(pIoxew : proxew — ‘wipxew:()) 1dxoj

(QT*pIoxeur:()) 99A39]
(pIOX®W : pIOXRW — ‘ PIOXRU : () ¢ WIPXRUW : () ) STS®Q]



B.1. NO(X)+Ar

272

(WITpXeU : WIPXRUW — ‘WIPXRUI : WIPXRW — )1 SWI WIS
(WIpXeW : WIPXeUW — ‘WIPXRU : WIPXRW — ) SWI WIS

(871:1)ewd1s
mipqs

Z1

A1

X1

dypourx
JypouLl
zoudy1
Aoudyu
xoudy1
ZOUYI

Aouyx

Xouyl

17 Sue 31

d 8ue 31

I

goglord
9ggloxd
sopisaqoid
¢grorqoad
1Z201qoad
0g103qoad
1130%qo1d
sopioyqoxd
ropqouxd
IsA~ sopqoad
10y~ sopqouxd
Aggeqoxd
yggeqoid

ICER
[eoax
ICER
[eo1
ICER
[eo1
[eo1
[eoa1
[eo1
ICER
[eo1
ICER
R
[eoa1
ICER
[eoa1
[eo1
[eo1
[eoa1
[eo1
ICER
[eo1
[eoa1
[eox
ICER
[eo1
ICER
ICER
[eo1
[eoa1
[eol

I T T T T T I o O i o T o T e P o R O o T T o I o T T S T o T o T o T o I o i o Y
T T TV TV T T TV T T T T T T T wnwTT T T TTTT T T T T T T T



273

B. Input files for simulation algorithms

yeod ga
yeod 1A

(T+g*pIoxXew‘ 4 PIOXRU ) D9A  jJIUN

(:¢:) amrjodduoy
(:¢:) quijodduey

demseioy
9ARS®R1IOT)
moielayy
wWooeIdYY
101 ®1}9T1
80¢®Ia7l
9¢ceIdyl

113 QeIoT}

OLEEL:!

Aoudyiduwoy
a[qejesofe
a[qejedo[®

xoudyrdursy

[109%
[ppou 3
JIjuns

wourumns

dowds

uroowr)ey) UIS
oeloyy urs

®)O) UIS

1) 8ue 31 uIs

qd - urs

o[duro  uIs
18uRQON UIs
©19Ylg UIs

1sdg ™ uris
qdg  urts

¢

¢



(02 666:0)SDAAd

LINIO
"INIAO
[IOVA

(oz1s™ Swt:ozls Swl—‘ozls Jwl:ozls dJwi—)dwo) JIgseq
(oz1s™ Swir:ozls” Swr—‘ozls” Swl:oezls” Swi—)ds)jigseqg
(oz1s™ Bwit:ozls JwWI—‘0zIS JWI:0zIS SwWi—)))THseqg
(ez1s™ Swir:ozls Swr—‘ozIs” Swl:oezls  SwIi—)lI[seqg

(0T)DHADMY

11e]s 3ue

B.1. NO(X)+Ar

274

puo™ Sue
Z[91A
A191A
X[o1A

(¢)ouourara

dzoua
dAoua
dxoua
ZqerA
Aqera

qos

®197}PqOS

Xqela

(¢)19p 80¢ 103004

ZULOOA
Awooa
XUWODA
11094
dz3ya
dA3yga
dx3yga
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B. Input files for simulation algorithms

GxpIoxew: () 9zIs~ SwWI:ozIs JwWI—‘0zIS 3SWl:
swi—‘ozIs Suwrl:
Swi—‘oaz1s” JwWI:
swi—‘ozIs Swr:
Swi—‘oz1s” JwWI:
swi—‘ozIs Swr:
Swi—‘oz1s” JwWI:
swr—‘ozls Jwl:
swi—‘ozIs  Juwrl:
Swi—‘oz1s” 3wr:
swi—‘ozIs  Juwrl:
971s” Swi—‘azIs” 3wWI:azIs JWI—)Aggseq
T 8wr—‘ozis Jwr:
T Swr—‘oz1s” Jwrl:
T 8wr—‘ozis Jwr:
T Swr—‘oz1s” Jwrl:
T 8wr—‘ozis Jwr:
T 8wr—‘oz1s” JwI:
T 8wr—‘ozIs” 3wr:

(
(proxew: ()¢ oz1s™ Swl:
(proxeuwr: ()¢ ozls Swr:
(proxewr:()‘ oz1s™ Swl:
(proxewr: ()¢ ozIs Swr:
(proxew: () oz1s™ Swr:
(proxeuwr:()‘ oz1s™ Swl:
(proxewr:()‘ oz1s™ Swr:
(proxeuwr:()‘ oz1s~ Swl:
(proxeuwr: ()¢ ozls 3wr:
(proxewr:()‘ ozis™ Swl:
(proxew: ()¢ ozls 3wr:
(proxew : ()¢ ozis  Suwr:
(proxew: ()¢ ozls 3wr:
(proxew : ()¢ oz1s~ Suwr:
(proxeur: ()¢ ozis™ Suwr:
(proxew : ()¢ oz1s~ Swr:
(proxeu: ()¢ ozis™ Suwr:
(proxew : ()¢ ozIs~ Suwr:

9ZIS
9ZIS
9Z1S
9ZIS
9Z1S
9ZIS
9ZIS
9ZIS
9ZIS
9ZIS

9718
9718
9718
9718
9718
9718
9718

(proxew  000T:000T—) T41) SOP

VAL
9718
9718
97ZI1S
971s
VAL
9Z1s
VAL
9718
VAL

9718
9718
9718
9718
9718
9718
9718

T 8wi—
T Swr—
T 8wi—

suep
1SuU0d In[q

971s  SwI—)sIseq
T 8wr—)jAaggseq

T 8wi—)1yggseq
T 8wr—)jAaTgseq
T Swi—)1yigseq
T 8wr—)ja(gseq
)1q0gseq
)IATTS®q
JELRR L
~ Swr—)Asopseq
T Swr—)ysopseq

T 8wi—)yggseq
T Swri—)Aargseq
T Swi—)yrgseq
T 3wri—)aQgseq
T Swi—)yQgseq
T 8wr—)ATseq
T Swi—)yyrrseq
gurioue
JuIoue
(209¢)ooadue
oyj8ue
¢1ibsgsie
¢1ribstse
bsd 81 A
bsd "ON A
dON A



B.1. NO(X)+Ar

276

[o1apow

Sy iy mop

ON i mof

epquIe]

aurgyoeyl

groejl

aurygoeyl

r1oegl

[poejeribsaur

Aoyxtd T AUIT

suep  Aul

(oz1s™ Bwr:ozls SwWI—‘0zIS SWI:0zZIS SWI—))RuWIIY
Sy ywip ysIy

ON I Y3y

QI A

219y |

mpqurymy

1010%€]

(WIpXeu : WIPXRW — ‘WIPXRU : WIPXRW — ) {19y duwl I1dxo
(oz1s™ Bwr:ozls Jwri—‘ozIs Jwr:ozls Swi—)soppd g¢oloy Suwr 1dxo
(oz1s™ Swir:oezls Swr—‘ozIs” Swl:oezls  Swi—)soppd golay Swl idxe
(oz1s™ Swr:oezls Jwr—‘ozIs Jwr:ozls Swi—)soppd [oley Suwr 1dxo
(WIpXeW : WIPXeUW — ‘WIPXRUI : WIPXeW — ) £oIat Jwl I1dxo
(WIpXeW : WIPXeUW — ‘WIPXRUW : WIPXRW —)ZoIoy dswr 1dxo
(WIpXeW : WIPXeUW — ‘WIPXRUI : WIPXeW — ) o101 Jwr I1dxo
(¢ wrpxew : wpxew — ‘wrpxew : wipxew—)dwe)  swr  1dxo
(¢ wrIpxew : WIPXeW — ‘WIPXew : wipxew— ) 3wl 1dxo
I9SeI}p

(proxew‘ 000T:0001— ) F41J SOPp
(proxew000T:000T — ) £31F S2P

(proxewr 000T:000T— ) G3tJ SoOp

ICER
[eoax
ICER
[eo1
ICER
[eo1
[eo1
[eoa1
[eo1
ICER
[eo1
ICER
R
[eoa1
[eo1
[eo1
ICER
[eo1
[eoa1
[eo1
[eoa1
[eo1
ICER
[eoax
ICER
[eo1
ICER
ICER
[eo1
[eoa1
[eol

T T T o T o T T T o T T T T o Y T T T T T T T Y T = Tl - Wi Yo
T 0T T T T T T T TV TT e T T TOTTTTTTTTT n n T
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B. Input files for simulation algorithms

GISsnesd wopuril

Issned  wopuel

¢rssned wopuel

¢ISsned wopuel

T1ssnesd  wopuel

RSsned  wopuel

)8sneg” wopuel

gssned  wopuel

gssnes  wopuel

fssned  wopuel

gssned wopuel

gssned  wopuerl

Issned  wopuel

(gxploxewr: () 9zIs SWI:oZls JWI—‘0zIs JWI:ozls gswi—)3wriord
(ez1s™ Swt:ozis Swr—‘ezls” Swl:oezls Swi—)q awrfod
(oz1s™ SBwr:ozls Jwr—‘ozIis duwr:ozls gswi—)dsjawrjod
(ez1s™ Swir:ozis  SwI—‘ozls  Jwl:oezls Juwi—)jawijod
(oz1s™ Swt:ozls Jwr—‘ozIs Jwl:ozls gswi—)awrijod
(ez1s™ Swit:ozls SwI—‘ezls Swl:oezls Jwi—)q yuwrijod
(oz1s™ Swr:oezls Jwr—‘ozris Jwr:ozls swi—)dsyyurjod
(oz1s™ Bwt:ozls Jwr—‘ozls Jwl:ezls swi—)jqurjod
(oz1s™ Swr:ozls Jwr—‘ozrs Jwl:ozls swi—)yuijod

¢y ead

Tyeed

Sued

(pIOoX®RU : pIOXRW —)X9Xd[0

(pIOXeW : pIOXRW — ‘ PIOXRUW : PIOXRU — )R (XD[0

(pIoxew : pIOXRW — PIOXRU : PIOXRUW — ‘ PIOXRUI : PIOXRU—) BR[O
J31p wiou

1 Sue ou

[ea [u



- \\
& NN&@@Q\A>
+ AR TA
mw Axe107}
~ dejiayy
= urwejoyl
~ XeUIR}OY )
] (08T:0)3u ®321y
Sop~ ®joY}

®107}

(g‘ozrs Swr:azls SwWI—‘ozIs Jwl:oazls JwWl—)y ofewl due)
9197 wWnS

1suoo  dfiyibs

gwreied §qos

Tuwrered” §qos

7qo0s

€qos
gweied gqos

Turered gqos

908

1qos
surreos

Aejeos

XeJeos
R1O}OARS
imges

gul

Tul

WIOUSI
®IOYIP JIU [eII
Iu [eol
gIssned  wopuel

278



= / dp~ 00 * 8T / ewdls YIVA

N / ds 00 * z09¢ / peaSue YIVA
/ dsT0°0 * 0000% / $OAdd VIvd
/ dp 00 * sjuoewe[e Jwroid / siseq VIVA
/ dp 0'0 * sjuowo[o Suwroxd / Swroxd yIvVQ
/ dpT0°0 * pg sjudweld Surr / dway 11Hsed VIVA
/ dsT 00 * pg sjuowe[e Juwr / dsjitgseqg VIVA
/ dpT0°0 * pg sjueweld Surr / HIHS®d VILVd
/ dp 00 * pg sjuowole Sl / NHSed VIVA
/ dp~ 00 * wnpwouy  / yuowowy YIvQ
/ dp0'0 * pg sjuswerd Swr / q awrod YIva
/ dpT0°0 * pg sjuduwerd Surr / q quiped VIvVA
/ dp 070 * pg sjudwoeld Surr / awtrod yIva
/ dsT 00 * pg sjudwd[e Surr / mMiqIysrem vIva
i(1sey 9nq) e8ny Areurq soyewr — sARII® OIdY7 |

(wrpxew:()) ooy xewz (d
jopA (d

¢L (d

14 (d

jopx (d

(1002)3x (d

z'A‘x (d

(proxew : proxew—)ooatom (d
(oz1s™ Bwt:ozls JwWr—‘ozIs JWI:ozls swi—)Iin[qiysrom (d
gx8yg A (d

ZXON 2 (d

gxyead ga (d

ae ga (d

B. Input files for simulation algorithms

(0871:0)3S1Y I03unod I9803UI



5 / dp 00 * wipseq
< _
+ / dp 070 * wipseq
> / dp 00 * wIpseq
Q / dp 00 * wrpseq
< / dp 00 * wpseq
~ / dp 00 * wpseq
= / dp 00 * wipseq
/ dp 0’0 * wrpseq
/ dp=0'0 * wipseq
/ dp 00 * wipseq
/ dp 0'0 * wipseq
/ dp 00 * wipseq
/ dp 00 * wIpseq
/ dp 00 * wrpseq
/ dp 00 * wIpseq
/ dp 00 * wrpseq
/ dp 00 * wIpseq
/ dp 0'0 * wipseq
/ 0 * G
/ 0 * ¢
/ 0 * 18T
/ dp 00 * Pg sjuswe[o sull
/ dp 00 *  wIpwIpxeu
/ dp 00 *  wrpwpxew
/ dp 00 *  wIpwpxew
/ dp 00 * Swrrpwpxew
/ dp 00 * 30z /
/ dp 00 * i
/ dp 00 * 30z /
/ dp 00 * 1dwrpxew
= .
S / ds" 00 * 0T

~ N N

/
/

1AgGseq
1qceseq
1ATE8R]q
1qrcseq
1A0G8®R]q
1qocseq
1ATTSeq
HrIseq
ASOPS®R(Q
ysopseq

Agcgseq

qecseq

ATgSs®eq

qrcseq

AQcseq

qocseq

ATTS®eq

qrrseq

Q0owWnNu

900951

1S1Y  I9jUNOD
wouap
goroy Swr adxo
goIoy Jwr idxo
Toroy Swrl idxo
Swr 1dxoe

VIVd
VLvd
VIVd
VLvd
VILVd
VLvVd
VILVd
VILvVd
VILVd
VIVd
VILVd
VIVd
VLvd
VIVd
VLvd
VILVd
VILvVd
VILVd
VILvVd
VILVd
VIVd
VILVd
VIVd
VLvd
VIVd
VLvd

y8rem dxe yIVA

wns  dxo

VLvVd

1bs™ dxeo VYIVA

9I97 Xeuwz

VIvVd

DHADMY VIVA
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S~ T T T

[N

%|%\“|

o
9

e B en B an B @)

(e B en B an B @)

* X X %

Pg  Sjuowole Juwl
Pg sjuswele” Juul
Pg  Sjuewole Juwl
Pg sjuswele” Jwil

S~ T T T

soTqeries FINAON NI

dsyawrod yvivQa
yaujod yIva
dsyquijod yIva
rquitod vIva
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jsoued PplIyyH — I} ownu
jsuorieiolr dooyl URN — 1991l

009
€

— "TOYINOO ONILILIA —

surrinyq gjusiajjip e Ardde — injqey
(109se}y) QI pejyeworjun oasn / a1y o3 mdmQo — /1

jndyno osoyy jullg — o[uURII) UWOIMAU/PILI8 In[q
soppdirjAiuo

SOpPIIJAIuUO

A[uo o9je[nuIS

I099B] UOISIdAUOD A3100[0A 03 [oxId — AZXId
I9TIIN[q oJ8vWI oY) ofeW — IN[qUIYM]

I9)®] oIl I9s®] oY) oYewW — IdSe[}P

A ur uorjisod I9se] — 10p&A

X ur uorjrisod I9se] — 19pX

uotrjeluULIIO /I — HVTIIO
(8F Xewr) sjuowow oIPuUSSo] JO IoqunN — THAJHON
SO110300[eI1) **kxTYTHI*** JO IoqunN — [VHIN

q
L
— TOYINOD O/1 —

(C e

HEH

06¢' 91
0°¢
¢0000°0—
100°0
100°0—

d

31
00000000€

— "TOYINOO LIS SISVd —

soyouelq oand 10y I, °q P[noys sy HONVHUI
SUOI}R[NWIS [YOoURIJ—) 93RIDULSY) — OHVIID)

— "INIAM

— LINIM

owrad [ jo enyep — Jry

£L
d
0T
0T
4

0PO-

— NOILVOIAIDAdS INHISAS —

o[t ndup pojquoessy—j1o§ — LId S

yep-dut

owreu o[l 1°¢'d

IWV+H(X)EAN 2°d
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Sui[eoss uorjouUNJ I0IIY

UOI}2®IJ] UOIJISURI) JUI}RIN)BS I9Se]
9D0UDIDIJIP PoOSI[RULION

(J=yourIq JI osn) oljel JulyouvIq
SUOIINQII}UO0D [YOoURIQ POXIN

o8uel Ie[n3ue °Y} JO pUd O}

o8url I1e[ndur oY} Jo IJuluurlsoq oYy

epqUIE]
injes

3eryp
Igoueiq

jyouriq
pue~ 3ue
11els  3ue

SBUII 9AIINDOSUOD JO IoqUNU — FULIU
SjueWowW I9IINO0J JO Ioqunu — JIapiou
o8ewWI oY} O[BIS — WIOUII

op 09 jeUymM jnoqe suoljsonb se —

AJTAT)ORBRID}UI

joo1ds yonwr MO[] — Iapiow
jIe3ns yonuwr MO[] — 9029sh

— J0d —
OPO'T
0P0°0

£L
0PO'T

OPO'T OPO'T
0°09¢€

0°0

43

¥e

T0°T

£L
000O0O0

0 ¢IT 0 ¢l 8
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dsT e8¢ = Sy A :: 10r0wered

ds " $'§19 = ON A :: dIojoweied
dsT1g—ocy¥y g = ourdg :: 1ojowered

dp ¢€2—92998G6Gg°'g = Ud8AX0™ 101 :: Iojoweied

ds ¢z—9202°9 = ISNOOIOYD :: 1o0jowrered
ds gg—99¢¢'T = ISNODIOY :: Iojowered
LC—P988EG099 T * dp 00z = ssewt ON :: JIorowered
L3—P988€G099 T+ dp 00y = ssewr Yy :: Iojouwered

uotrjeorjioads

00T = Ieaxew :: 1ojomered
0G = oo0doxeW :: I970weied
0¢ = pIloxew :: I9roweied
0007 = ouedw :: 109owmered
0Z¢ = wWIpxew :: I9roweied
0GT = ozIs Swrl :: JId9jowreied

[eol

¢ 1989%Ul
‘ 19893uUl
¢ 1989%Ul
‘19893 ul
¢ 1989%Ul

¢ 1989%U1

mm@pwaﬁmdg pue sjuoWolo [BIJUISSH |

(0°0) puty=ds :: I9rsweied
Aowo.ov@qEHﬁot M@@oEf@Q

‘ 19899UI
‘ 10893ur

L STHT L12060 Le9FApe[,=pling :: Iojowrered‘(gg=uo[)I930vIRYD

auou

SHATHINVYVd H1NAON

O@m.w.H@G@EN.HNQ POuweu 9 ¢'¢'d

prorydunt
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gste /ds 01

(1 8y wymjxy 3y wymy) /dsT 60€GT66SG08TLTIE69°0 *ds 0%

= ¢STvaul

=19 3y s

STV * dsT¢G'g + 8 A = Xew gA
STV * ds 00'c — S A = umr gA
ds™GLL69LCTTT97GGCER0/dP 0°¢/A B wyyy = gSTV

ds T (0Gg'1T = Sue 3y ywumj

ds T ¢¢00°0
dsT 600000 =
dsT 009 =

M3y Uy
17 8y wymj
A 3wy

weaq ses

84 1 — ON 1 = SYONW

SqY A/ SYg st

p— = 389 %

ON A/ ON 3P = ON ?

dp 00
dp 01
dp 2.0°0
dp 620

= 19pZ
= wiI[qea
= 8yg 181p
= ON 8P

A1jowoo8 [ejuedwrodxe uodn poseq

((ssewr 8y + ssewr (ON)/ssewl SY) = 1

SU0D SssewW

(ssewr ONfssewr 8Y) / dp '] = SYWONW AUl

nw / dp (g

= nuwQomy

dp 0’z * nw = nw om)

dp g0 * nw

= nuw ey

( ssewt QN + ssewr 3y ) / ( ssewl QN * Ssew Y ) = NW

I990wered
I9q0uweied
I91oweied
I9q0uweied
I91oweied
I990weied

1ogowered ¢ (ds)eor
1ogowered ¢ (ds)eor
Iorewered ¢ (ds)ear
1ogowered ¢ (ds)eoar
Iojoweled ¢ (ds)ear
Iojowered ¢ (ds)[ear
Iojowered ¢ (ds)yeax
19gowered ¢ (ds)ieor

:: I1orowered ¢ (ds)year
orey — sofrjord wedqg |
1ogowered ¢ (dp)eor
Iojewered ¢ (dp)ear
1ogowered ¢ (dp)eor
sSurwry, |

Iojowered ‘¢ (ds)yeax
1ogowered ¢ (ds)eor
1ojowered ‘¢ (ds)ypeax
1ogowered ¢ (ds)eor

siolowered UOISI[[O]D |
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id /dp 0081 = og8ridaur :: 1ejeowered ‘(dp)ieer

id om) — 1dy = 1d omyuidy :: I1ojewered ‘(dp)ieor

1d xdp ¢z'0 = 1db :: 10jowrered ‘(dp)ieor

dp o'y / 1d xdp o'¢ = jordy :: 1ojewered ‘(dp)ear

dp o'z / 1d xdp o'¢ = r0o1dy :: 10jowered ‘(dp)ieorl

1d «dp g0 = 1dy :: 1ojewered ‘(dp)jear

1d «dp 00'g = 1d omj :: 1ojowered ‘(dp)iear

dp 00817 / 1d * dp 0'g = ®ejeylp :: I10jowered ‘(dp)ieer

dp €z€6L68¢€69¢6GTVT ¢ = 1d :: 10jomered ‘(dp)iear
sorjrjpuenb OrrIsjowoor) |

(9gg wymj*9zg wymj) / dp 60€GV66SG08TLFIL69 0*dp 0% = 9¢g s :: Iojowrered ¢ (dp)jeor
(80¢ wymyxgoe wymy) / dp 60€SF66SS08TLFTIE69 0xdp 0 F = g0¢ s :: Iojowrered ‘(dp)ieer

dp €000 = 80¢ wymy :: r1ojowered ¢ (dp)yeax
dp 61000 = 9zg wymj :: I1ojowered ‘(dp)ear
uoljezirojoweied oWN[OA UOI}2939(] |

MTON UMM ok M Sy wymj = [Ipim sed :: I1ejeweled ‘(ds)[ear
[sye /ds (01 = 1STvAur :: I1ojowered ‘(ds)ieor

ISTV * ds GGz + ON A = Xewl [A :: JIojoweled ‘(ds)jeor
ISTV * ds" 00°¢ — ON A = umr JA :: Iojoweled ‘(ds)jear
ds™¢L269L6TTT974G2e8°0/dP 0'¢/A ON wusy = STV :: 19jomrered *(ds)yeor

ds g1 = Sue QN yumj :: I10jowered ‘¢ (ds)
dsT¢g00'0 = M ON uwmyyy :: zojowered ¢ (ds)ieo

dsTQT000°0 = ¥ ON uwymj :: I9jowered ° Agmv
dsT 0062 = A ON wyyy :: r1ojowrered ‘(ds)yeorx
weoq se3 ON — so[rjord wesqg |
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((gxoz1s” Swir)471)*((g*xozis™ 8wl )47 )*((g*ozis” Swl)+]) = pg sjuowo[o  Jull
((gxoz1s Swl)+1)x((gxozls” Swl)+7]) = pg Sjuswo[e Jul

(gxozis” Swl)+] = Sjuemoe Sl

CxWIPWIPXRW = SUWIIPUWIPXRU

(T+g+wIpxeu ) (4 g+ WIPXeW ) = WIPWIPXRW

g *WIPXeW = ()ZUWIPXeUl

T+uwrpxew = pdwrpxewt

61 = So7®lS wWNnu

dsT('1 = gerds adp 3s
ds 000 = 1UsSem g
ds 60’0 = Inyg o10L

¢ribsaur x gQIy = gs(egiibsaurn
gribsaur x [QTY = [S[eglibsaur
ds 0 09¢/1dxdp (- g*xSue 3y yumj = (9garprdsuedyguymj)
ds™ 0 09¢/1dxdp (' gxSue QN qumj = (9gAarprdsuroumiymyy

dp 0081 / 1d * dp 0°06 =®30YU31
dp 00’1 = UY923191)81

dp=0'¢ / dp 0T = prryse
gyibs / dp 01 = giibsaur

dp 8060cgL'T = g1ibs
¢1ibs x dp ¢'0 = gribsaur

dp 0660£L€CI9GETICVIF T = C3ibs
1d «xdp 0 ¢ = 1d o017y

I19qoweied
I910wered
I199oweied
I91oweied
I1990weied
I91oweied
I1990weied
I91oweied

¢ 19899 uI
‘19893 ul
¢ 19899 uI
I989ajul
¢ 19899 uI
I989quI
¢ 19891%Ul
¢ 19899u1

siojowrered eje( |

I990uweied
I9qouweied
I990weied

(ds)qeoan
(ds)1eoar
(ds)ear

sorjrguenb inyg j

1ogowered ¢ (ds)eor
Iojewered ¢ (ds)ear
1ogowered ¢ (ds)eoar
Iojowered ¢ (ds)ear

siojowrered O[IR)) OJUOIN |

1ojowered ‘¢ (dp)yeax
1ogowered ¢ (dp)eor
siojowrereq ysinbg j

I990wered
I990weied
I9roweied
I990uweied
I9roweied
I990weied



TISNOIS

MYOIT

gpuewiod (GOT=uo]
puewiwiod ((g=uo]

9197 pURWWIOD (g=U9]
uo| jewW IO} (g=uadj
sIse(q  jeWIO} (Lg=U9d]
(¢)owreu ofewl (Fg=uo]

(v
(v
JHHIDVIVHD
JHHIDVHVHD
JHHIDVUVHD
JHHIDVHVHD
JHAIDVIVHD
JHAIOVIVHD
so1y (g=ud[ \AIOVIVHD
JHHIDVHVHD
JHAIDVUVHD
JHHIDVHVHD
JHHIDVHVHD
JHHIDVUVHD
W HATOVIVHD

B.2. NDy(X)+Ar

(1:0)Suriys (gg=uoa]
oppdiy  (1g=uog
1mofy (8r=uo|[
90001] (gT=muo9]
ysewy (YT=us|
(z)zgindino (gr=uo[ )YAID
(¢)ndino (O1=uo[ NHAIDVIVHD

Loye (T=uo[ )YAIDVIVHD

(WIpXeW : WIPXeUW — ‘WIPXRW : WIpXeW—) 3509 sop (dp)[eal
ouou j1orpdur
sI19qrowmeied osn

so[geriea a[npout

siojowered onpowr pud
suorjtuijop O[qRLIBA |

(T+pioxewn ) (T+0z1s  Swikg)*([+02ZIs JWI*xg) = wWIpseq :: 193owered ¢ 19803ur
(14G*proxewn ) (] -+ ploxeu ) (]+PIOXRW *g) = WIPWOW] :: 1ojowreied ¢ 10803UI
% (T+6xproxewt ) ((g+oz1s” Swl)+T)*((g*ozis” Swl)+]1) = sjuowofo Juroxd :: 193owered ¢ 19803ur
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(e en B an B @)

119 dur
11e)s” 3wl
puo Jul

Jurt

ERERAY

109 ([

19911

QI 1
Al
xew dwl 1dxo
91IIM IId
soppd™ 110
9I9Yypus
193UNO0D
(wrpxeur:()) pureoo

HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHDHELNI
HHOHLNI
HHDHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI

(€) ANVI YADAINI

dANAN
dxXNXN
ssnesd” N
plosopxew
u

HHOHILNI
HHOHLNI
HIOHLNI
HHOHLNI
HHDHELNI

AN HHEDHEILNI
XN HIDHLNI

110 N

ANd w0
LYVIS

jruatp angg

= Fjunoojie]
= gjunoojiej
= gjunoojiej
= Jjunoojiej

HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI

©f HEOHLNI
S HHOHLINI
S HEDELNI
S HHOHLINI
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[

dwey owr) jIe)s
QuIT} 1jIR9S
diys

I99UNO0DS
IIopeol

QI I

o21ad

‘3 ¢ s ¢ b d
wow ¢ dAu

dxu
(¥:0)e00ownu
S)UQWOW I WU
wnsu

MOIU

1U ‘¢ Iu

[1oplou
JIopiIou

I9)I ownu

u

wipu

[oou
(¥:0) 2ur Iepiow
w

i

1S®e]

oroy [

e

(ouwoBur) 98091
JUNOD[BUIIIUI
suriu

poosI

HHDHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHILNI
HHOHLNI
HHOHLNI
HHOHLNI
HHDHILNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHDHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHLNI
HHOHILNI
HHOHLNI
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dp 00 = oudp :: (dp)jeoar
dp 00 = ouxp :: (dp)yeex
duey £ (dp)[eox

dweydr ‘dweyxi (dp)ieer

£19911038311) TYDIOHOT
8eyys TVOIDOT

wis TVOIOOT

mpgs.r TVOIDOT

geyy jopsod TyDIOOT
Seryino TyDIHDOT
soppdarjdiuo TyOIOOT
sopiigdiuo TyDIDOT
stseqA(uo TYDIOOT
Se1g0 TVOIDOT

£y1aT90% 193U TYDIDOT
(¥:0) 1opiowr 10809UT
8eqyp (dp)reez
8erydwos TyOIHOT
pojuem  pLIg anyq TyDIDOT
3eJO TVIIDOT
pojuem TN TVOIDOT
HONVYd "TVOIDOT

[e13u (8=pury )YIOHAINI
03U (8= pury ) YIOHINI
00101 (K=pury )YAOHALNI
(7:0) 20008 YIOHHINI
oIy J1uUn YHOHHINI
[19P 10} HIOHINI
Amuovopmﬂ\aowyogq HIOHINI
9191 ®191 YIOHINI
Sd.L YHOHLNI
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YOHXON ®A
)Z HMOH %A
JA HOH A
)X MOH A

d78g A

USTH®)a T,

(€)ONdITY

IN[q [erpey

dryd
(£)3SIPON
o1 14
Ioujiedo
WA THM

A Ayrsuajug

H £31suojuy

cus HOOH

s HODH

(g 08T1:0° ploxew : pioxew—)1dxXe JUSUWIOW ]
(g‘ pIoxew : pioxew —)1ysem JXH

PPLOYH
PLOYH
[LOYH

yun{
ALOYH
pa(Cl

croey do(

190%) doa(q

(8T1:1)013U8)

A ‘HO ‘AZTYV ‘HETV ‘HOCV ‘A0CV
WNS[[0DA
= ouzp
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Proty»
wirryo
MIDURIQ

( pIOX®W : PIOXRUI — ‘WIPXRU : () ) WIS]

Iyouriq
(g)jyouerq
[ea youeiq
©19Q

(¢)ea xne
(g)ga xue
(¢)1a xne
eydre

A Sol gge
H soI1 Zge
A SoIl ge
H so1 [ge
A SoI (ge
H so1 (ge
A Sor T1we
H so1 T1e
(¢)uerdzZ
(€)110D7

(€)ON T1°DA

(¢)1oD A

dsggg 10390 A
7 9TC 10399/
A 9TC T0399A
X 93¢ 103997
A 93T I0399A
)IOHZON ®A
JHOHAON A
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294

(g ‘ ploxew : proxew—)ibs™ dxo
dioaaao

[9149

Aoump

XSYMmp

oujyp

3YIp

19p

(oz1s™ Swr:ozls JwWI—‘0zIS JWI:0zZIS SUWI—)WOUIP

Zp
30¢P

922p
+PpIOXBU : J9AD
(G+p 0)

wWod®RIdY) S0D

Qe197y)} Sso0d
®J)9Y) SOD
yd™ soo
9[8ueo  soo
1sdg soo
ydg ™ soo

(pIoxew : ()¢ pIOX®RU:()) 29A80D
(pIoxeu :()) MoUL0D
(pIoxeur:()) 31J000

(proxewr: ()¢ ) Urjo 0o

(g ploxeur:()) wifjjo0o

(pIoxew:()) Ur1)s9(jjooo
(pIoxeur:()) 159qJJo00
(proxeur:()) jje 0o

(pIoxeu:()) 900
(1+g*ploxew [+ pIOXeU ) jeW [0YD
(proxew:T—)bstyo

ICER
[eo1
ICER
[eo1
[eoa1
[eo1
[eo1
[eoa1
[eo1
[eoa1
[eo1
ICER
R
[eoa1
[eo1
[eo1
ICER
[eo1
[eoa1
[eo1
[eoa1
[eo1
ICER
[eoax
[eoa1
[eo1
[eoa1
[eo1
[eo1
[eoa1
[eol

oI Y N o N N W Y o il A e Nl = W« W o W o W = W o il o Wl e W N« W« W o W o W o T W o Sl W W < T = W o
T T U T T T T T T OO T T T T T T T TT @TTT »nnTT T
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qrgeqord
AQgeqoxd
qogeqoid
AT1eqoxd
qrreqord
axewxid
yxewxtd
rogx1d
seioygrd
wootyd
jor 1yd
r11ed
19pgoed
19p9ged

(euaBwr) 11JpJO

aJ3uyo
d3Sue ou
29097
10007
pueq

(ouwoSw‘ () 1)ouad
(G*proxew : ()¢ pIoXeu : () ¢ PIOXRUI : PIOXRUI— ) JUSWOUL]

(81) 000913

(owoSwr) ssou)1]

113

(pioxew : proxew — ‘wipxeur:()) ¢dxaj

(pIoxew : proxew — ‘wipxew:() ) gdxoj

(pioxew : proxew — ‘wipxeut:()) 1dxaj

(0T *pIoxeuwr:()) 09A10]

( PIOX®W : PIOXRUI— ‘ PIOXRIU : () ¢ WIPXRUIL: () ) STS® (]
(¢:0)wns dxe
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(WIpXeW : WIPXeUW — ‘ WIPXRUI : WIPXeW — ) SWI WIS

(81:1)ewd1s
miqs

Z1

A1

X1

dypourz
AHpoutt
zoudyx
Aoudyux
xoudyu
ZOUuyl

Aouyu

Xouy1

17 Sue 31

d Sue 31

1

go¢loxd
9gglord
sopraaqoid
¢grorqoxd
1z109qoad
0grorqoxd
11303qo1d
soproyqoad
1opqoid
IoAa” sopqoid
10y sopqoad
aggreqoxd
qggeqord
ATgrqoxd

ICER
[eoax
ICER
[eo1
ICER
[eo1
[eo1
[eoa1
[eo1
ICER
[eo1
ICER
R
[eoa1
ICER
[eoa1
[eo1
[eo1
[eoa1
[eo1
ICER
[eo1
[eoa1
[eox
ICER
[eo1
ICER
ICER
[eo1
[eoa1
[eol

o S S S T T R S R R o I o o T o e T T o i o T O T T = e S o R e R e R R e R e TR e
T T TV TV T T TV T T T T T T T T nwnwT T T T TT T T T T T T T T
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yeod 1A

(1+g*ploxew [+ g+ pIoXeul)saA  jIun

(:¢:) amrjodduey
(:¢ ) quriodduwoy

demselor)

9ARSE19T)
morelaqy
wooe}a )
101 ®19T1
80E®IOYY
9¢cce1a2ql

11} 0®rI9Y

0®e3Io}

Aoudyrdursy
a[qejedo[[®
a[qejesofe

xoudyaduway

[10921%
[1pou 3
jrjuns
TWIOUIIMNS
oowds

woowv)oyl UIS
Qe31e1) uIs

®J)I) UIS

1 Sue 31 uIs

qd - urs

o[duro  uIs
18uRQN  uIs
vjOUlg uls

1sdg ™ urs
qdg urs

(WIpXeW : WIPXeUW — ‘WIPXRW : WIPXRW — )1 SUWI WIS



LINIO
INIAO
[IOVA

B.2. ND3(X)+Ar

(oz1s™ Swi:ozls SwI—‘ozls Jwl:ozls swi—)dwe) JIgseq
(oz1s™ Bwr:ozls Jwr—‘ozIs Juwl:oazls swi—)ds)jIgseyqg
(ez1s™ Swil:ozis  SwWI—‘0zIs” SWI:ozls JwWI—)1)IHseqg
(oz1s™ Bwt:ozls JwWI—‘0zIS JWI:9zIS JwWi—)jIHgseq
(0T)DEADMY

1Ie)s  3ue
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pue 3Sue
Z[91A
A1o1a
X[o1a

(¢)ououraia

dzoua
dAoua
dxoua
Zqera
Aqera

qos

®}9Y}PqoOSs

Xqela

(g)19p  80¢ 10399A

ZWODA
AwooA
XUWOJA
1094
dz3yga
dA38ya
dx3yga

yeod™ ga
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B. Input files for simulation algorithms

suep
1SuU0d  In[q

G+ PIOXeU : ()¢ 9ZIS SWII:0zIS SWI—‘0ZIs SWI:ozls JWI—)SIseq
9718~ SwI—‘0azIs” SWI:0ZIs 3WI—)}AggSR(
swi—‘ozIs Suwrl:
Swi—‘oaz1s” JwWI:
swi—‘ozIs Swr:
Swi—‘oz1s” JwWI:
swi—‘ozIs Swr:
Swi—‘oz1s” JwWI:
swr—‘ozls Jwl:
swi—‘ozIs  Juwrl:
Swi—‘oz1s” 3wr:

(
(proxewr: ()¢ ozls 3wr:
(proxew: ()¢ oz1s™ Swl:
(proxeuwr: ()¢ ozls Swr:
(proxewr:()‘ oz1s™ Swl:
(proxewr: ()¢ ozIs Swr:
(proxew: () oz1s™ Swr:
(proxeuwr:()‘ oz1s™ Swl:
(proxewr:()‘ oz1s™ Swr:
(proxeuwr:()‘ oz1s~ Swl:
(proxeuwr: ()¢ ozls 3wr:
(proxew: ()¢ ozis  Suwr:
(proxew: ()¢ ozls 3wr:
(proxew : ()¢ ozis  Suwr:
(proxew: ()¢ ozls 3wr:
(proxew : ()¢ oz1s~ Suwr:
(proxeur: ()¢ ozis™ Suwr:
(proxew : ()¢ oz1s~ Swr:
(proxeu: ()¢ ozis™ Suwr:

9ZIS
9ZIS
9Z1S
9ZIS
9Z1S
9ZIS
9ZIS
9ZIS
9ZIS
~Swr—¢
“Swr-¢
~Swr—¢
~Swr—¢
~Swr-¢
~Swr—*
~Swr-¢
~Swr—*

9718
9718
9718
9718
9718
9718
9718
9718

9ZIS~ Jwl:
9z1s~ Jwl:
9ZIS  Jwl:
971s 3wr:
9ZIS  Jwl:
971s 3Jwr:
9ZIS  Jwl:
971s 3wr:

VAL
9718
9718
97ZI1S
971s
VAL
9Z1s
VAL
9718
VAL
9718
9718
9718
9718
9718
9718
9718

T 8wr—))yggseq
T 8wr—)1a1gseq
T 8wr—))yrgseq
T 3wi—)1a0gseq
T 8wr—))ypgseq
T 8wr—)jATIseq
T Swr—))yrrseq
T 8wr—)Asopseq

~Swr—)ysopseq

T 8wi—)aggseq
T Swi—)yggseq
T 8wr—)Agseq
T Swi—)yigseq

T 8wr—)a(Qgseq
T 3wi—)ypgseq
T Swr—)ATseq
T Swr—)yriseq

guioue
JuIoue
(209¢)ooa8ue
oy)8ue
G1ribsgsie
¢1ibsysie
bsd™ 81 A
bsd " ON A
dON A

(02 666:0)SDAAd
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Sy jrwip mop

ON Wi Mo[

epqure]

aurgyoeyl

groegl

aurygoeyl

T30yl

[poejgribsaur

A0}x1d T AUT

suep  Aul

(oz1s™ Swr:ozls JWI—‘0zIS JWI:0zZIS SWI—))RWIY
Sy i ySIy

ON i Y3y

219y A

219 |

mpqurymy

1090%]

(WIpXeW : WIPXeUW — ‘WIPXRU : WIPXeW — )FoIoy Jswr I1dxo
(oz1s™ Swir:ozls  Swr—‘ozIs” Swl:oezls  Swi—)soppd golay Swr 1dxe
(oz1s™ Swr:ozls JwI—‘ozIs Jwr:ozls Swi—)soppd goley Suwr 1dxo
(ez1s™ Swir:oezls Swr—‘ozIs” Swl:oezls  Swi—)soppd [olay Swl idxe
(WIpXeW : WIPXeW — ‘WIPXRUW : WIPXRW — ) £oIoy dswl 1dXo
(WIpXeW : WIPXeUW — ‘WIPXRUI : WIPXRW —)ZoIoy Jwl I1dxo
(WIpXeW : WIPXeUW — ‘WIPXRUW : WIPXRW — ) 010y dswr I1dXo
(¢ wrpxew : wpxew — ‘wrpxew : wipxew— )dwo) Swr  I1dxo
(¢ wIpxXew : WIPXeW — ‘WIPXeW : wipxew—)swi  1dxo
I9S®el}p

(proxew‘0Q0T:000T— ) F31J sop

(proxew‘ 000T:0001— ) €31F SOP
(proxew000T:000T— ) G31F S2P

(proxewr‘ 000T:000T— ) 31§ SOP

ICER
[eoax
ICER
[eo1
ICER
[eo1
[eo1
[eoa1
[eo1
ICER
[eo1
ICER
R
[eoa1
[eo1
[eo1
ICER
[eo1
[eoa1
[eo1
[eoa1
[eo1
ICER
[eox
[eoa1
[eo1
ICER
ICER
[eo1
[eoa1
[eol

T o T o T Y Y T T T Y T T Y T Y T T T T Y T T T T - T = TiyY
T T T T T T T T T T T TTT menTTTTTTTT O T T wom
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B. Input files for simulation algorithms

pIssned  wopuel

¢Issned  wopuel

¢Issned wopurl

T1ssned  wopuel

gssnes  wopuel

)ssned  wopuel

gssnes  wopuel

gssneg  wopuel

pssnes  wopuel

¢ssned  wopuel

¢ssnesd wopuerl

Issnes”  wopuel

(gxproxewr: () 9zIs  SwWl:ozls JWI—‘0zIs JwWl:azls swi—)3wrord
(oz1s™ SBwt:ozls Jwr—‘ozls dwl:ozls gdwi—)q Awrod
(oz1s™ Swir:ozls” Swr—‘ozls” Suwl:oezls” Swi—)dsjauwrjod
(oz1s™ SBwt:ozls Jwr—‘ozls JwWl:ozls gsuwi—)jamijod
(oz1s™ Swil:ozls  Swr—‘ezls” Swl:oezls  Swi—)awijod
(oz1s™ Swt:ozls Jwr—‘ozIs Jwl:ozls gswi—)q yuwrjod
(ez1s™ Swir:oezls  SwI—‘azls” Suwl:oezls  Swi—)dsjyurjod
(oz1s™ Swt:ozls Jwr—‘ozrs Jwl:ozls swi—)jqurjod
(oz1s™ Bwr:ozls Jwr—‘ozls dwl:ozls gJwi—)yuijod
¢Yeod

13ead

Sued

(pIOXeu : pIOXRUW —)X9XD[O0

(pIoxeu : pIOX®W —  PIOXRU : PIOXRU—)B(XD[O

(pIOXeU : PIOXRW — ‘ PIOXRU : PIOXRW —‘ PIOXRUW : PIOXRUI— ) BR[O
J31p wiou

1 Sue ou

[ea [u

[o1ApOW
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AR A
Axe)oqy
dejety
ururelaql
Xeure)oyl

(081:0) 21U ®3191)

Sop~ e}
ERLLE

(g¢oz1s” Swl:ozls SWI—‘0zIS SWI:0ZIS JwWI—)y ofewl dure)

9197 wIns

1suoo  dfiyaibs
gweied §qos
Twesed QoS

$q0Ss
¢qos

gurered  gqos
Twesed  gqos

908

1qos
sgurjeoss

Aejeos
X®JROS
)9 }0ARS
Imjes

gul

Tul
WIOUDI

®IOUYIP JIU [eOI

Iu [eol

gIssned  wopuel
GIssned wopuri
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B. Input files for simulation algorithms

/ ds— 00 * z09¢ / 00ASUR VIVQ
/ ds= 00 * 0000z / SOAdd VIV
/ dp 0'0 * sjuowole Swrord / s1seq VIVA
/ dp 00 * sjuewele Jwroid / Swroxd yIVQ
/ dp 00 * pg sjuowo[o Jur / durey™ j1gseqd VIVA
/ ds 00 * pg sjuowdd Swr / dsyitgseqg vIvd
/ dp 00 * pg sjuowe[o Juwr / MIgseg VIVA
/ dp 00 * pg sjuswele Juwr / MHsed VIVA
/ dp 0’0 * wpuwoury / juomowj VIVA
/ dp 00 * pg sjuowo[o Juwr / q auwrjod yIvVa
/ dp 00 * pg sjuowe[e Jwr / q yuiod VIV
/ dp 00 * pg sjuowo[o Jur / awrod YVIVA
/ dsT 00 * pg sjuswale Juwr / mrqiysSrom yIva
i(1se] Inq) o3ny AIeulq soyewW — SARII® OId7 |

(08T:0) 1Sy 109UNOD I19303UI

(wipxew: ()) 910y XeWZ

(d
(d
(d
(d
(d
(d
(d
(ploxew : ploxew—)ooAtom (d
(ez1s™ Swir:ozls  Swr—‘ozls” Jwl:ozls  SwIi—)In[qiystem (d
(d

(d

(d

(d

(d

(100%) 21X

gxyead  ga

gxyead™ 1A

1op4A
AN
14
1opx

7z A‘x

X3 A
TXON A

AR A
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B N N e e

dp 00 * wIpseq

dp 0'0 * wIpseq

dp 00 * wIpseq

dp 0'0 * wIpseq

dp 00 * wrpseq

dp 0'0 * wIpseq

dp 00 * wrpseq

dp 0'0 * wipseq
dp0'0 * wrpseq

dp 00 * wIpseq

dp 00 * wrpseq

dp 00 * wIpseq

dp 0'0 * wIpseq

dp 00 * wIpseq

dp 0'0 * wIpseq

dp 0’0 * wrpseq

dp 0'0 % wIpseq

0 * ¢

0 * ¢

0 * 18T

dp  0'0 * pg Sjuowole  Jul
dp 00 = WIPWIPpXeUW
dp 00 = WIpWIpXeuw
dp 00 =* wiipwipxeu

QU‘O : O * MEMESUE;VX@E
dp 00 * 20¢

dp 00 = id

dp 00 * 20¢

dp 00 * 1dwpxew

dsT 00 * 0T

dp 00 * 8T

o T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

rqceseq
IaTgseq
qreseq
1a0gcseq
1q0cseq

AT TSRq
qrIseq
ASOpSeq
ysopseq

ACGS®Rq

qceseq

ATGS®q

qrecseq

AQcgseq

qocseq

ATTS®Rq

qriseq

soownu

900081

1S1Y I9)UNo0d
wouap
goroy Swr 1dxo
¢goIoy Swr idxe
Toroy Suwr a1dxo
Swr 1dxe
1ysrom- dxo
wns  dxo
1bs™dxoe

9107 Xeuwz

VIVd
VLvd
VIVd
VLvd
VILVd
VLvVd
VILVd
VLvVd
VILVd
VIVd
VILVd
VIVd
VLvd
VILVd
VLvd
VILVd
VILvVd
VILVd
VILvVd
VILVd
VIvVd
VILVd
VIVd
VLvd
VILVd
VLvd
VILVd
VLvd
VILVd

OHADMY VIVA

BUW3IS

VILVd
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B. Input files for simulation algorithms

* * X X

Pg sjudwole  Jul
Pg  Sjuewole Juwl
Pg sjuswele  Juul
Pg  Sjudwole Juwl
dp 00 * wrpseq

S~ T T T T

so[qelIeA FINAON ANH

dsyamirod yIva
rawifod yIva
dsjqurod yIvd
jquitiod yIva
1AgEseq VIVA
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